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Abstract
Firemaster® BZ-54 is a flame retardant additive and consists of a brominated benzoate (2-
ethylhexyl 2,3,4,5-tetrabromobenzoate; TBB) and a brominated phthalate (bis (2-ethylhexyl)
2,3,4,5-tetrabromophthalate; TBPH). Previous research has shown that fathead minnows exposed
in vivo to Firemaster® BZ-54 accumulate TBB and TBPH. This study examined the in vitro
biotransformation potential of TBB and TBPH in hepatic subcellular fractions (i.e., S9,
microsomes and cytosol) in the fathead minnow, common carp, mouse and snapping turtle.
Metabolism was evaluated by measuring the loss of the parent TBB or TBPH and identifying
potential metabolites in the sample extracts. Metabolic loss of TBPH was measured for all species,
while TBB loss was observed for all species except for the snapping turtle. Several metabolites
were observed in all of the incubations except for snapping turtle. Metabolites observed appeared
to be derived from TBB, given their structures and lack of appearance in the snapping turtle
incubations. One of these metabolites, 2,3,4,5-tetrabromomethylbenzoate has been identified for
the first time in a biological system. When metabolized, TBB and TBPH loss was found in each
subcellular fraction suggesting that the enzyme(s) involved are present in both soluble and
membrane-bound forms. It can be concluded that a broad range of species are capable of
metabolizing TBB and TBPH to various metabolites and further research should be carried out to
ascertain the specific products formed from metabolism of TBB and TBPH.
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1. Introduction
The phase-out of the PentaBDE commercial mixture of polybrominated diphenyl ether
(PBDE) flame retardants over concerns for adverse effects to human and environmental
health has led to the introduction of alternative chemical formulations for commercial use.
One such product, Firemaster® 550 was advertised as a less bioaccumulative and toxic
alternative to the PentaBDE formulations (Potrzebowksi and Chance, 2003). Firemaster®

550 consists of triaryl phosphate isomers, triphenyl phosphate, and Firemaster® BZ-54
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(Stapleton et al., 2008). Firemaster® BZ-54 is composed of 2-ethylhexyl 2,3,4,5-tetrabromo-
benzoate (TBB) and (2-ethylhexyl) 2,3,4,5-tetrabromophthalate (TBPH) in a ~2.5:1 ratio.
Firemaster® 550 is designed for use as an additive in polyurethane foam found in furniture.
Recently, the components of Firemaster® BZ-54 have been measured in a wide range of
environmental matrices, including house dust, biosolids from a wastewater treatment
facility, effluent from a textile mill, and marine mammals (Stapleton et al., 2008; LaGuardia
et al., 2010; Lam et al., 2009), suggesting that it leaches from commercial products similar
to PBDEs.

The majority of the available toxicity data for Firemaster® BZ-54 has been limited to short-
term exposure studies focusing on aqueous exposures and traditional toxicity endpoints,
such as survival. These data are accessible via the commercial material safety data sheets
(MSDS) and TBPH’s evaluation as a High Production Volume Chemical (Chemtura,
2006a,b; Health and Environmental Horizons, 2004). These aqueous exposure toxicity tests
are very limited and are not particularly applicable to likely environmental exposure
scenarios given the poor solubility of the Firemaster® formulations in water (<1.15 × 10−5

mg L−1). Furthermore, these studies do not address the potential for organisms to be exposed
through dietary consumption or to contaminated sediment. To date, there is only one
toxicological study reported in the peer-reviewed scientific literature that considers the
toxicological impact of Firemasters® 550 and BZ-54 on organisms through dietary
exposure. In that study, fathead minnows (Pimephales promelas) exposed to Firemasters®

550 or BZ-54 accumulated and metabolized TBB and TBPH and exhibited an increase in
hepatic DNA damage (Bearr et al., 2010). After the dietary exposure ceased, DNA damage
returned to background levels. This reduction in DNA damage after exposure to TBB and
TBPH ceased suggests three potential causes for the DNA damage during exposure: the
parent compounds directly acting on the DNA, the formation of short half life genotoxic
metabolites of TBB and TBPH, or the generation of reactive by-products (e.g., reactive
oxygen species).

Species comparative studies have the power to identify characteristics that may be
conserved among species. In contrast, they may also help determine the degree to which
metabolism and formation of specific metabolites differ among species. This can help target
organisms that may be at risk of metabolite-based toxic effects and evaluate the relevance of
certain toxicological model species in assessing risk for human and environmental health.
For instance, PBDEs are reductively debrominated in fish (Stapleton et al., 2004a,b; Roberts
et al., 2011a,b); however, rodents and mammals in general appear to metabolize PBDEs via
oxidative processes (e.g., cytochrome P450s), generating hydroxylated PBDEs (Stapleton et
al., 2004a,b,c; Qiu et al., 2007; Noyes et al., 2010). Different metabolic pathways may result
in different toxicological responses among species.

To expand upon our previous study (Bearr et al., 2010), we have broadened our scope to
include other vertebrate species commonly used as toxicological models for evaluating
impacts on human and environmental health. Fathead minnows (P. promelas), which are
temperate freshwater fish native to North America, were used in our previous TBB and
TBPH study and have been used extensively in the regulatory sphere in the United States.
The common carp (Cyprinus carpio) was selected because it is a close relative of the fathead
minnow and has been the organism of choice in several metabolic studies of PBDEs
(Stapleton et al., 2004a,b,c; Benedict et al., 2007; Browne et al., 2009; Noyes et al., 2010;
Roberts et al., 2011a, b). Mice (Mus musculus) are a traditional species used in metabolism
studies for human health concerns, including brominated flame retardant exposures (Qiu et
al., 2007). Snapping turtles (Chelydra serpentina serpentina) were included as they are a
common reptilian model species and recent studies have shown PBDE accumulation and
maternal transfer in turtle species (e.g., Stewart et al., 2011). To the best of our knowledge,
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there are no existing data published on the ability of reptiles to metabolize brominated flame
retardants, and furthermore no information regarding the uptake and accumulation of
Firemaster products (TBB or TBPH). In addition to a limited comparison between species
and between subcellular fractions, a preliminary study looking at the effect of age on TBB
and TBPH metabolism was evaluated for carp and mice.

The objective of this study was to determine whether potential metabolism of TBB and
TBPH differs among hepatic subcellular fractions among four different model vertebrate
species. Evaluating the level of metabolic activity or metabolic products for each subcellular
fraction can be useful in identifying the potential enzymatic system(s) involved.

2. Materials and methods
2.1. Chemicals

Firemaster® BZ-54 was donated by Chemtura (Middlebury, CT, USA). Internal and
surrogate standards (13C labeled 2,2′,3,4,5,5′-hexachlorodiphenylether (13C-CDE-141) and
4′-fluoro-2,3′,4,6-tetrabromodiphenyl ether (FBDE-69)) were purchased from Wellington
Labs (Guelph, Ontario, Canada) and Chiron (Trondheim, Norway), respectively. All
solvents and reagents used were high performance liquid chromatography (HPLC) grade,
ACS grade or higher and were purchased from either Fisher Scientific (Pittsburgh, PA,
USA), Sigma–Aldrich (St. Louis, MO, USA), or VWR (Bridgeport, NJ, USA).

2.2. Animal care and maintenance
All handling of live fish was approved by the University of Maryland Center for
Environmental Sciences’ Institutional Animal Care and Use Committee (F-CBL-08-02).
These test organisms were acclimated under laboratory conditions for at least two weeks.
The photoperiod used for both fish species was 16:8 h light:dark and the temperature was
kept at 25 ± 1 °C. Water quality parameters (i.e., pH and dissolved oxygen) were monitored
daily and were within the U.S. Environmental Protection Agency guidelines for moderately
hard water (U.S. EPA, 2002). Fish were fed 5% of their total body weight daily. Food was
prepared at the Chesapeake Biological Laboratory with cod liver oil (CVS; Woonsocket,
RI), fish feed (Hunting Creek Fisheries; Thurmont, MD), and fish gel (Aquatic Ecosystems;
Apopka, FL) in a manner that was previous described (Bearr et al., 2010). Every other day,
waste was removed and half of the water was renewed.

One-year-old adult male fathead minnows were received from Aquatic BioSystems (Ft.
Collins, CO, USA). The population had an average weight of 3.3 ± 0.5 g and tail length of
63 ± 3 mm. Twenty-four fish were divided into three groups of eight. Carp were obtained
from Hunting Creek Fisheries (Thurmont, MD, USA). An adult population of carp with an
average weight of 41.4 ± 12.1 g and tail length of 160 ± 11 mm was used to prepare all three
subcellular fractions. A second younger (juvenile) population of carp collected at the same
time period was used to prepare an additional S9 fraction for comparison. It was not possible
to determine sex and age for these individuals. This group was measured as significantly less
in weight (13.9 ± 3.2 g; p < 0.05) and tail length (113 ± 7 mm; p < 0.05) in comparison. For
each age cohort, three groups were designated with four fish each. After the fish were
sacrificed, the livers were dissected, washed in a 100 mM phosphate buffer (pH 7.4), and
immediately snap frozen in liquid nitrogen. Tissues were stored in a −80 °C freezer until
isolation of the subcellular fractions.

This study also included mouse and snapping turtle hepatic tissue samples donated from
other laboratories. Liver tissue samples from wild type mice were received from the
University of Maryland – Baltimore (Baltimore, MD). All livers were collected from six-
week-old males that weighed 17.3 ± 0.7 g. Three pools of three individuals were used. In
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addition, for comparison to the six-week-old males, a hepatic S9 fraction was prepared from
a second population of four-month-old male mice livers with three individuals in each
group. These mice weighed 26.3 ± 1.7 g, which was significantly greater than the other
population (p < 0.05).

Liver tissue samples from fifteen field-collected juvenile male snapping turtles were
received from the University of Maryland Center for Environmental Science, Chesapeake
Biological Laboratory. The average weight of the turtles was 19.9 ± 4.7 g and length was 38
± 4 mm. Each group of snapping turtles consisted of five individuals. Mouse and turtle livers
were initially snap frozen and delivered to our laboratory on dry ice. The samples were then
placed in storage at −80 °C until use.

2.3. Preparation of subcellular fractions
Hepatocyte subcellular fractions were prepared using differential centrifugation as
previously described (Harada and Omura, 1980; Nilsen et al., 1998). A 100 mM phosphate
buffer (containing 0.15 M KCl, 1 mM EDTA, 10 mM DTT, 20% (v/v) glycerol, pH 7.4) was
used for homogenization. Resulting microsomal pellets were placed in a resuspension buffer
(100 mM phosphate buffer containing 1 mM EDTA, 10 mM DTT, 20% (v/v) glycerol, pH
7.4) and pushed through a 22-gauge syringe before freezing in liquid nitrogen. Protein
concentrations of all fractions were determined with a bicinchoninic acid assay (BCA) kit
(Pierce, Rockford, IL; see Table 1).

As a quality control to verify the viability of all three types of subcellular fractions, assays
were conducted to measure glutathione-S-transferase (GST) enzyme activity and
cytochrome P450 (CYP1A) activity. A spectrophotometric assay was used to measure GST
enzyme activity with 1-chloro-2,4-dinitrobenzene (CDNB) as the substrate (Habig and
Jakoby, 1981). CDNB is a non-specific substrate that is acted upon by many isoforms of
GST that exist in the cytosol and microsomes. A 96-well microplate assay was performed at
25 °C (for fish and turtle samples) or 37 °C (for mouse samples). Buffer blanks incubated at
both temperatures ensured that no degradation was occurring due to temperature alone.

All incubations were performed in a 100 mM Tris buffer containing 1 mM reduced
glutathione (GSH, pH 7.4) and a10 μL aliquot of the subcellular fraction. After addition of 1
mM CDNB, absorbance was measured at 340 nm for 5 min. A fluorometric ethoxyresorufin-
O-deethylase (EROD) assay was conducted to measure CYP1A1 activity in all fractions
(Kennedy and Jones, 1994). Aliquots of the subcellular fractions were measured over a 5
min–1 h incubation period, depending on activity, to measure the conversion of 7-
ethoxyresorufin to resorufin. The assay was performed at 25 °C (for fish and turtle samples)
or 37 °C (for mouse samples) in a HEPES (pH 7.4) buffered solution containing 102 μM
NADPH and 50 μM 7-ethoxyresorufin. Excitation and emissions wavelengths of 530 nm
and 590 nm were used, respectively.

2.4. Experimental design of incubations
All incubations were performed identically with the exception of temperature. Time frames
for the incubations were determined by performing pilot incubations with excess protein
samples from each species. For each incubation an aliquot of microsomes, cytosol, or S9
containing 1 mg of protein was incubated for 120 min in glass test tubes containing a buffer
solution and 300 ng of Firemaster BZ-54 (dissolved in 5 μL of acetone) in a total volume of
1 mL. The buffer solution consisted of 100 mM phosphate (pH 7.4), 10 mM reduced
nicotinamide adenine dinucleotide phosphate (NADPH), and 10 mM dithiothreitol (DTT).
Blanks that were absent of any subcellular material and heat-inactivated subcellular fractions
(10 min at 100 °C) were also processed in the assay with the test samples. Comparison of
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the viable samples to these control samples ensured that the loss of TBB and TBPH and
formation of metabolites were due to biotransformation and not an artifact of the
experimental design or abiotic transformation processes. Incubations were performed in a
shaker bath (140 rpm) in the dark to prevent any potential photodegradation (e.g., see Noyes
et al., 2010). At the end of the incubation, ice-cold methanol was added to each test tube to
stop the metabolic reactions.

2.5. Extraction, chemical analysis and preparation of standard
A metabolite standard, 2,3,4,5-tetrabromomethylbenzoate (TBMB), was synthesized
internally for use in this study by heating twenty-two milligrams of 2,3,4,5-
tetrabromophthalic anhydride to reflux in 10 mL of dimethylsulfoxide for 30 min. After 100
mL of water was added to the reaction mixture, the mixture was extracted with
dichloromethane (DCM) (3 ×100 mL). The extracts were combined and extracted with 1 M
NaOH, which was acidified with sulfuric acid and extracted with DCM. The resulting
compound (2,3,4,5-tetrabromobenzoic acid) was derivatized with diazomethane.

After addition of ice-cold methanol, all incubations were spiked with an internal standard,
4′-fluoro-2,3′,4,6-tetrabromodiphenyl ether (F-BDE 69, Chiron). Three milliliters of solvent
(50:50 hexane: dichloromethane) were added to each test tube. Samples were vortexed for
20 s and centrifuged for 10 min at 5000 × g (Sorvall RT 6000D, Thermo Fisher, Vernon
Hills, IL, USA). This was carried out three times with the organic fraction removed and
combined after each centrifugation. The extract composite was then reduced to a volume of
0.5 mL with a Zymark TurboVap II (Caliper Life Sciences, Mountain View, CA, USA). To
measure F-BDE 69 recovery, the extract was spiked with 50 ng of 13C-2,2′,3,4,5,5′-
chlorinated diphenyl ether (CDE 141). Laboratory blanks (DI water) were also incorporated
in the extraction process for quality assurance purposes.

Extracted samples were analyzed using gas chromatography mass spectrometry operated in
electron capture negative ionization mode (GC/ECNI–MS) in a manner previously reported
(Stapleton et al., 2008). TBB and TBPH were quantified by monitoring molecular ion
fragments (m/z 357 and 471 for TBB, and 463 and 515 for TBPH) using F-BDE 69 as an
internal standard. Recovery of F-BDE 69 was 80.8 ± 9.0%. TBPH was not detected in the
blanks (<1.5 ng; 3 times the signal noise of the blanks), whereas TBB was detected in
laboratory blanks at 1.64 ± 0.44 ng. The experimental measurements were not blank
corrected. The mean and standard error for TBB and TBPH recovery in the matrix spikes
were 99.4 ± 6.1% and 85.7 ± 3.8%, respectively.

2.6. Comparison between in vivo and in vitro fathead minnow metabolism
Metabolite peaks from in vitro fathead minnow metabolism observed in the current study
using S9 fractions was compared qualitatively to a previous unpublished in vivo study in
which fathead minnows were exposed to Firemaster® BZ-54 in their diet for 28 days. Peaks
for potential metabolites that were three times greater than the signal noise were considered
statistically significant.

2.7. Statistical analysis
The statistical package Minitab (Ver. 14) was used for all statistical analyses in this study.
The data sets were tested for normality and variance homogeneity. One-way analyses of
variance (ANOVA) were calculated to determine significance between treatments (α < 0.05;
p < 0.05). If conditions were met for significance by ANOVA, the chemical treatments were
compared with the controls with a Student’s t-test to determine which treatments were
significantly different from the control treatment (heat-inactivated; p < 0.05). Treatment
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results were also compared to determine significance differences in metabolic rates with
respect to species, subcellular fractions, and compound using the same method as above.

3. Results
3.1. Cytochrome P450 and glutathione-S-transferase activity

All subcellular fractions were determined to be viable with enzyme activity comparable to
baseline activities for the species under study (Table 1). CYP1A was active in all S9 and
microsomal fractions tested in all four species. Since CYPs are membrane-bound in the
endoplasmic reticulum and, consequently, not recovered in cytosolic fractions, CYP activity
should not have been present in cytosolic fractions. Confirming the purity of the isolations,
no significant CYP activity was observed in the cytosolic fractions of the fathead minnow
and carp. Significant activity was observed in the mouse samples, although the CYP activity
in the mouse cytosol was considered minimal (<1% of the microsomal CYP activity). GSTs
were present in all three subcellular fractions in all of the organisms tested (Table 1). As
expected, GST activity was higher in the S9 and cytosolic fractions.

3.2. Differences in metabolism of TBB and TBPH among species
The combined exposure of the subcellular fractions to the Firemaster BZ-54 mixture (TBB
and TBPH in an approximate 3:1 ratio) resulted in a significant loss of TBB in mouse,
fathead minnow, and carp (but not in turtle) in comparison to their respective heat-
inactivated controls (p < 0.05). Rates of TBB metabolism were similar between subcellular
fractions for the fathead minnow and the carp, but not in the mouse, which showed
significantly greater metabolism in the microsomal incubations compared with cytosolic or
S9 fractions (p < 0.05, Fig. 1). In S9 fractions, the metabolic rate measured in the mouse
(1.76 ± 0.12 pmoles TBB mg−1 min−1) was significantly less (p < 0.05) than the S9 in the
minnow (2.40 ± 0.15 pmoles TBB mg−1 min−1), or carp (2.34 ± 0.12 pmoles TBB mg−1

min−1). In the cytosol, metabolism of TBB in the minnows (2.46 ± 0.13 pmoles TBB mg−1

min−1) was significantly greater than in mice (1.67 ± 0.20 pmoles TBB mg−1 min−1; p <
0.05). Cytosolic metabolism of TBB in carp (2.13 ± 0.74 pmoles TBB mg−1 min−1) was not
statistically different from either fathead minnows or mice. Microsomal metabolism of TBB
was greater in mice (3.10 ± 0.47 pmoles TBB mg−1 min−1) than in carp (1.61 ± 0.63 pmoles
TBB mg−1 min−1; p < 0.05) but the fathead minnow was not significantly different from the
other two species (2.40 ± 0.57 pmoles TBB mg−1 min−1).

TBPH was generally metabolized at a lower rate than TBB for the fathead minnow, common
carp, and mouse (Fig. 2; p < 0.05). However, whereas TBB was not metabolized in the
snapping turtle, TBPH was (0.161 ± 0.118 pmoles TBPH mg−1 min−1). In fact, the loss of
TBPH was significant for all species and cell fractions tested (p < 0.05). Rates of TBPH
metabolism in S9 fractions were significantly lower in the turtle than those measured in the
fathead minnow (0.629 ± 0.066 pmoles TBPH mg−1 min−1; p < 0.05), and carp (0.620 ±
0.103 pmoles TBPH mg−1 min−1; p < 0.05), but not the mouse (0.309 ± 0.021 pmoles TBPH
mg−1 min−1). For cytosolic TBPH metabolism, mice (0.277 ± 0.92 pmoles TBPH mg−1

min−1) were significantly less (p < 0.05) than either minnow (0.441 ± 0.031 pmoles TBPH
mg−1 min−1) or carp (0.534 ± 0.60 pmoles TBPH mg−1 min−1). Microsomal metabolism was
greater in the minnows (0.607 ± 0.197 pmoles TBPH mg−1 min−1) than in mice (0.247 ±
0.095 pmoles TBPH mg−1 min−1; p < 0.05), but not in the carp (0.335 ± 0.186 pmoles
TBPH mg−1 min−1).

These in vitro exposures have identified a previously unknown metabolite of TBB, 2,3,4,5-
tetrabromomethylbenzoate (TBMB; Fig. 4). Significant peaks (three times the background)
of TBMB were observed in chromatograms from incubations using all three fathead minnow
subcellular fractions with TBB, but were not significant in the carp or mouse incubations.
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Two other peaks were found to be significant (three times the background signal) in only the
fathead minnow and were strongly associated with the microsomal fraction, but were not
observed in a great enough concentration to identify their structure by full scan mass
spectral analysis. To date, chemicals represented by these two peaks have not been
identified.

3.3. Comparison of in vivo and in vitro results
Results of the fathead minnow S9 incubations in this study were compared to an earlier in
vivo study in which fathead minnows were exposed to Firemaster® BZ-54 (containing the
mixture of both TBB and TBPH) in their diet. Chromatograms from each study were
qualitatively assessed to determine if they shared similar peaks, which would represent
similar metabolites. Several peaks for potential TBB metabolites were present in both
samples (Fig. 5). Although as all incubations were conducted in the presence of both TBB
and TBPH it is not definitive that these arose from TBB alone, although structurally this is
suggested. Ten distinct potential metabolite peaks were observed in the in vivo study. Of
those ten peaks, only one peak at 9.5 min was also observed in the in vitro sample and was
identified as TBMB. It should be noted that another distinct peak was found in the in vitro
sample that correlated to a significant peak in the in vivo sample, but did not meet the
significance standard set by this study (three times the background noise). This peak at
10.74 min was identified as 2-ethylhexyl dibromobenzoate (DBB) in the in vivo sample.

4. Discussion
This study is the first to assess the ability of several vertebrate species to metabolize the
brominated components of the Firemaster® 550 and Firemaster® BZ-54 formulations,
namely, TBB and TBPH. Except for the snapping turtle’s inability to metabolize TBB, very
similar metabolic rates between minnow, carp, and mouse were observed for both TBB and
TBPH. TBB was consistently metabolized to a greater extent than TBPH across all species
tested in this study. The similarity found in TBB and TBPH metabolism between the fish
and mouse suggests that enzyme(s) responsible for this metabolism might be similar
between the two species.

Regardless of the cell fraction used in the incubations, metabolism of these compounds was
relatively consistent. This observation highlights that both membrane-bound and soluble
enzyme(s) are capable of metabolizing TBB and TBPH. It is possible that this metabolism
and the presence of similar metabolites are driven by different groups of enzymes in each
sub-fraction, but a simpler explanation would be that the enzymatic route incorporates an
enzyme or enzymes present in both membrane-bound and soluble forms. If the responsible
enzymes were shared, it would rule out metabolism by localized enzymes, such as
cytochrome P450s; as membrane-bound enzymes, they would be unable to catalyze
metabolism in the isolated cytosol. With so many metabolite peaks, the route of action may
be the result of several enzyme systems as opposed to a single route dominated by a single
enzyme (see Fig. 4).

This study is also the first to identify TBMB as a metabolite most likely derived from TBB
and associated with both soluble and membrane-bound hepatic enzymes in the fathead
minnow, carp, and mouse. TBB may be converted into TBMB in a two-step process
consisting of hydrolysis and methylation (Fig. 6). The hydrolysis of the ethylhexyl group has
been studied in fish and in mammals with respect to di (2-ethylhexyl) phthalate (DEHP)
exposures (Barron et al., 1995; Kavlock et al., 2002). The structure of DEHP differs from
TBPH in that it lacks bromines. The first intermediate product in the metabolism of DEHP,
mono (2-ethylhexyl) phthalate, is structurally similar to TBB, differing by a lack of
bromines and the addition of a carboxylic acid group. Lipases, a subclass of esterases, are
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known to initiate the metabolism of DEHP and may be involved in metabolism of these two
brominated compounds as well. In fact, a recent presentation provided evidence that purified
porcine esterases rapidly metabolize TBB (Roberts et al., 2011a, b). This makes lipases a
rather convincing candidate for having a role in metabolizing TBB and TBPH.

Although they are predominantly found in the pancreas, lipases are also in hepatic tissue in
both soluble and membrane-bound forms (Gibbons and Wiggins, 1995; Gilham et al., 2003).
The activity and substrate specificity of lipases depend on the isoenzyme in question and
may help explain why the formation of TBMB was greater in cytosolic and S9 fractions than
in microsomes. The cytosolic form of the enzyme may have been the main driver of TBMB
production, but other forms, including membrane-bound enzymes, may also have a capacity
for metabolizing TBB. It is also possible that a slower secondary pathway could also be
involved and predominant in the microsomal fraction. The resulting metabolite,
tetrabromobenzoic acid (TBBA), after the first step of the reaction was not identified in this
study. This would occur if the methyltransferase step occurred very rapidly, preventing
production and accumulation of tetrabromobenzoic acid.

The second enzyme in the proposed two-step reaction would be a methyltransferase. Similar
to lipase activity, methylation is observed in both cytosolic and microsomal fractions.
Consistent with this observation, methyltransferases are also present in both subcellular
fractions in various forms. For instance, catechol-O-methyltransferase can be encoded at two
separate transcription sites on the same gene, one site produces a soluble form and the other
a membrane-bound form that is found in hepatic tissues (Weinshilboum et al., 1999). There
is not a great deal of literature on the feasibility of this mechanism, but benzoic acid
catechols have been shown to be acted upon by this form of methyltransferase (Graves et al.,
2008). Catechols are not present in either TBB or TBPH metabolites. However,
tetrabromobenzoic acid may be metabolized in the same manner with the methyltransferase
acting on one hydroxyl group at a time. We could find no mention in the literature
describing this in animals, but benzoic acid methyltransferase has been reported in plants
(Arabidopsis thaliana; Chen et al., 2003), As such, methyltransferases are a candidate for
this second step, but more research is required for any definitive conclusion.

In vitro incubations are advantageous as unlike in vivo experiments, these are a simple
isolated system. Metabolites formed in vivo are often rapidly excreted or further
biotransformed making many products difficult to observe. As such, it should be understood
that the in vitro incubations are sub-compartment scenarios that may not fully represent
metabolism in a whole organism. In vitro experiments have their limitations; they can often
illuminate events that are obscured in in vivo studies. From the in vivo work, TBPH
bioaccumulated in fish, but there was no evidence of metabolites. Similarly, the in vitro
samples lacked any measurable metabolites. However, we observed a significant loss of
TBPH in the incubations based on the initial concentration. Although this study did not
identify metabolites in vitro, it appears that enzymes were present that metabolized TBPH to
metabolites were not quantifiable using the techniques in this current study (i.e. polar and/or
non-brominated compounds).

Metabolism differed between age/size groups tested, but it was not consistent with respect to
age between the carp and mice. In a previous preliminary study it appears that there are
metabolic differences in the S9 incubations in the two age classes of carp and mice
investigated. The smaller (and likely younger carp population) metabolized TBB (1.30 ±
0.62 pmoles TBB mg−1 min−1) and TBPH (0.243 ± 0.154 pmoles TBPH mg−1 min−1) at a
significantly slower rate than the larger carp (Fig. 3; 2.34 ± 0.12 pmoles TBB mg−1 min−1;
0.620 ± 0.103 pmoles TBPH mg−1 min−1; p < 0.05). In contrast, a comparison between 4-
month-old and 2-month-old male mice showed that the older mouse population metabolized
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TBPH (0.076 ± 0.050 pmoles TBPH mg−1 min−1) at a significantly slower rate than the
younger mice (0.309 ± 0.21 pmoles TBPH mg−1 min−1). No difference was observed in
TBB metabolism for the mice. Age may be a factor affecting the rate of metabolism, but is
likely species-specific and warrants further investigation. Enzyme activity (e.g., CYP, GST)
was not assessed for the additional age classes, which would help in determining if enzyme
activity in general was a contributing factor for the differences observed. Traditional toxicity
testing has often considered early life stages of organisms to be most sensitive. It is unclear
what variables may be affecting these different results. This difference in metabolism
between age/size groups tested highlights an area of future research.

The use of subcellular fractions is useful for screening chemicals for toxicity, assessing
potential metabolism and understanding environmental fate. By comparing metabolism in
different subcellular fractions, catalyzing enzymes groups may be deduced. These
observations may also help determine if the toxicological model species being used are
actually responding to the chemical exposure in a way that is representative to the interests
of the study. Finally, in vitro incubations may be an effective way to predict whether the
parent compounds are likely to accumulate in the environment or if they can be
biotransformed to metabolites that have different physical and chemical characteristics,
which can affect their fate and transport.
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Fig. 1.
Differences in TBB metabolism between species and subcellular fractions (120 min; 1 mg
protein). Gray, white and black bars signify the S9, cytosol and microsomal incubations
respectively. Results presented as the mean ± SD (N = 3). Asterisk denotes significant
difference from the S9 fraction for each species (t-test, p < 0.05).
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Fig. 2.
Differences in TBPH metabolism between species and subcellular fractions (120 min; 1 mg
protein). Gray, white and black bars signify the S9, cytosol and microsomal incubations
respectively. Results presented as the mean ± SD (N = 3).
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Fig. 3.
Comparison of TBB and TBPH metabolism in the S9 of different sized populations of carp
and mice of different ages (2 months and 4 months). Results presented as the mean ± SD (N
= 3). Asterisks denote significant differences between age classes for each species and
compound (t-test, p < 0.05).
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Fig. 4.
Comparison of chromatograms of the extracted sample from a Firemaster® BZ-54
(containing TBB and TBPH) incubation with fathead minnow microsomes (a) and a sample
amended with tetrabromomethylbenzoate (TBMB) standard (b) with (c) showing the
detailed ECNI scan of the TBMB standard. Note: IS denotes the internal standard.
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Fig. 5.
Comparison of total ion chromatograms from an in vivo dietary study (black chromatogram
above) and an in vitro hepatic S9 incubation (gray chromatogram below) for fathead
minnows exposed to Firemaster® formulations. In the figure, peaks associated with 2-
ethylhexyl 2,3,4,5-tetrabromobenzoate (TBB), 2,3,4,5-tetrabromomethylbenzoate (TBMB),
and dibromobenzoate (DBB) are specifically noted along with the internal standard.
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Fig. 6.
A proposed two step mechanism for metabolizing 2-ethylhexyl 2,3,4,5-tetrabromobenzoate
(TBB) into 2,3,4,5-tetrabromomethylbenzoate (TBMB) with 2,3,4,5-tetrabromobenzoic acid
(TBBA) as an intermediate product.
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Table 1

Ethoxyresorufin-O-deethylase (EROD) and glutathione-S-transferase (GST) activities of the cell fractions
used in this series of experiments.

Species Subcellular fraction EROD activity (pmol mg−1

min−1)
GST activity (nmol mg−1 min−1)

Fathead Minnow S9 11.0 ± 2.4 441.8 ± 50.9

Pimephales promelas Cytosol 0.1 ± 0.1 616.5 ± 95.6

Microsomes 23.2 ± 8.1 279.6 ± 44.4

Common Carp Cyprinus carpio S9 4.6 ± 0.8 176.9 ± 24.0

Cytosol 0.0 ± 0.1 197.7 ± 68.3

Microsomes 7.8 ± 0.7 105.1 ± 36.5

Mouse Mus musculus (wild type) S9 38.3 ± 9.1 1250.1 ± 431.8

Cytosol 0.9 ± 0.2 884.7 ± 174.3

Microsomes 101.9 ± 10.7 439.6 ± 154.6

Snapping Turtle Chelydra serpentina
serpentina

S9a 0.7 ± 0.3 159.3 ± 29.4

a
Only S9 fraction available for snapping turtle incubations.
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