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ABSTRACT: Polybrominated diphenyl ether (PBDE) flame
retardants have been shown to disrupt thyroid hormone
regulation, neurodevelopment, and reproduction in some
animals. However, effects of the most heavily used PBDE,
decabromodiphenyl ether (BDE-209), on thyroid functioning
remain unclear. This study examined low-dose effects of BDE-
209 on thyroid hormone levels and signaling in fathead
minnows. Adult males received dietary exposures of BDE-209
at a low dose (∼3 ng/g bw-day) and high dose (∼300 ng/g
bw-day) for 28 days followed by a 14-day depuration to
evaluate recovery. Compared to controls, fish exposed to the
low dose for 28 days experienced a 53% and 46% decline in
circulating total thyroxine (TT4) and 3,5,3′-triiodothyronine
(TT3), respectively, while TT4 and TT3 deficits at the high
dose were 59% and 62%. Brain deiodinase activity (T4-ORD) was reduced by ∼65% at both doses. BDE-209 elevated the relative
mRNA expression of genes encoding deiodinases, nuclear thyroid receptors, and membrane transporters in the brain and liver in
patterns that varied with time and dose, likely in compensation to hypothyroidism. Declines in the gonadal-somatic index (GSI)
and increased mortality were also measured. Effects at the low dose were consistent with the high dose, suggesting nonlinear
relationships between BDE-209 exposures and thyroid dysfunction.

■ INTRODUCTION

The widespread use of the polybrominated diphenyl ether
(PBDE) flame retardant DecaBDE has resulted in rising levels
of decabromodiphenyl ether (BDE-209) in humans,1−3 wild
fish,4−6 and other wildlife species.7−9 BDE-209 is detected
increasingly as the dominant PBDE in the atmosphere,
sediments, soils, and indoor dust.3,10,11 These reservoirs of
contamination serve as sources of PBDE exposure as BDE-209
can undergo photolytic degradation,12 microbial breakdown,13

and metabolic biotransformation4,14 to lower PBDE congeners.
While DecaBDE is scheduled for phase-out in the U.S. at the
end of 2013, exposures to BDE-209 and other PBDEs are
expected to continue into the coming decades as products that
contain them continue to be used, discarded, and recycled.
Previous studies have demonstrated that exposures to lower
PBDE congeners (e.g., BDE-47, BDE-99) can depress thyroid
hormone levels, alter thyroid hormone transport, or target
tissue response capacity, and elicit phenotypic impacts such as
neurodevelopmental impairments, among other adverse
effects.15−18 Despite the widespread use of BDE-209, however,
we continue to have limited information on its potential to
impair thyroid functioning. The thyroid system is substantially
conserved across vertebrates, and so increasing our knowledge

of BDE-209 effects on the fish thyroid can inform our
understanding of effects in other species.
This study used the fathead minnow as a model to evaluate

effects of low doses of BDE-209 on thyroid functioning and to
further elucidate mechanisms of thyroid dysfunction. Two low
dose exposures of BDE-209 were selected: (1) a higher dose of
∼10 ug/g ww of food targeted to reflect a BDE-209 exposure
possible from a more contaminated environment; and (2) a low
dose of ∼95 ng/g ww food more characteristic of background
environmental levels of BDE-209.19−22 The bioaccumulation of
BDE-209 and its reductive metabolites was measured along
with effects on circulating thyroid hormone levels, relative
iodothyronine deiodinase (Dio) activity and mRNA levels in
the brain and liver, and transcript abundances of genes
encoding thyroid hormone receptors (trα, trβ) and several
membrane bound transporters from the monocarboxylate
transporter (mct) and organic anion transport protein (oatp)
families. Because a limited number of studies have shown
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PBDE impacts on adult fish reproduction,23,24 the gonado-
somatic index (GSI) was measured as an initial metric of BDE-
209 effects on reproductive output.

■ MATERIALS AND METHODS

BDE-209 Dietary Exposures. Approximately 600 adult
male fathead minnows (Pimephales promelas; 9 months old;
Aquatic BioSystems, Fort Collins, CO) were distributed
randomly across twelve 150-L glass aquaria (∼50 fish/tank)
and assigned to the following treatments: three BDE-209 high
dose tanks; three BDE-209 low dose tanks; three positive
control tanks; and three negative control tanks. Fish at the high
dose received dietary exposures (Omnivore Gel Diet; Aquatic
Ecosystem, Inc., Apopka, FL) of BDE-209 at 10.1 ± 0.10 μg/g
wet weight (ww) of food at 3% bw/day (or ∼300 ng/g bw-
day). Fish at the low dose were exposed to BDE-209 at 95.3 ±
0.41 ng/g ww of food at 3% bw/day (or ∼3 ng/g bw-day). All
PBDE concentrations in food were confirmed using mass
spectrometry as outlined in the extraction methods below. The
model antithyroid drug 6-propyl-2-thiouricil (PTU) was used
as a positive control at 0.5 mg/g ww of food at 3% bw/day (or
∼15 μg/g bw-day). BDE-209 (97% purity) and PTU were
purchased from Sigma-Aldrich (St Louis, MO). Negative
control fish received clean food containing cod liver oil vehicle
with no BDE-209. Fish were exposed to BDE-209 and control
treatments daily for 28 days followed by a 14-day depuration in
which fish received clean food containing no test chemical. Fish
were euthanized using MS-222 on days 0, 14, 28, and 42 (8−12
fish sampled/tank-sample day). Whole livers, brains, gonads,
and plasma were dissected from all fish and preserved at −80
°C for further testing. Fish carcasses were also preserved at −80
°C for PBDE analysis. The sampling and tissue pooling
regimen is summarized in the Supporting Information (SI;
Table S1) as are the water quality conditions maintained during
the study.
PBDE Extractions/Analysis. One fish carcass (dissected of

visceral mass, brain, gonad, and plasma) was randomly selected
for PBDE analysis across each BDE-209 treatment and control
group replicate (n = 3) on each sampling day. Food (BDE-209
amended and control) and fish carcasses were analyzed for a
suite of 32 PBDE congeners using gas chromatography mass
spectrometry operated in electron capture negative ionization
mode (GC/ECNI-MS). The PBDE analytical methods are
summarized in the Supporting Information and have been
described previously.25,26 In addition, the Supporting Informa-
tion (Table S2) reports levels of PBDEs in the BDE-209
amended and control diets.
Plasma T4 and T3 Measurements. Circulating total T4

and T3 (TT4 and TT3, respectively) were measured using a
newly developed extraction method27 and liquid chromatog-
raphy tandem mass spectrometry (LC/MS/MS).28 Blood was
drawn from the caudal vein of euthanized fish using heparin-
coated 75 mm capillary tubes, and centrifuged at 3000 ×G for 5
min to isolate plasma fractions. Plasma was pooled from fish (n
= 3; 8−12 fish/replicate). Isotopically labeled hormones, 13C12-
T4 and 13C6-T3 (50 μL; 10 ng/mL; Cambridge Isotope
Laboratories, Andover, MA; Accustandard, New Haven, CT),
were used as internal standards to quantify levels of TT4 and
TT3, respectively. Blank controls (deionized water) were
extracted alongside samples and were used to correct for trace
levels (∼0.5%) of unlabeled hormones present as commercial
impurities in the labeled standards. Method detection limits

(MDLs) and intra/inter-assay %CVs are provided in the
Supporting Information.

Deiodinase Activity Assays. Brain and liver microsomes
were prepared using previously published methods25,29 by
pooling tissues from six fish per replicate (n = 3; six organs/
replicate). Microsomes (1 mg protein) were incubated with
0.64 μM of T4, and formation rates of T3, rT3, and 3,3′-
diiodothyronine (T2) catalyzed by Dio enzymes were
measured by LC/MS/MS using our previously published
methods.30 All incubations contained 900 μL of 0.1 M
potassium phosphate buffer (pH 7.4), 10 mM of dithiothreitol
(DTT; Sigma-Aldrich), and 100 μL of the appropriate
microsomal fraction diluted to 10 mg/mL. Incubations were
undertaken for 1.5 h in a water bath at 25 °C. Negative controls
consisted of microsomes incubated with no T4. Labeled
internal standards 13C12-T4,

13C6-rT3,
13C6-T3, and

13C6-3,3′-
T2 (100 μL; 250 ng/mL) were added to each sample to
quantify levels of T4, rT3, T3, and 3,3′-T2, respectively.
Concentrations of thyroid hormones were normalized to time
and protein concentration to determine deiodination rates.
Blank controls containing buffer alone were used to correct for
trace levels (∼0.5%) of unlabeled hormones present as
commercial impurities in the internal standards. MDLs are
provided in the Supporting Information.

Quantitative Real-Time Reverse-Transcribed PCR.
Genes encoding the following proteins were targeted for
quantitative real-time PCR analysis of brain and liver tissues at
each sampling day (n = 6; mean ± SE): Dio enzymes [dio1
(GenBank accession no. KF042854), dio2 (KF042855), dio3
(KF042856)]; thyroid hormone receptors [trα (DQ074645);
trβ (AY533142)]; MCTs [mct8 (KF053157), mct10
(KF053158)], and OATPs [oatp1c1 (KF053149), oatp1f1
(KF053150), oatp1f 2 (KF053151), oatp2a1 (KF053152),
oatp2b1 (KF053153), oatp3a1 (KF053154), oatp4a1
(KF053155), oatp5a1 (KF053156)]. Total RNA was extracted
from livers and brains of treated and control fish from each
sampling day and reverse transcribed to cDNAs using methods
summarized in the Supporting Information. Primers and
hydrolysis (Taqman) probes were designed to partial cDNA
encoding each targeted gene and three reference genes (β-actin
form 1, β-actin-1; ribosomal protein l8, rpl8; and elongation
factor1α, ef1α) (SI, Tables S5−S6). A standard curve of serially
diluted total RNA (range: 0.049−75.0 ng/μL) from samples
representing all treatments and sample days was assayed in
triplicate, while half of samples were assayed in duplicate or
individually. DNA contamination was assessed for each gene by
analyzing samples that were not reverse-transcribed; no
amplification was observed. β-actin-1 and rpl8 were selected
as reference genes in the liver and brain, respectively, as neither
BDE-209 nor PTU affected their expression. Correlation
coefficients (R2) for standard curves of each gene ranged
from 0.98 to 1.00. PCR efficiencies are provided in the
Supporting Information (Tables S5−S6) and were calculated
using the equation: efficiency = [10(−1/slope)−1].31 Relative
levels of mRNA were calculated for each gene using standard
curves and were expressed relative to mRNA levels of the
reference gene.32 Data are presented as values normalized to
the negative control at each sample day.

Gonado-Somatic Index (GSI). GSI values for a given
replicate tank were derived using published methods33 and by
taking the average GSI of 8−12 fish per replicate on each
sampling day.
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Statistical Analyses. For the plasma thyroid hormone
analysis, the average measurement from three separate
extractions was used at each replicate across treatment and
sampling day. Differences in circulating thyroid hormone levels
were analyzed for statistical significance within sampling day
using a one-way ANOVA and Tukey’s test (Graphpad Prism
6.0, La Jolla, CA). For Dio activity, differences in thyroid
hormone formation rates in T4-incubated microsomes were
analyzed within sampling day with a one-way ANOVA and
Tukey’s test. Changes in gene expression and GSIs in treated
and control fish were also evaluated within sampling day using a
one-way ANOVA and Tukey’s test. For mortality, survival
curves were analyzed using a log-rank test; statistical
significance was established using a Bonferroni correction for
multiple survival curve comparisons. Statistical significance was
defined at the p < 0.05 level.

■ RESULTS

Bioaccumulation/Metabolism. Accumulations of BDE-
209 and several metabolites, ranging from penta- to octa-BDEs,
were measured in both dose groups (SI, Table S7). In the low
dose, BDE-209 concentrations increased to 1.4 ± 0.5 ng/g bw
at sampling day 14 and then remained relatively stable with
concentrations measured at 1.1 ± 0.2 ng/g bw (100 ± 14 ng/g
lw) at sampling day 28 and 1.0 ± 0.2 ng/g bw after the 14 day
depuration. In high dose fish, BDE-209 concentrations
increased from 6.1 ± 1.0 ng/g bw at day 14 to 10 ± 5.4 ng/
g bw (2700 ± 1200 ng/g lw) at day 28 after which levels
decreased to 3.1 ± 1.0 ng/g bw over the depuration period.
BDE-154 (2,2′,4,4′,5,6′-hexaBDE) was the debrominated
metabolite detected at the highest concentration after 28 days
in both dose groups (1.5 ± 0.1 ng/g bw and 51 ± 7.3 ng/g bw
in the low and high dose, respectively), and BDE-101
(2,2′,4,5,5′-pentaBDE) was the lowest molecular weight
congener detected (<0.5 ng/g bw and 6.3 ± 0.9 ng/g bw in
the low and high dose, respectively).
Plasma Thyroid Hormones. BDE-209 reduced circulating

TT4 and TT3 at both doses tested over the 28-day exposure
(Figure 1). By day 14, TT3 and TT4 concentrations in the low
dose group were significantly reduced by 53 ± 4.1% (1.71 ±
0.26 ng/mL; p < 0.05) and 57 ± 6.2% (1.41 ± 0.35 ng/mL; p <
0.01), respectively, compared to negative controls (TT3 = 3.67
± 0.77 ng/mL; TT4 = 3.27 ± 0.41 ng/mL). At day 28, TT3
and TT4 levels in low dose fish continued to be significantly
depressed by 46 ± 3.7% (1.62 ± 0.19 ng/mL; p < 0.05) and 53
± 3.6% (1.77 ± 0.23 ng/mL; p < 0.01), respectively, compared
to negative controls (TT3 = 2.98 ± 0.25 ng/mL; TT4 = 3.73 ±
0.35 ng/mL). Over the 14-day depuration, circulating levels of
thyroid hormones in low dose fish remained depressed with
TT3 reduced 46 ± 3.7% (1.62 ± 0.19 ng/mL; p < 0.05) and
TT4 reduced 52 ± 2.8% (1.42 ± 0.14 ng/mL; p < 0.01).
At the high dose, significant (p < 0.01) declines in plasma

TT3 (62 ± 8.2%; 1.13 ± 0.43 ng/mL) and TT4 (59 ± 11%;
1.55 ± 0.73 ng/mL) were measured after the 28-day exposure
relative to negative controls (TT3 = 2.98 ± 0.25 ng/mL; TT4
= 3.73 ± 0.35 ng/mL). Over the 14-day depuration, TT3 levels
recovered at the high dose, but further reductions in TT4 of 66
± 3.0% (0.99 ± 0.15 ng/mL) were measured. In the PTU
positive control, significant (p < 0.005) deficits in TT3 (50 ±
10%; 1.49 ± 0.50 ng/mL) and TT4 (52 ± 10%; 1.81 ± 0.63)
were measured at sampling day 28 relative to negative controls.
After the 14-day depuration, circulating TT3 levels returned to

normal among PTU-treated fish but TT4 continued to be
reduced by 59 ± 10% (1.21 ± 0.49 ng/mL).

Deiodinase Activity/mRNA Levels. By sampling day 14,
the rate of T4-ORD in the brain (Figure 2A) was reduced by 49
± 15% (1.37 ± 0.39 pmol T3/h-mg protein), 46 ± 12% (1.44
± 0.32 pmol T3/h-mg protein), and 44 ± 11% (1.51 ± 0.29
pmol T3/h-mg protein) in BDE-209 low dose, high dose, and
positive control fish, respectively, compared to negative
controls (2.69 ± 0.19 pmol T3/h-mg protein). By day 28,
T4-ORD in the brain had declined further by 65 ± 6.9% and 66
± 5.0% (p < 0.005) at the low dose (1.03 ± 0.26 pmol T3/h-
mg protein) and high dose (1.04 ± 0.36 pmol T3/h-mg
protein), respectively, compared to negative controls (2.99 ±
0.43 pmol T3/h-mg protein). T4-ORD was also substantially
depressed by 74 ± 4.3% (0.76 ± 0.22 pmol T3/h-mg protein; p
< 0.005) in the PTU positive control at day 28. After the
depuration, T4-ORD in brains of BDE-209 and PTU exposed
fish returned to negative control levels.
In liver microsomes at sampling day 14 (Figure 2B), T4-

ORD increased by 56 ± 7.0% (6.93 ± 0.31 pmol T3/h-mg
protein; p < 0.05) at the low dose and by 81 ± 16% (8.08 ±
0.73 pmol T3/h-mg protein; p < 0.05) at the high dose
compared to negative controls (4.46 ± 0.22 pmol T3/h-mg
protein). In a reversal, at day 28, the rate of T4-ORD in the
liver significantly declined by 29 ± 3.3% (3.90 ± 0.32 pmol T3/
h-mg protein; p < 0.01) at the low dose and by 42 ± 5.6% (3.20
± 0.53 pmol T3/h-mg protein; p < 0.005) at the high dose
relative to negative controls (5.52 ± 0.43 pmol T3/h-mg
protein). Similar to the BDE-209 high dose, rates of T4-ORD
in PTU positive control fish also declined by 41 ± 5.1% (3.27 ±
0.49 pmol T3/h-mg protein; p < 0.005) at day 28. After the
depuration, liver T4-ORD in treated animals was not

Figure 1. Plasma levels of (A) total T3 and (B) total T4 in adult male
fathead minnows exposed to a BDE-209 low dose (95 ± 0.4 ng/g
food) and high dose (10 ± 0.1 μg/g food) at 3% bw/day for 28 days
followed by a 14-day depuration (n = 3; mean ± SE; 8−12 fish/
replicate). The model antithyroid agent 6-propyl-2-thiouricil (PTU)
was used as a positive control (0.5 mg/g food). Data analyzed within
sampling day with a one-way ANOVA and Tukey’s test with statistical
significance measured at the *p < 0.05, **p < 0.01, ***p < 0.005.
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significantly elevated from negative controls. No significant
changes in T4-inner ring deiodination (IRD) and 3,3′-T2
production (T3-IRD/rT3-ORD) were detected.
At day 14 in BDE-209 high dose fish (Figure 3), relative dio2

mRNA levels were significantly elevated 12 times in the brain

and 4.1 times in the liver compared to mRNA levels in negative
controls (p < 0.05). In the low dose at day 14, relative dio2
mRNA levels were significantly (p < 0.01) elevated 5.3 times in
the liver and 4.9 times in the brain compared to negative
controls. By day 28, dio2 transcript levels in treated fish had
returned to negative control levels, but relative dio1 transcripts
levels in the brain were significantly (p < 0.05) increased 4.3
times (high dose) and 3.8 times (low dose) that of negative
controls. In addition, after the depuration, relative dio1 and dio2
transcripts were significantly (p < 0.05) increased 2.9 times that
of negative controls in livers of BDE-209 low dose fish. PTU
had no effect on dio transcription, and no significant changes in
dio3 mRNA levels were detected (SI, Figure S7).

Thyroid Hormone Receptor mRNA Expression. Rela-
tive brain trα mRNA levels were 2.3 times greater in BDE-209
high dose fish relative to negative controls on day 14 (p <
0.005) and day 28 (p < 0.01) of the exposure (Figure 3C).
Moreover, BDE-209 caused a significant (p < 0.05) increase in
relative trα mRNA abundance in brains of low dose fish at the
depuration. Transcription of trβ in the brain was not affected by
BDE-209 (SI, Figure S7). However, in livers of the BDE-209
low dose and PTU positive control, trβ transcripts significantly
(p < 0.05) increased to three times that of negative controls
(Figure 3F). Transcripts for trβ also significantly (p < 0.05)
declined at sampling day 28 in livers of BDE-209 high dose fish.

Membrane-Bound Transporter mRNA Expression. At
sampling day 14, relative brain mct8 mRNA levels were about
three times higher (p < 0.001) in the BDE-209 high dose and
twice as high (p < 0.05) in the BDE-209 low dose and PTU fish
than in negative controls (Figure 4A,B). Brain mct8 tran-
scription returned to negative control levels at sampling day 28,
but was again significantly (p < 0.01) elevated about twice that
of negative controls after the depuration. Relative liver mct8
transcript levels were also significantly (p < 0.05) elevated in
BDE-209 low dose fish at sampling day 14. No significant
changes in mct10 transcription were observed (SI, Figure S7).
Of the oatp isoforms tested, only oatp1c1 transcription (liver

Figure 2. T4-outer ring deiodination in (A) brains and (B) livers of
adult male fathead minnows exposed to a BDE-209 low dose (95 ± 0.4
ng/g food) and high dose (10 ± 0.1 μg/g food) at 3% bw/day for 28
days followed by a 14-day depuration (n = 3; mean ± SE; 6 organs/
replicate). The model anti-thyroid agent 6-propyl-2-thiouricil (PTU)
was used as a positive control (0.5 mg/g food). Data analyzed within
sampling day with a one-way ANOVA and Tukey’s test with statistical
significance measured at the *p < 0.05, **p < 0.01, ***p < 0.005. Note
difference in y-axis scales.

Figure 3. Relative mRNA expression of deiodinases (dio1, dio2) and thyroid receptors (trα, trβ) in brains and livers of adult male fathead minnows
exposed to a BDE-209 low dose (95 ± 0.4 ng/g food) and high dose (10 ± 0.1 μg/g food) at 3% bw/day for 28 days followed by a 14-day
depuration (n = 6; mean ± SE). The model antithyroid agent 6-propyl-2-thiouricil (PTU) was used as a positive control (0.5 mg/g food). Statistical
significance evaluated within sampling day with one-way ANOVA and Tukey’s test (*p < 0.05, **p < 0.01, ***p < 0.005).
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only; Figure 4C,D) and oatp2a1 (brain and liver; SI, Figure S8)
were significantly affected by BDE-209 exposures. Relative
levels of oatp1c1 increased (p < 0.05) about seven times that of
negative controls in livers of both BDE-209 low and high dose
fish. In addition, relative oatp1c1 mRNA levels in PTU treated
fish were elevated 12 times that of the negative controls.
Abundances for all other oatp transcripts tested are provided in
the Supporting Information (Figure S8).
Mortality. A statistically significant increase in percent

cumulative mortality was measured among both BDE-209
doses. Specifically, 13 ± 3.1% and 12 ± 2.9% of fish from the
high and low BDE-209 treatments, respectively, died by the
conclusion of the study. We observed <1% mortality in negative
controls. Mortality in the PTU positive control group was
increased (5.4 ± 2.2%) but was not statistically significant. No
significant changes in fish mass, fork length, or condition factor
(i.e., fish mass (g)/fork length (cm) × 100) were measured.

Gonado-Somatic Index. Significant declines in the GSI
were measured in adult male minnows exposed to BDE-209 at
all sampling time points after day 0, including after the
depuration (Figure 5). At day 14, the GSI declined 42 ± 13%

(p < 0.01) at the low dose and 25 ± 9.3% (p < 0.05) at the
BDE-209 high dose, relative to negative controls. This
significantly reduced GSI continued through the end of the
28-day exposure (decline of 23 ± 4.9% at low dose; 31 ± 3.8%
at high dose) and extended through the depuration period
(decline of 28 ± 15% at low dose; 33 ± 7.0% at high dose).
PTU had no effect on the GSI.

■ DISCUSSION

Bioaccumulation/Metabolism. The BDE-209 bioaccu-
mulation measured here at the low dose (100 ± 14 ng/g lw)
and high dose (2700 ± 1200 ng/g lw) is consistent with levels
measured in human serum,1−3,34,35 wild fish, and other wild
species4−6,9,36 (SI, Table S8). Penta- to octaBDE debrominated
metabolites measured in adult minnows were identical to
metabolites detected in juvenile fathead minnows exposed to
BDE-209.25 Based on the metabolites detected, a pathway of
sequential reductive debromination can be proposed (SI, Figure
S2) that supports our previous observations of preferential
debromination by cleavage of bromine from meta-substituted
positions.14,25,37

Reduced Plasma Thyroid Hormones. The significant
deficits in circulating thyroid hormones after the 28-day
exposure were consistent with reductions induced by the
PTU positive control. PTU is a model anti-thyroid drug that
acts primarily at the central hypothalamic-pituitary-thyroid
(HPT) axis to reduce T4 by inhibiting thyroid peroxidase
iodination of tyrosine residues in thyroglobulin in thyroid
follicles. While this is the first study to examine BDE-209 effects
on circulating thyroid hormone levels in adult fish, data here are
consistent with studies showing that PBDEs, including BDE-
209, can elicit reductions in plasma thyroid hormone levels in
other species at various life-stages.23,38−41

Figure 4. Relative mRNA expression of monocarboxylate transporter
(mct8) and organic anion transport protein (oatp1c1) in brains and
livers of adult male fathead minnows exposed to a BDE-209 low dose
(95 ± 0.4 ng/g food) and high dose (10 ± 0.1 μg/g food) at 3% bw/
day for 28 days followed by a 14-day depuration (n = 6; mean ± SE).
The model anti-thyroid agent 6-propyl-2-thiouricil (PTU) was used as
a positive control (0.5 mg/g food). Statistical significance evaluated
within sampling day with a one-way ANOVA and Tukey’s test (*p <
0.05, **p < 0.01, ***p < 0.005).

Figure 5. Gonado-somatic index (GSI) measured in adult male
fathead exposed to a BDE-209 low dose (95 ± 0.4 ng/g food) and
high dose (10 ± 0.1 μg/g food) at 3% bw/day for 28 days followed by
a 14-day depuration minnows (n = 3; mean ± SE; 8−12 fish/
replicate). The model antithyroid agent 6-propyl-2-thiouricil (PTU)
was used as a positive control (0.5 mg/g food). Statistical significance
evaluated within sampling day with a one-way ANOVA and Tukey’s
test (*p < 0.01, **p < 0.01, ***p < 0.005).
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Altered Deiodinase Activity and mRNA Levels. The
highly altered brain T4-ORD in adult minnows suggests that
thyroid regulation in the brain may be particularly sensitive to
BDE-209. T4-ORD reductions in brain microsomes of adult
minnows (65 ± 6.9%; Figure 2A) were consistent with declines
in T4-ORD (∼74%) measured in juvenile fathead minnows
receiving equivalent dietary treatments.25 In contrast to the
brain, an increase in T4-ORD was measured in the liver at day
14. This dichotomy suggests tissue-specific differences in
regulatory responses to systemic thyroid hormone reductions
caused by BDE-209. The elevated T4-ORD in the liver may be
attributable to a compensatory response of this tissue to
reductions in circulating thyroid hormones. Alternatively,
reductions in Dio activity in brain microsomes of treated fish
may demonstrate the inability of the brain to compensate
locally to depressed levels of hormone. By day 28, T4-ORD was
significantly reduced in both the brain and liver, suggesting that
any compensatory responses were transient.
BDE-209 effects on T4-ORD were consistent with effects

measured in the PTU positive control. In addition to mediating
thyroid hormone production at the central HPT, PTU acts in
mammalian peripheral tissue by inhibiting Dio1 and is therefore
an effective compound to delineate relative Dio activity
profiles.42 However, in fishes, PTU effects on peripheral Dio
activity are less clear with some studies suggesting that Dio1 in
some species may be resistant to PTU.43,44 Unlike in BDE-209
treated fish, the PTU positive control treatment had no effect
on dio1 mRNA expression in the brain or liver, suggesting that
its effects on minnows were mediated at the central HPT rather
than by inhibiting Dio1, while BDE-209 effects appear to be
mediated both centrally and in peripheral tissues.
The transient upregulation of dio1 and dio2 in response to

BDE-209 provides evidence of localized responses of peripheral
liver and brain tissues to depressed plasma thyroid hormones.
In vertebrates, Dio1 and Dio2 catalyze the T4-ORD pathway to
produce the genomically active T3 hormone. This study is one
of only a few that has targeted PBDE-induced changes in
relative abundances of dio mRNA transcription. Consistent
with our findings, the relative mRNA expression of dio1 and
dio2 was increased in zebrafish larvae exposed aqueously to
BDE-20945 and the commercial PentaBDE mixture.46 An
increase in dio2 transcripts was also measured in livers of larval
Chinese rare minnow (Gobiocypris rarus) exposed aqueously to
BDE-209, although in contrast to our results, a decrease in dio2
transcripts was reported in brains of adult rare minnows.47

Finally, the elevated dio1 and dio2 mRNA levels in BDE-209
exposed minnows were consistent with studies in which
methimazole-induced hypothyroidism increased, while exoge-
nous thyroid hormone decreased, relative dio1 and dio2 mRNA
levels in livers and brains of fishes.48−51 Thus, transcriptional
regulation of Dios appears to be an important compensatory
pathway in teleost responses to BDE-209 and pharmacologi-
cally induced hypothyroidism.
Compensatory Responses to BDE-209. The functional

and biochemical properties of Dios can provide insights into
measured differences in apparent compensatory responses of
upregulated dio mRNA expression in BDE-209 exposed
minnows. In particular, Dio2 has demonstrated substantial
physiological plasticity in vertebrates, making it a sensitive
regulator of T4-ORD and intracellular T3 homeostasis. It has
been shown to be highly sensitive to thyroid hormone with a
short half-life in mammals of ∼40 min.52 The early
upregulation of dio2 mRNA expression measured at day 14 in

livers and brains of BDE-209 treated fish may be attributable to
the rapid homeostatic behavior of Dio2 in response to
depressed plasma thyroid hormones. Notably, T4-ORD activity
was not increased in brains of BDE-209 treated fish, suggesting
that this transcriptional response did not translate to a
detectable increase in Dio activity in the adult male minnow
brain, although protein levels were not measured.
The absence of a response of brain Dio activity may in part

be related to tissue differences in Dio expression. Absolute
levels of dio2 transcript were six times lower in the brain than
liver of adult minnows, suggesting that Dio2 activity may
likewise be low. Early studies have raised questions about
whether dio2 is expressed in brains of piscivores, as only
negligible T4-ORD activity has been measured in the fish
brain.53,54 In accordance with our results, more recent studies
using quantitative PCR techniques have localized dio2 tran-
scripts to the fish brain.49,55,56 Limited evidence also suggests
that the transcriptional response of dio2 in the brain may be
more sensitive to systemic thyroid hormone changes than dio2
in the liver.49 Although not known at this time, dio2
transcriptional responses to BDE-209 may vary with tissue
type and could be linked to divergent functional roles of Dio2
in these tissues or to differences in sensitivity to T3.
It is also possible that compensation to prolonged thyroid

hormone depression might vary or be more efficient in some
tissues than others. The upregulation of dio1 transcription in
the minnow brain at day 28 appears indicative of such
regulatory variation under longer periods of hypothyroidism.
For instance, no change in relative dio1 mRNA abundance was
observed in brains or livers of parrotfish subjected to
experimentally elevated T3 or depressed T4 (by methimazole)
for three days.49 In contrast, dio1 mRNA transcripts became
elevated in two species of tilapia after a 90-day methimazole
treatment.50 Irrespective of the mechanism, compensatory
responses of enzymes involved in peripheral thyroid hormone
metabolism appear to change over time as BDE-209 exposures
continue chronically.

Thyroid Receptors. BDE-209 affected the relative
expression of tr transcripts in a tissue-specific manner (Figure
3C,F). Two genetically distinct nuclear receptors TRα and TRβ
have been identified in fathead minnows with additional
subtypes characterized in teleosts.57−59 Similar to results here,
BDE-209 increased trα and trβ mRNA expression in zebrafish
larvae.45 Aqueous exposures to the commercial PentaBDE
mixture, in contrast, had no effect on relative tr mRNA
abundance in zebrafish larvae.46 However, thyroid receptor
expressional regulation by both thyroid hormones and
endocrine disrupting chemicals can vary with fish life-
stage.57−60 The only other study to date that has examined
PBDE impacts on tr gene expression in adult fish was
conducted with BDE-47.23 In this study, trα transcripts were
elevated significantly (p < 0.005) in brains of female, but not
male, fathead minnows exposed to BDE-47, while trβ
transcripts were depressed (p < 0.05) in brains of both sexes.
Thus, in addition to age-related influences, there appear to be
congener-specific differences in PBDE effects on thyroid
receptor expression patterns.
The elevated relative tr mRNA levels measured in BDE-209

and PTU dosed fish also reveals an apparent contradiction with
studies in hyperthyroid fish. Specifically, an increase in relative
trα and trβ transcript levels has been measured in brains and
livers of adult fathead minnows treated with T3.58 TRs
themselves contain thyroid response elements and tr tran-
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scription can be autoinduced by T3.60,61 Based on the ability of
T3 to induce transcription of its own receptors, a decrease in tr
mRNA expression might be predicted in BDE-209 and PTU
treated fish given the hypothyroidism observed. However,
thyroid hormone regulation of TRs appears to be condition
dependent. Both hypothyroidism (by thyroidectomy) and
hyperthyroidism (T3-induced) have been shown to increase
TR expression in the adult rat brain.62 Other evidence suggests
that tr transcription can vary within the same tissue63 and over
time as observed in rat brain cell cultures dosed with BDE-99.64

Thus, our findings of BDE-209 induced elevations in trα
mRNA abundance in the adult minnow brain at day 14 with
altered trβ mRNA transcription in the liver might indicate
alternative mechanisms of peripheral responses to BDE-209
(and PTU) that have yet to be fully described.
Membrane Bound Transporters. This study is the first to

detect impacts of PBDEs on the expression of plasma
membrane transporters of thyroid hormones in fish. In both
fish and mammals, mct8 has been structurally and functionally
characterized as a specific and active transporter of T4 and
T3.65,66 OATPs mediate the cellular uptake of a range of
amphipathic organic molecules, including thyroid hormones
and xenobiotics. In humans, OATP1C1 has been found to have
relatively narrow substrate specificity with a high affinity for
transporting T4 (Km = 90 nM) and rT3 (Km = 130 nM).67 In
fishes, however, the diversity of OATPs has only recently been
explored in zebrafish68 and fathead minnows.69 The observed
increases in mct8 and oatp1c1 transcript levels in BDE-209
exposed minnows may be characteristic of an upregulation in
the expression of these transporters to compensate for the
reduced availability of circulating thyroid hormones. This idea
is supported by recent findings that T3-treated (hyperthyroid)
adult male fathead minnows exhibited reduced mct8 and
oatp1c1 mRNA levels in the brain and liver.69 Neither BDE-209
nor PTU increased brain oatp1c1 mRNA transcripts, despite
the substantial hypothyroid status of these fish and the known
localization of oatp1c1 to the fathead minnow brain, ultimately
raising further questions about the capacity of the fish brain to
maintain homeostasis in cellular thyroid hormone levels under
conditions of BDE-209 induced hypothyroidism.
Mechanisms of Thyroid Disruption. Biological effects of

BDE-209 on thyroid hormone signaling in the adult minnow
proceeded through multiple pathways that involved: declines in
circulating thyroid hormones; disrupted T4-ORD in peripheral
brain and liver tissues; and altered transcription of genes
involved in thyroid hormone production, transport, and
genomic signaling. Fish exposed to BDE-209 at both the low
and high dose experienced profound deficits in plasma T4 and
T3 as well as reduced T4-ORD activity in the liver and brain
after a 28-day exposure. While T4-ORD activity recovered after
the depuration, circulating T4 (both doses) and T3 (low dose
only) remained depressed for at least 14 days after the BDE-
209 exposure ceased. Brains of adult minnows appeared
particularly sensitive to BDE-209 based on the severely reduced
T4-ORD measured in these tissues after 28 days of BDE-209
exposure. Several genes encoding proteins with key functions in
thyroid signaling, including dio1, dio2, trα, trβ, mct8, and
oatp1c1 showed increased expression in BDE-209 exposed fish,
although these increases appeared to be transient, compensa-
tory responses to BDE-209 induced hypothyroidism.
Mortality. The increased mortality in this study is not a

commonly evaluated end point for PBDEs and has not been
observed in previous in vivo fish studies conducted in our

laboratory.25,70 However, consistent with our results, a
significant increase in mortality (∼44%) was measured in
adult zebrafish exposed to 1-μM concentrations of BDE-209 for
five months, although mortality was also elevated in negative
controls (∼38%).71 Fathead minnow adult males exposed to
BDE-47 by the diet have likewise shown reduced body
condition factors and erratic swimming behaviors, although
declines in survival were not reported.24 No significant changes
in body condition were detected in the present study,
suggesting that body wasting was not occurring. It is notable,
however, that minnows exposed to both doses of BDE-209
displayed greater frequencies of aggressive/territorial behaviors
(e.g., fighting, chasing, head-butting) than did negative control
and PTU-exposed fish. Thus, while unanticipated, it is possible
that BDE-209 mediated shifts in behavior that could have
indirectly contributed to increased mortality by increasing
physiological stress from social interactions.

Reduced GSI. Few studies to date have evaluated BDE-209
effects on fish reproduction. Consistent with results here, BDE-
209 studies in zebrafish have reported altered expression of
spermatogenesis genes47 and decreased GSIs with reduced
sperm counts.71 Adult fathead minnows exposed orally to BDE-
47 have also been shown to have decreased mature
spermatozoa23,24 and reduced spawning due to male
infertility.24 Studies in young laboratory rodents have also
shown that PBDEs can elicit anti-androgenic effects that impair
reproductive development.72−74 It is notable that in the current
study PTU had no effect on the GSI even though thyroid
hormones have been shown to influence reproductive
functioning.75−77 This difference suggests that BDE-209 may
be impacting adult male reproduction by nonthyroidal
mechanisms of action.

Low Dose Effects. The BDE-209 low dose (∼3 ng/g bw-
day) elicited impacts on thyroid signaling and reductions in the
GSI at similar levels to the high dose (∼300 ng/g bw-day).
Doses tested in this study were generally less than those
administered in rodent studies conducted to date with BDE-
209.38−40 Further study is needed to determine whether non-
monotonic dose−responses are occurring in fish exposed to
BDE-209 as have been detected with other endocrine
disruptors.78 In addition, identification of the congeners driving
the thyroid disruption and reduced GSI (i.e., parent BDE-209
and/or its metabolites) was beyond the scope of this study but
merits further investigation. The thyroid system is well-
conserved across vertebrate taxa, and our findings that BDE-
209 exposure at low doses can impact thyroid hormone
homeostasis and signaling at several levels point to a need to
further evaluate the potential for BDE-209 induced thyroid
dysfunction in humans and wildlife.
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