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Abstract—Firemaster™ 550 and Firemaster™ BZ-54 are two brominated formulations that are in use as replacements for polybromi-
nated diphenyl ether (PBDE) flame retardants. Two major components of these mixtures are 2,3,4,5-tetrabromo-ethylhexylbenzoate
(TBB) and 2,3,4,5-tetrabromo-bis(2-ethylhexyl) phthalate (TBPH). Both have been measured in environmental matrices; however, scant
toxicological information exists. The present study aimed to determine if these brominated flame-retardant formulations are bioavailable
and adversely affect DNA integrity in fish. Fathead minnows (Pimephales promelas) were orally exposed to either FM 550, FM BZ54, or
the nonbrominated form of TBPH, di-(2-ethylhexyl) phthalate (DEHP) for 56 d and depurated (e.g., fed clean food) for 22 d. At several
time points, liver and blood cells were collected and assessed for DNA damage. Homogenized fish tissues were extracted and analyzed
on day 0 and day 56 to determine the residue of TBB and TBPH and the appearance of any metabolites using gas chromatography-
electron-capture negative ion mass spectrometry (GC/ECNI-MS). Significant increases (p < 0.05) in DNA strand breaks from liver cells
(but not blood cells) were observed during the exposure period compared with controls, although during depuration these levels returned
to control. Both parent compounds, TBB and TBPH, were detected in tissues at approximately 1% of daily dosage along with brominated
metabolites. The present study provides evidence for accumulation, metabolism, and genotoxicity of these new formulation flame
retardants in fish and highlights the potential adverse effects of TBB- and TBPH-formulated fire retardants to aquatic species. Environ.

Toxicol. Chem. 2010;29:722-729. © 2009 SETAC
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INTRODUCTION

Flame retardants serve a valuable purpose in decreasing risks
associated with fire by extending the time required to transition
from a smoldering to flaming state [1]. Polybrominated
diphenyl ethers (PBDE) are quite effective as retardants and
until recently were some of the most widely used brominated
flame retardants. However, due to their environmental persis-
tence and toxicological concerns, many of these commercial
PBDE formulations have recently been banned or phased out
[2,3]. This has resulted in an industry shift toward the use of
alternative types of brominated flame-retardant compounds.
Among this new wave of halogenated flame retardants are
Firemaster™ 550 and Firemaster™ BZ-54.

In 2004, Great Lakes Chemical began marketing Firemaster
550 as a less bioaccumulative and toxic alternative to the
existing Penta-BDE mixtures [4]. Firemaster 550 consists of
a suite of triaryl phosphate isomers, triphenyl phosphate, and a
brominated formulation identified as Firemaster BZ-54 [5].
Firemaster BZ-54 is a mixture of 2-ethylhexyl 2,3.4,5-tetra-
bromobenzoate (TBB) and 2-ethylhexyl 2,3.4,5-tetrabromoph-
thalate ([TBPH]; see Table 1 for structures and chemical
details). These chemicals are commonly added to foam cush-

* To whom correspondence may be addressed
(mitchelmore @cbl.umces.edu).

Published online 10 December 2009 in Wiley InterScience
(www.interscience.wiley.com).

Phthalate

722

DNA damage Metabolism

ions, polyvinyl chloride (PVC) plumbing, and other fabrications
[6] and have recently been identified in environmental samples.
For example, their ubiquitous presence in house dust has been
shown with concentrations of TBB and TBPH as high as 15,030
and 10,630 ng/g dry weight reported, respectively [3] and are
within the range reported for total BDEs in house dust [7-9].
Additionally, TBB was detected (1.240 4= 0.264 pg/g dry wt) in
biosolids collected from a San Francisco Bay wastewater treat-
ment plant in levels comparable to that of BDE-209
(1.023 £0.179 pg/g dry wt) measured in the same sample
(S. Klosterhaus, unpublished data; http://www.sfei.org/rmp/
posters/O8BFR_Poster_klosterhaus_shrunk.pdf). To date, the
only existing toxicological data for TBB and TBPH are the
standard acute aqueous toxicity tests (i.e., 96-h median lethal
concentration [LC50]) summarized on the Material Safety Data
Sheet forms for these Firemaster formulations.

As there is limited information regarding TBB and TBPH
bioavailability, uptake, bioaccumulation, metabolism and tox-
icity (particularly sub-lethal effects), some insights may be
gained from studies with the nonbrominated form of TBPH,
di(2-ethylhexyl) phthalate (DEHP). The nonbrominated form of
TBB is 2-ethylhexyl benzoate (EHB), a chemical for which we
could find no toxicological data. Di(2-ethylhexyl) phthalate is
rapidly metabolized to mono(2-ethylhexyl)phthalate (MEHP),
which has a similar structure to TBB. Toxicological effects
have been studied for MEHP exposures and, thus, were
considered a chemical potentially representative for TBB.
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Table 1. Basic chemical characteristics of di(2-ethylhexyl) phthalate (DEHP), mono(2-ethylhexyl)phthalate (MEHP), 2-ethylhexyl 2,3.4,5-tetrabro-
mophthalate (TBPH), and 2-ethylhexyl 2,3,4,5-tetrabromobenzoate (TBB)

Chemical name DEHP MEHP TBPH TBB
Structure 0/\\(\/\”3 R Br 0/\(\/\%3 P e,
L Br Br /\L
0 CHs CHy o 't TR0 Tem,
0 _CHg 5 0 CHy ‘ -
I " Br e
0\.)\ PO o O\)\/\/CHE o
Chemical abstracts service number 117-81-7 4376-20-9 26040-51-7 None
Molecular weight 390.57 278.35 706.15 549.93
Solubility (mg/L) 4.1 x 10-2 [39] 1.49% 1.98 x 10-9* 1.14 x 10-5*
Log Kow 7.5% 4.7° 12.0° 8.8°
Vapor pressure (mm Hg @ 25°C) 1.33 x 10-8 [39] 8.15 x 10-7¢ 1.71 x 10-11¢ 3.43 x 10-8°

“WSKow v 1.41 (U.S. Environmental Protection Agency [U.S. EPA], Washington, DC).

" KowWin v 1.67(U.S. EPA).
“Mean vapor pressure of antoine and grain methods.

Chemical properties have been well studied for DEHP, but not
for MEHP, TBB, or TBPH (see Table 1). These chemicals are
fairly insoluble and are highly lipophilic, suggesting that likely
exposure scenarios would be by means of food consumption.
The flame retardants have four bromines bound to their
aromatic ring, which increases its lipophilicity and its molecular
size, which may impede movement across cellular membranes.
In PBDEs, congeners with a greater number of bromines
incorporated in their structure are less bioavailable [10].
However, the largest BDE congener, decabrominated BDE
(BDE-209) has a Log Kow similar to TBPH (~10-11) and
has been shown to be absorbed in carp [11,12], rats [13], and
birds [14], and detected in human tissues [15]. Di(2-ethylhexyl)
phthalate has been shown to be readily absorbed and metabo-
lized by rainbow trout and Atlantic salmon [16,17].

A likely effect of TBB and TBPH exposures is the loss of
DNA integrity. Genotoxicity has been identified with both
PBDEs and DEHP. In the case of PBDEs, BDE-47 exposures
affect glutathione levels which may modulate reactive oxygen
species generation, apoptosis, and DNA damage [18-20]. The
exact mechanism is unclear, but hydroxylated PBDEs them-
selves appear capable of causing DNA damage in neurological
tissues directly [21]. Similar to BDEs, DEHP exposures have
also been found to be associated with a depletion of glutathione
and an increase in reactive oxygen species in rats [22]. Meta-
bolites of DEHP (monobutyl phthalate, monobenzyl phthalate,
and monoethyl phthalate) are associated with loss of DNA
integrity in humans, but the mechanism of action is not known
[23].

Given the environmental presence of these halogenated
flame retardants as well as their structural similarities to chem-
icals known to be absorbed, metabolized, and associated with
DNA damage, concern regarding the potential effects of TBB
and TBPH exposures is warranted. The present study was
undertaken to investigate the potential for uptake, metabolism,
and adverse effects (i.e., DNA damage) in a common toxicity
test species in regulatory work, the fathead minnow (Pime-
phales promelas), exposed to Firemaster 550 and BZ-54
formulations. Specifically, observations were made character-
izing growth (i.e., fish mass, length, and lipid content of tissues),
lipid normalized tissue accumulation of TBB and TBPH,

qualitative evaluation of the formation of metabolites, and
the degree of DNA damage in hepatic and blood tissues.
Di(2-ethylhexyl) phthalate exposures were also included to
compare the extent of DNA damage potential induction
between the brominated and nonbrominated structures. To
the best of our knowledge, this research is the first to address
the uptake, accumulation, metabolism and effects (general and
genotoxic) regarding exposures to these brominated com-
pounds.

MATERIALS AND METHODS
Food preparation

Control food was fed to all of the fish during the acclimation
and recovery periods as well as to the control treatment for the
duration of the exposure period. Firemaster 550 (FM 550) and
Firemaster BZ-54 (BZ-54) were procured from Chemtura. Di(2-
ethylhexyl) phthalate (98% purity) was purchased from Alfa
Aesar. Food amended with FM 550, BZ-54, or DEHP was used
for those respective treatments during the 56-d exposure period.
All equipment used in food preparation was made of glass or
stainless steel and was rinsed with acetone, hexane, and
dichloromethane before use. Cod liver oil (CVS®), fish feed
(Hunting Creek Fisheries), and fish gel (Aquatic Ecosystems)
were used in all food preparation. Fish feed (118 g) and fish gel
(51 g) were blended using a glass blender (Crushmaster, Black
& Decker) until a fine powder was produced. The BZ-54, FM
550, and DEHP were measured by weight and dissolved into 10
ml cod liver oil. Control food included the cod liver oil without
chemical amendment. The oil and the food mixture were
combined in a stainless steel mixing bowl. Milli-Q® water
(138 ml) was added and the resulting paste was mixed with a
stainless steel mixer set at medium for 20 min. The resulting
paste was then manually formed into pellets (0.195-0.205 g)
and stored at —20°C. Daily aliquots of food were removed and
thawed on the day of use.

There is scant toxicological data available to determine at
what level effects may be observed. Therefore, an exposure
magnitude (1 mg fish/d of F550, BZ-54, or DEHP) roughly two
orders of magnitude greater than current measured environ-
mental concentration was chosen [3]. Measured chemical con-
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Table 2. Concentrations of 3 contaminant amended diets used in the

present study. Measured concentrations of 2-ethylhexyl 2,3,4,5-tetrabro-

mophthalate (TBPH), and 2-ethylhexyl 2,3,4,5-tetrabromobenzoate (TBB)

are represented as the mean =+ standard error. Three replicates were
extracted and analyzed for each feed type.

Total (g/g feed — wet wt)

Feed % Lipid TBPH TBB

Control } 6.5+0.3 <0.26+0.014 0.20+0.053
Firemaster‘f"f 550 74+0.7 744.7 +85.97 1658 £198.9
Firemaster™ BZ-54* 7.7+1.0 907.4 +£166.3 2087 £385.0

4 Chemtura.

centrations for FM 550 and BZ-54 treatment food regime are
reported in Table 2. Di-(2-ethylhexyl) phthalate is reported only
as a nominal concentration as it is readily metabolized and no
methods were available to monitor the concentration of DEHP
in tissues. Measured concentrations of TBB and TBPH differed
from the nominal concentrations as commercial formulations
are variable in concentration and some adherence to the carry-
ing vessels may have occurred. The BZ-54 amendment to the
feed was expected to be 5,075 pg/g. The sum of the measured
concentrations for TBPH and TBB accounted for 59.0% of the
combined nominal target. For FM 550, the measured concen-
tration sum for TBPH and TBB was 59.2% of the combined
nominal target (4,056 .g/g) assuming the formulation had a 1:1
mass ratio between BZ-54 and the other component (tri-aryl and
tri-phenyl phosphate) [5]. The resulting daily intake per fish was
150 g TBPH and 330 pg TBB in the FM 550 feed, and 180 g
TBPH and 420 pg TBB in the BZ-54 feed.

Organisms were acclimated before exposure

All handling of test organisms was approved by University
of Maryland Center for Environmental Sciences’ Institutional
Animal Care and Use Committee (F-CBL-08-02). Fathead
minnows (Pimephales promelas) are temperate freshwater fish
native to North America and used commonly in toxicological
testing for regulatory purposes. One-year-old adult males were
purchased from Aquatic BioSystems and acclimated to labo-
ratory conditions for eight weeks. During this acclimation
period, 10 fish were placed into each of the eight 40-L plastic
aquaria. The photoperiod was set at 16:8h light:dark. Sub-
merged glass heaters kept the temperature at 25°C &= 1°C. Water
quality parameters (i.e., pH, dissolved oxygen) were kept within
U.S. Environmental Protection Agency (U.S. EPA) guidelines
for moderately hard water [24]. Every other day, waste was
removed and half of the water was renewed.

Experimental duration: exposure and recovery periods

A week before test initiation, fish were transferred to fifteen
40-L plastic aquaria at a density of five fish per aquaria. During
the entirety of the experiment, 50% water exchanges occurred
every other day 6 h after feeding. All food was consumed within
5 min. The experimental duration was 78 d, which consisted of a
56-d period of dietary exposure to the chemical treatments and
22 d recovery where all fish were fed control food. Fish were fed
0.2g/d (~6% of fish body wt) with food specific to their
exposure scenario. Fish in three tanks were administered with
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control food. Each chemical treatment (FM 550, BZ-54, and
DEHP) consisted of four tanks. Fish remaining for the recovery
stage remained in their respective tanks and received control
pellets regardless of their previous treatment regimen.

Fish were killed by cervical incision during the exposure and
recovery periods to measure potential temporal changes in DNA
damage. Three to four fish were sampled on days 14, 28, 56, and
78 for the FM 550, BZ-54, and control treatments. Fish exposed
to DEHP were sampled on days 28, 56, and 78. Upon killing,
hepatic tissue and blood were sub-sampled from each fish.
These samples were placed on ice and were immediately
processed for the comet assay. Fish length and weight were
also recorded. Gonads, liver, and brain were removed and used
for other endpoints while the remaining carcass was frozen for
later analysis of TBPH and TBB accumulation and metabolite
identification on days O and 56 only.

Comet assay used to measure DNA damage

The technique performed in the present study was a mod-
ification of methods previously reported [25,26]. Liver tissue
was minced finely and resuspended in aerated, ice-cold Hanks’
balanced salt solution (HBSS) buffer solution (1 mM Hepes;
Ca*" and Mg>" free; pH 7.6). Separately, blood was also
resuspended in the HBSS buffer solution. Cell density for
the liver and blood solutions was 2.640.3 x 10° cells/ml
and 4.2+0.5 x 10° cells/ml, respectively. Both cell suspen-
sions were then placed on ice and subsamples were analyzed for
cell viability using trypan blue exclusion. Viability in all
samples was greater than 80% and, therefore, all samples were
used for the Comet Assay. An aliquot (10 nL) of the cell
suspension was mixed with 100 wL of 37°C, 0.6% low melting
point agarose ([LMPA]; dissolved in the buffer solution),
layered onto a precoated 1% normal melting point agarose
glass slide and solidified on ice. A second LMPA layer was
added and again solidified on ice. The slides were then placed in
ice cold lysing solution (2.5M NaCl, 100mM Tris, 1% N-
laurylsarcosine, 1% Triton X-100, 10% dimethysulfoxide, pH
10.0) for 1 h at 4°C in the dark. Slides were then drained, rinsed
with Milli-Q water, and placed in an electrophoresis chamber
with electrophoresis buffer (200mM NaOH, 100mM ethyl-
enediaminetetraacetic acid [EDTA], pH < 12). The slides were
allowed to unwind for 10 min and then electrophoresed (25 'V,
300mA) for 10 min. Slides were removed, drained and rinsed
three times with neutralizing buffer (0.4 M Tris, pH 7.5). They
were then submerged in ice-cold methanol for 5 min, dried in
the dark, and stored in a closed container in the dark with
desiccant until later re-hydration and analysis.

For DNA damage analysis, slides were rehydrated in a 2 pg/g
ethidium bromide solution for 10 min. Slides were then observed
using an epifluorescence scope (200 x magnification, Olympus
BX50) with a Q Imaging Retiga 1300 camera. One hundred cells
per slide were selected randomly from the whole slide and
quantified for DNA damage using Komet 6.0 (Kinetic Imaging)
image analysis software. Percentage of DNA in the tail is the
prominent endpoint that was used in the present study as it has
been reported as a more accurate and sensitive measure [25,27].
Tail length and olive tail moment are reported for potential
comparison to other studies, but are not heavily discussed in
the present study.
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Chemical analysis

Individual fish samples and three replicates of each food type
(0.2 g) were homogenized with clean sodium sulfate to remove
residual water using a mortar and pestle. Samples were then
loaded into a stainless steel extraction cells, spiked with an
internal standard, 4'fluoro-2,3’,4,6-tetrabromodiphenyl ether
(F-BDE 69, Chiron), and extracted using pressurized liquid
extraction (ASE 300, Dionex). Cells were extracted three times
consecutively with a 1:1 solution of hexane and dichlorome-
thane at a temperature of 100°C and at 1500 psi for 10 min. The
resulting extract was reduced in volume to roughly 1 ml by use
of an automated nitrogen evaporation system (TurboVap II,
Zymark). A small subsample of the extract was used to measure
lipid content using gravimetric analysis. The remaining extract
was then purified by elution through a column containing 4.0 g
of alumina (6% deactivated) using a 1:1 ratio of dichlorome-
thane:Hexane. This final extract was then reduced in volume to
0.5 ml and amended with 50ng of 13C-labeled 2,2,3,4,5,5'-
chlorinated diphenyl ether (CDE 141) to measure the recovery
of F-BDE 69. A total of three laboratory blanks and four matrix
spikes (spiked with 100ng of TBB and TBPH) were also
incorporated in the extraction process for quality assurance
purposes.

Samples were analyzed using gas chromatography mass
spectrometry operated in electron capture negative ionization
mode (GC/ECNI-MS) in a manner previously reported [3]. A
J&W Scientific 0.25 mm (internal diameter) x 15 m fused silica
capillary column coated with 5% phenyl methylpolysiloxane
(0.25 pm film thickness) was used for the separation of the
brominated compounds. Pressurized temperature vaporization
(PTV) was used in the GC inlet which was programmed for the
following conditions: an 80°C hold for 0.3 min followed by a
700°C/min ramp to 275°C, which was held throughout the
entire sample run. The oven temperature program was set at
40°C and held for 1 min, followed by a temperature ramp of
18°C/min to 250°C, followed by a temperature ramp of 1.5°C/
min to 260°C, and then ramped a final time at 25°C/min to
300°C which was held for an additional 20 min. The transfer
line was maintained at 300°C and the ion source at 200°C.
2,3,4,5-Tetrabromo-ethylhexylbenzoate and TBPH were quan-
tified by monitoring molecular ion fragments (m/z 357 and 471
for TBB, and 463 and 515 for TBPH). The mass of each
compound was corrected for recovery of F-BDE 69 and nor-
malized to lipid content. Recovery of F-BDE 69 was measured
as 72.6 £3.3%. 2,3,4,5-Tetrabromo-bis(2-ethylhexyl) phtha-
late was not detected in the blanks (<1.67 £0.17 ng; 3 times
the signal of the blanks), whereas TBB was detected in labo-
ratory blanks at 1.65 £ 0.29 ng. The mean and standard error of
the mean for TBB and TBPH recovery in the matrix spikes were
113.24+11.4 and 96.3 +7.5%, respectively.

Significance determined with analyses of variance and t test

All statistical analyses were run using the statistical package
MiniTab (Ver 14). Each tank within a treatment was recognized
as a replicate. The data sets were tested for normality and
variance homogeneity. One-way analyses of variance
(ANOVA) were calculated to determine significance between
treatments for a single time point (a=0.05; p <0.05). If
conditions were met for significance by ANOVA, chemical
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treatments were compared with the controls with a ¢ test to
determine which treatments were significantly different from
the control treatment (p < 0.05).

RESULTS
Fish health and growth

Water quality characteristics were within whole effluent
toxicity testing guidance parameters for Pimephales promelas
[24]. On day 78, control and BZ-54 treatments had survival of
83 and 88% of their total population. Survival in the other two
treatments were 75% for DEHP and 63% for FM 550. The
experimental design did not permit sufficient power to deter-
mine significance of lethality associated with each feeding
regime. Fish weight and length were not significantly different
between treatments at any sampling point. At test initiation,
average length and weight were 61 + 1 mm and 2.42+0.21 g,
respectively. After 78 d, fish length was 67 & 1 mm and weight
was 3.194+0.21g. Lipid content in the fish tissue was not
significantly different from the controls, except on day 56,
when it was greater in the FM 550 treatment (3.00 £0.10) in
comparison to day 56 controls (1.37+0.32; p<0.01). It is
uncertain if this is a statistical anomaly.

Bioaccumulation of TBB/TBPH and metabolite identification

Both TBPH and TBB concentrations in fish on day 56 were
significantly greater than those found in day O fish or in control
fish from day 56 (p < 0.05; Fig. 1). Although these are statisti-
cally significant observations of the parent compounds presence
in the fish, it should be noted that the greatest amount of
chemical measured in a single BZ-54-fed fish was 800 ng of
TBB and 1,075 ng of TBPH. These numbers represent 0.59 and
0.19% of the daily dosage for TBPH and TBB in the BZ-54-
feed, respectively. Total recoverable TBB and TBPH were 70%
less in FM 550-fed fish. However, during analysis of the fish
tissue samples, several peaks were observed in the GC/MS
chromatograms in addition to the parent compounds (Fig. 2).
The mass spectrum of these peaks suggested they were bromi-
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Fig. 1. Lipid normalized 2-ethylhexyl 2,3,4,5-tetrabromophthalate (TBPH,
black bars) and 2-ethylhexyl 2,3,4,5-tetrabromobenzoate (TBB, white bars)
concentrations in fish collected on day O (initial) and on day 56. Control,
Firemaster 550", and Firemaster BZ-54" (Chemtura,) treated fish were
analyzed. Bars illustrate the mean and the standard error of mean (n =3-4).
Asterisk denotes significance (7 test; p < 0.05). ND = Nondetect (3 times the
blank value; <0.152 pg/g lipid for Initial and <0.212 pg/g lipid for Control).
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Fig. 2. Selected chromatograms from fish samples processed on day 56 from the control, Firemaster BZ-54, and Firemaster 550 treatments (Chemtura). All
extracts were measured with gas chromatography-electron-capture negative ion mass spectrometry. The 2,3,4,5-tetrabromo-ethylhexylbenzoate (TBB) and its
brominated metabolites are noted. BDE = brominated diphenyl ether; I.S. = internal standard.

nated metabolites of the parent compounds (i.e., a strong m/z
signal for 79 and 81 was observed in exposed fish extracts). The
presence of metabolites may explain the low bioaccumulation
due to rapid biotransformation and excretion or transformation
to a form that is not currently quantifiable.

DNA damage in liver tissue, not blood

The compounds did not significantly induce DNA damage in
blood cells above respective control levels (Table 3; Fig. 3).
However, BZ-54 and FM 550 exposures resulted in an increase
in DNA damage in liver at more than one sampling point
(Table 3; Fig. 4). The BZ-54 exhibited a significant increase
in percent tail DNA on days 28 (3.4 x greater than controls) and
56 (6.3x). On day 14, the mean was 3.9 times greater than the
control mean, but wide variation within the sample population

rendered that difference statistically insignificant. Elevated
DNA damage levels were not observed after 22 d of recovery.
Fish exposed to FM 550 exhibited significant increases in
percent tail DNA at all 3 exposure time points. The differences
between the treatment and the controls increased from 1.8 times
greater at day 14, 3.0 times greater than controls at day 28, and
5.8 times greater than controls at day 56. On day 78, two of the
three fish killed for that time point had endpoint levels similar to
the controls, while one fish had DNA damage seven times
greater than controls. This resulted in a much greater mean, but
not one that was significantly greater than the controls due to
variability within the data set. Di(2-ethylhexyl) phthalate also
exhibited raised levels in percent tail DNA. Although the mean
was greater than the controls on day 28, it was only significantly
greater on day 56. Means for percent tail DNA were greater for
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Table 3. Comet tail length (TL) and tail moment (TM) for fish exposed to all feeds and for all sampling time points. The mean is presented with the standard
error and number of fish collected for each sampling and time point. Asterisks (*) note values that were found to be significantly different (analysis of variance, ¢

test, p < 0.05).

Sampling point (Day)

28

56

78

16.47+£4.79 (3)
0.511£0.182 (3)
15.34£2.44 (3)
0.492 +0.087 (3)
14.22+£2.04 (4)
0.569 £0.151 (4)
22.32+£3.58 (4)
1.904 £0.501 (4)
22.10£10.01 (4)
1.822 £1.066 (4)
34.76 £6.36 (4)
3.439+£1.308 (4)
12.00£1.95 (3)
0.549+0.311 (3)
17.06 £2.39 (3)
1.281£0.288 (3)

9.12+0.73 (3)
0.218£0.042 (3)
5.96+0.24 (3)
0.114+0.009 (3)
11.25+£3.18 3)
0.346 +0.106 (3)
20.05+1.93 3)°
1.298 £ 0.500 (3)
12,07+ 3.64 (4)
0.590 £ 0.240 (4)
15.79+2.82 (4)*
1.642 £ 0.635 (4)
1533 £4.80 (3)
0.727+£0.339 (3)
14.00+ 1.68 (3)°
0.687 £0.127 (3)

7.53+£0.53 (3)
0.196 +£0.027 (3)
6.33+0.26 (3)
0.225+0.005 (3)
1174 £6.36 (3)
0.770 +£0.529 (3)
19.58 +£15.17 (3)
1.651+1.369 (3)
423+0.08 (3)
0.189+0.019 (3)
4.98+£0.42 (3)
0.255+0.077 (3)
9.27+£2.00 (3)
0.430+£0.125 (3)
9214037 (3)
0.399 £ 0.046 (3)

Treatment Cell Type Metric 14
Control Blood TL 10.494+0.18 (3)
™ 0.282+0.071 (3)
Liver TL 10.77+3.29 (3)
™ 0.354+0.101 (3)
Firemaster 550* Blood TL 18.64 +1.37 (3)*
™ 0.389+0.112 (3)
Liver TL 22.20+0.87 (3)
™ 0.807 £ 0.069 (3)
Firemaster BZ-54 Blood TL 22.27£2.50 (4)°
™ 0.975+0.482 (4)
Liver TL 21.54+6.38 (4)
™ 2.365+1.098 (4)
DEHP Blood TL NM
™ NM
Liver TL NM
™ NM
* Chemtura.

NM = not measured; DEHP = di(2-ethylhexyl) phthalate.

days 28 (2x) and 56 (3.2x). These effects on DNA integrity
reduced 22 d after exposure, but were still somewhat raised.
Effects did seem to last into the recovery period, with day 78
slightly greater than the controls.

DISCUSSION

The present study demonstrates that dietary exposures of
these chemical formulations at the concentrations and exposure
times used in the present study result in uptake and sublethal
effects, although they do not adversely affect traditional
toxicological endpoints (i.e., lethality and fish growth). How-
ever, it is uncertain how representative the exposure scenarios

% DOMA in Tail
o™

14 day 26 day 56 day T8 day
Exposure Penod

Fig. 3. Percentage of DNA in tail from blood samples taken from fish during
the experiment. Bars illustrate the mean and the standard error of mean
(n=3-4). No treatment was calculated as significantly different from the
controls (7 test; p < 0.05). Control, white bars; DEHP, light hatched bars;
F550, dark hatched bars; BZ54, black bars (Firemaster BZ-54, and Firemaster
550 treatments; Chemtura). DEHP = di-(2-ethylhexyl) phthalate.

presented in this series of experiments are to environmental
conditions. After a 56-d exposure, TBPH and TBB was bio-
available and accumulated, although whole fish (sans liver)
concentrations after two months of exposure accounted for
approximately 1% of the daily oral exposure. It is uncertain
to what degree the parent compounds are being absorbed or
directly eliminated, but the presence of metabolites indicates
that the chemical is being taken up into the fish and is actively
metabolized. The locations of some of the peaks in the chro-
matograms from these fish are similar to chromatograms pro-
duced from a study focused on the photodegradation of TBB
and TBPH [28]. Photodegradation leads to debromination of
both compounds, but only TBB is biologically metabolized in

% DNA in Tail

56 day 78 day

Exposure Period

Fig. 4. Percentage of DNA in tail from liver samples taken from fish
during the experiment. Bars illustrate the mean and the standard error of
mean (n=23-4). Treatments significantly different from the controls are
identified with an asterisk (¢ test; p < 0.05). Control, white bars; DEHP light
hatched bars; F550, dark hatched bars; BZ54, black bars (Firemaster BZ-54,
and Firemaster 550 treatments; Chemtura). DEHP = di-(2-ethylhexyl)
phthalate.
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this present study. In a preliminary study, BZ-54 was incubated
with active or heat killed common carp (Cyprinus carpio) liver
microsomes for 2h at 25°C (n=3). Similar to our current in
vivo study, the concentration of TBB was 73.1 £1.3% less in
the active microsome samples than in the heat-killed sample
while no difference (0.0 +4.3%) was detected with respect to
the concentration of TBPH. This suggests that TBB is rapidly
metabolized in common carp microsomes, but TBPH is
not. Although species differences in metabolism may be present
between carp and fathead minnows, these preliminary experi-
ments may indicate that there are differences between metab-
olites produced from photodegradation and biotic processes.
Further studies will be performed to elucidate routes of bio-
transformation and resultant metabolites in fathead minnows.

Although structural analogues, TBPH differs from DEHP as
a result of incorporating 4 Br atoms which significantly alter its
Kow and size (see Fig. 1). Di(2-ethylhexyl) phthalate readily
undergoes catalysis by lipases to produce 2-ethylhexanol and
MEHP [29]. Mono(2-ethylhexyl)phthalate can be metabolized
further into several products. It can undergo catalysis by means
of lipase to phthallic acid and a second 2-ethylhexanol or form
oxidative metabolites by means of cytochrome P4504 A, alcohol
dehydrogenase, or aldehyde dehydrogenase. Mono(2-ethylhex-
yl)phthalate can also be conjugated by uridine 5'-diphospho-
glucuronosyltransferase. In total, at least 13 metabolites con-
sisting of ketones and carboxylic acids are known [30]. In
humans, these compounds have a short half-life in the body,
because essentially all of the absorbed DEHP and its metabo-
lites were excreted within 24 h. It is these metabolites that are
considered to be responsible for the toxic effects of DEHP and
MEHP in mammals until they are conjugated by UDPGT
enzymes [31]. These processes appear quite similar in fish
species. In rainbow trout, microsomal P450s in the liver oxi-
dized MEHP to several metabolites [16]. The parent compounds
and the metabolites were rapidly eliminated from the fish tissue.
These metabolites were similar to those seen in mammalian
species except for an absence of certain diacid metabolites
[30,32]. These metabolites have been found in human metab-
olism and are thought to be the result of the mitochondria having
a greater role in biotransformation of MEHP.

Application of the DEHP metabolic route should be tem-
pered when using it to explain TBB and TBPH metabolism. The
lack of TBPH biotransformation in fish tissue may be an issue of
the large size and hydrophobicity of the compound, which are
both the result of the additional four bromine atoms. In BDE
metabolism, bromine incorporation in the molecule has been
shown to affect reaction rates [33]. These characteristics may
inhibit TBPH metabolism, but not TBB. The reduced size and
open ring site may permit more enzymatic activity on TBB and
enable biotransformation. This could also be true if a different
metabolic route is at work.

We found that DNA damage was prevalent in the liver and
largely absent in the blood in fish exposed to the Firemaster
formulations when compared with control fish. Both bromi-
nated chemicals may not absorb as readily as DEHP (~70%
absorbance through the gastrointestinal tract) [30] given the
influence of halogenation on increasing Kow and size. How-
ever, they appear to be actively metabolized in the liver given
the localization of DNA damage to the liver and the observation
of metabolites in the remaining carcass (Figs. 2, 4). We did not
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assess the levels of the parent compounds or metabolites in the
liver, which may have shown elevated levels. Further studies
using DEHP may provide insight on potential metabolic proc-
esses and metabolites that are important in determining how
TBB and TBPH induce adverse effects on DNA integrity.

Di-(2-ethylhexyl) phthalate has been shown to cause DNA
damage in human cells [34]. No study has yet to report DEHP
causing DNA damage in hepatocytes. Polybrominated diphenyl
ethers have also been found to elicit DNA damage in mussel
hepatocytes and mammal neurocytes [35,36]. It is unknown
what route these chemicals may cause DNA damage and how
this relates to the genotoxicity observed in TBB- and TBPH-
exposed fish. Potential causes may be the parent compounds or
metabolites serve as agonists for peroxisome proliferator-acti-
vated receptor, kinases, or aryl hydrocarbon receptor. These
pathways have been found to be affected in mammals exposed
to DEHP and PBDEs [35,37,38]. An AhR pathway would result
in bulky adducts on the DNA while peroxisome proliferator-
activated receptor activation and kinase-associated DNA dam-
age is the result of oxidative stress.

CONCLUSION

Dietary exposures of TBB and TBPH induced repairable
DNA damage in the hepatic tissue of fathead minnows. Both
parent compounds are bioavailable and accumulate in fish
tissues but it appears that only TBB is metabolized biologically.
The exact metabolic pathways and mechanism of action(s) that
result in the observed adverse effects to genetic integrity is
largely unknown in the present study. Future studies are under
way and are focused on the metabolism of TBB and TBPH,
including identification and quantitation of the metabolites
observed, elucidation of the enzymatic process(es) involved
and how they may result in genotoxicity.
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