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Polychlorinated biphenyls (PCBs) and polybrominated
diphenyl ethers (PBDEs) are widespread environmental contam-
inants found in seafood and dairy products. PCBs and PBDE:s are
structurally similar chemicals and affect thyroid hormone
function and behavior in children and laboratory rodents.
Although coexposure frequently exists, the in vivo developmental
effects of combined exposure to PCBs and PBDEs on thyroxine
(T4) levels are unknown. We examined the effects of PCB and
PBDE coexposure from gestational day 6 through postnatal day
(p) 21, alone and in combination, on T4 levels in rat offspring. In
males, exposure to PCBs and PBDEs at 1.7, 5, 10, 20, 40, and
60 pmol/kg/day induced equivalent and dose-dependent reduc-
tions in T4 from p 7 to p 21. Exposure to equimolar mixtures of
PCBs and PBDEs at 3.4, 10, 20, 40, and 80 pmol/kg/day
additively reduced T4 from p 7 to p 21 in males. In a second
series of experiments, we determined sex effects on the mixture
exposures and found that coexposure to PCBs and PBDEs had
similar additive effects on T4 levels in male and female offspring.
This study demonstrates that equimolar exposure to PCBs and
PBDEs induces similar reductions in T4 levels and that
coexposure to a mixture of PCBs and PBDEs has additive effects
on T4 levels. These thyroid hormone effects of coexposure to
PCBs and PBDEs are important when considering the cumulative
effects of coexposure to multiple environmental thyroid hormone—
disrupting agents in risk assessment for developmental disorders.

Key Words: polychlorinated biphenyls; polybrominated
diphenyl ethers; thyroxine; developing rats; coexposure; additivity.

Polychlorinated biphenyls (PCBs) and polybrominated
diphenyl ethers (PBDEs) are persistent lipophilic environmental
contaminants. Coexposure is likely in adults via consumption of
food of an animal origin and exposure to household dust
(Thomsen et al., 2008). Exposure is also likely in developing
offspring because PCBs and PBDEs can cross the blood-
placenta barrier and are lipophilic so can be transferred
lactationally to enter the fetal and neonatal brain (Bergonzi
et al.,2009; Bi et al., 2006; Mazdai et al., 2003). Laboratory and

Published by Oxford University Press 2012.

epidemiological data suggest that maternal PCB and PBDE
levels are associated with Attention Deficit Hyperactivity
Disorder-like behavior and thyroid hormone changes in children
and rodents (Holene et al., 1998; Jacobson et al., 1984; Jacobson
and Jacobson, 2003; Kodavanti et al., 2010; Stewart et al., 2003,
2005). Reductions in thyroxine (T4), associated with PCBs and
PBDEs, are attributed to the fact that both contaminants share
a structural homology with T4 and triiodothyronine (T3) (Boas
et al., 2006; Brouwer et al., 1998). Essentially, PCBs and
PBDE:s alter thyroid hormone function because they mimic T4
and T3, encourage T4 excretion by the liver, and alter the
efficacy of T4 carrier proteins and the expression of thyroid
hormone-regulated proteins. In addition, the hydroxylated
metabolites of both PCBs and PBDEs alter thyroid hormone—
sensitive pathways and thyroid hormone receptor activity (Boas
et al., 2006; Brouwer et al., 1998).

It is well known that PCBs and PBDE:s are thyroid hormone—
disrupting agents, which reduce T4 levels, but whether
coexposure has additive, antagonistic, or synergistic effects is
unknown. PCBs and PBDE:s individually can influence neuronal
activity, white matter development, and motor and cognitive
function in laboratory rodents (Costa and Giordano, 2007; Gray
et al., 2005; Kodavanti and Derr-Yellin, 2002; Kodavanti et al.,
2005, 2010; Miller et al., 2010; Powers et al., 2001; Sagiv et al.,
2010; Sharlin et al., 2006). The aforementioned neurological
changes may be attributed in part to T4 reductions. Therefore, it
is imperative to determine the consequences of coexposure to the
contaminants on circulating T4 levels.

Few studies have compared the effects of exposure to
equimolar doses of PCBs and PBDEs alone or in combination
in vivo. One study found that a single exposure at postnatal day
(p) 10 to a mixture of PCBs and PBDEs had agonistic effects on
behavior in male rats (Eriksson ef al., 2006). Another study by
Hallgren and Darnerud (2002) found that a single postnatal
exposure on p 7 to a PCB mixture (Aroclor 1254) and the DE-47
PBDE congener had agonistic effects on T4 in female rats.
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TABLE 1
Doses Chosen for Exposures

Toxicant

Experiment 1: mixtures (mg/kg/day)

Experiment 2: sex (mg/kg/day)

PCB 0.51 mg: 1.7 pmol
1.5 mg: 5 pmol
3 mg: 10 pmol
6 mg: 20 pmol
12 mg: 40 pmol
18 mg: 60 pmol

0.96 mg: 1.7 pumol
2.85 mg: 5 pmol
5.7 mg: 10 pmol

11.4 mg: 20 pmol

22.8 mg: 40 umol

34.2 mg: 60 pmol

PBDE

Mixture

6 mg: 20 pmol
12 mg: 40 pmol

11.4 mg: 20 pmol
22.8 mg: 40 pmol

0.51 mg PCBs + 0.96 mg PBDEs: 3.4 umol

1.5 mg PCBs + 2.85 mg PBDEs: 10 umol

3 mg PCBs + 5.7 mg PBDEs: 20 umol
6 mg PCBs + 11.4 mg PBDEs: 40 pmol

3 mg PCBs + 5.7 mg PBDEs: 20 umol
6 mg PCBs + 11.4 mg PBDEs: 40 pmol

Note. Equimolar doses of PCBs and PBDEs were chosen for use in this study. The dose of the mixtures enabled comparison with the individual contaminants at
the dose contained in the mixture and also at the total dose of the mixture. For experiment 1, there were n = 4 dams per treatment, with ~n = 4 male pups per
treatment group per analysis. For experiment 2, there were n = 5 dams per treatment and ~n = 5 male and ~n = 5 female pups per treatment group per analysis.

These aforementioned studies are limited in their interpretation
because they only used a single dose at a single time point and
only one sex. Their results, however, led us to hypothesize that
coexposure to a mixture of PCBs and PBDEs could have
agonistic effects on T4 levels. Moreover, there is a compelling
argument that developmental coexposure to PCBs and PBDEs
would have additive effects on T4 levels, because Crofton et al.
(2005) found additive effects of short-term coexposure to
thyroid-disrupting chemicals on T4 levels in young female
Long-Evans (LE) rats. Therefore, we exposed rodents both
in utero and during lactation, to equimolar doses of PCBs and
PBDEs, alone and in combination and determined the effects of
these contaminants on circulating T4 levels. We were interested
in T4 in particular because neither PCBs nor PBDEs
significantly affect circulating levels of T3 or thyroid-stimulating
hormone (Hallgren and Darnerud, 2002; Kodavanti et al., 2010;
Sharlin et al., 2006).

MATERIALS AND METHODS

Choice of doses of PCBs and PBDEs. The PCB mixture we used is also
known as the Fox River mix (FRM) and is a formulation of Aroclors 1242,
1248, 1254, and 1260 in a 35:35:15:15 ratio that resembles the PCB congener
pattern found in contaminated fish consumed by residents near the Fox River in
Wisconsin (Kostyniak et al., 2005). The PBDE mixture we used is also known
as DE-71 and consists of a mixture of tri, tetra, penta, and hexabromodiphenyl
ethers and was from a sample originally obtained from the Great Lakes
Chemical Company (West Lafayette, IN; lot number 75500K20A). Stock
solutions of FRM and DE-71 were prepared in corn oil, using a molecular
weight of 296 for PCBs (calculated on the basis of the average weight of each
Aroclor that makes up the mixture) and a molecular weight of 564.7 for PBDEs

(from the Great Lakes Chemical Company’s Material Safety Data Sheet for
DE-71).

To enable a side-by-side comparison of the effects of PCBs and PBDEs on
T4 levels, we exposed dams to equimolar doses of the contaminants, alone and
in combination. We chose doses known to induce hypothyroxinemia in
developing rodent offspring (Miller et al., 2010). Table 1 describes the doses
used in this study, in both mg/kg/day and pumol/kg/day. For experiment 1,
which was only conducted in males, there were 48 pregnant dams, with 4 dams
per treatment, yielding ~n = 4 male pups per group for analysis at each time
point, i.e., p 7, 14, 21, and 42. In a second experiment, we determined whether
sex altered PCB and PBDE effects on T4 and used 30 timed-pregnant dams
with 5 per treatment. Because we noted that T4 levels peaked at p 14 in the
control offspring, in experiment 2, we included a p 11 time point to determine if
there were sex and toxicant interactions at time points when T4 levels are most
critical to development.

Animals and exposure paradigm. Timed-pregnant LE rats were obtained
from Harlan. From gestational day 6 until weaning at p 21, timed-pregnant
dams were exposed to the contaminants, either alone or in combination, or corn
oil, which was the vehicle used to dissolve the contaminants and used to dose
the control dams. We administered doses by placing a measured amount of the
corn oil contaminant solution onto a cookie, which was fed to each dam on
a daily basis. The volume of each dosing mixture in corn oil was adjusted three
times per week based on changes in the dam’s weight.

Litters were comprised of 8-14 pups who were culled on p 2 and
supplemented within treatments to maintain equal numbers of male and female
pups (n = 5 of each) per dam and maintain equal lactational exposure to the
contaminants. Control and dosed dams were housed in clear plexiglass cages
with stainless steel wire lids in a temperature (21°C-23°C) controlled room and
maintained in a sterile pathogen-free environment, on a 12:12-h light:dark
cycle (lights on at 7:00 a.m.). Rats were fed ad libitum to PMI (Purina) 5002 test
diet ad libitum. Sera for T4 analysis were obtained at the time of sacrifice from
each individual pup or dam. Offspring were anesthetized with CO, and
sacrificed between 12 and 2 p.M., in groups on p 7, 11, 14, 21, and 42. All
procedures were approved by the Institutional Care and Animal Use Committee
at the Wadsworth Center, and all experiments were conducted in a blinded
fashion.
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Analysis of circulating T4 levels. For experiment 1, a radioimmunoassay
was used to determine total T4 levels in sera and was conducted by Dr Tom
Zoeller (University of Massachusetts, Amherst, MA). For the radioimmuno-
assay, 3—4 pups per group were used from 12 groups at p 7, 14, 21, and 42.
Briefly, total T4 levels were measured according to the manufacturer’s
instructions using a total T4 RIA kit (ICN Diagnostics, Costa Mesa, CA). The
assays were performed at 40% binding with a standard range of 10-200 pg/dl
and an intra-assay variation of 3.5%. Samples were measured in duplicate. An
ELISA assay was used to quantify total sera T4 levels for experiment 2. To
validate this assay, rat and mice sera samples were analyzed independently by
Drs Miller and Zoeller using a commercially available T4 ELISA kit
(Calbiotech), and the radioimmunoassay kit used in experiment 1 (ICN
Diagnostics), respectively. The intra-assay validations gave similar results with
< 5% variation.

For the ELISA assay, a standard curve ranged from O to 25 pg/dl, T4 starting
at 1 pg/dl was used to determine sera T4 levels in 25 pl of sera per rat in
triplicate. We diluted standards provided with the kit to allow for a more
sensitive range of detection, i.e., to allow for a lower range of detection for the
younger offspring. Samples were run according to kit instructions. Briefly,
plates were loaded with sera samples, in addition to spiked samples of sera with
T4 of a known concentration and the T4 standards. Next, 100 pl of the T4-
enzyme conjugate solution was added to all wells, the plate was covered and
then incubated for 1 h at room temperature. The ELISA plates were then
washed six times and incubated with 100 pl of an horseradish peroxidase-
3,3',5,5" -tetramethylbenzidine reagent for 15 min. After the substrate color was
developed, 50 pl of an acidic stopping solution provided with the kit was added
to each well, and the mean absorbance of the solution per well was read using
a spectrophotometric plate reader at 450 nm within 15 min of stopping the
reaction. The concentration of T4 per well was determined by comparing values
per sample with the appropriate standard curve. In addition, control samples
spiked with T4 were used as positive controls in the assay. For ELISA assays,
sera from an n = 5 animals per group were run in triplicate.

Computational modeling of additivity using the Bliss model. To
determine whether coexposure to equimolar doses of the contaminants had
additive effects, we used the Bliss mathematical modeling approach (Borgert
et al., 2005), similar to our previous publication on the effects of PCBs and
PBDEs on the dopamine transporter function (Dreiem et al., 2010). Briefly,
the Bliss model is useful for determining the predicted additivity of two
individual drugs or chemicals and is based on the concept that the fractional
response of the system to any one chemical, such as PCBs is Fpcp; likewise,
the response to PBDEs is Fpgpg. Once PCBs are present in the system, such
as during coexposure, the fractional response of the system to PBDEs is
Fpepes (1—Fpcps). Thus, the additive response of the system to a mixture
containing PCBs and PBDEs is equal to Fpcg + Fpppg (1—Fpcp). By
comparing the predicted additivity of exposure to PCBs and PBDEs, at
a particular dose such as 10 umol/kg/day generated with the Bliss model
approach i.e., F1o umolkg/day PcB + F10 umol/kg/day PBDE (1 =F1opmol/kg/day PCB),
to the actual effect of exposure to the mixture at 20 pmol/kg/day (10 pmol/
kg/day PCBs + 10 pumol/kg/day PBDEs), we can determine whether the
mixture effects are additive. If the effects are greater than additive
(synergistic) then the real values should be statistically greater than the
predicted additivity, and if the effects are less than additive, or agonistic, then
the real values should be significantly less than the predicted additivity
(Borgert et al., 2005).

Statistical analysis of data. All data were entered into SPSS v 18 for
statistical analysis. ANOVA with Dunnett’s test was used to determine
statistically significant differences between PCB- and PBDE-dosed and control
groups. The Bliss model was used to determine predicted additivity of
coexposure to the contaminants at equimolar doses. The Spearman correlation
test was used to determine if there was a correlation between the effects of
equimolar doses of PCBs and PBDEs on T4 levels in developing male and
female offspring. The n reported per analysis is representative of the number of
litters. Significance was set at p < 0.05 for all analyses.

RESULTS

Effects of Exposure to Equimolar Doses of PCBs and PBDEs
on Circulating T4 Levels

ANOVA revealed that PCB exposure was associated with
a reduction in T4 levels compared with the control group at p 7,
F =3494, p < 0.001, at p 14, F = 44.88, p < 0.001, and at
p 21, F = 24.05, p < 0.001. ANOVA revealed that PBDE
exposure was also associated with a reduction in T4 levels
compared with the control group at p 7 F = 21.43, p < 0.001,
atp 14, F = 31.03, p < 0.001, and at p 21, F = 31.54, p <
0.001.

ANOVA with post hoc Dunnett’s correction for multiple
group comparisons revealed that exposure to doses of 10, 20,
40, and 60 pmol/kg/day of PCBs reduced T4 levels compared
with the control offspring at p 7 (p < 0.05). At p 14, ANOVA
with Dunnett’s correction revealed that exposure to 20, 40, and
60 pmol/kg/day doses of PCBs reduced T4 levels compared
with controls (p < 0.05) and that 10 umol/kg/day dose of PCBs
produced an almost significant reduction in T4 levels (p =
0.063) compared with the control offspring. At p 21, the 5, 10,
20, 40, and 60 pmol/kg/day doses of PCBs reduced T4 levels
compared with the control group (p < 0.05). The maximum
reduction in T4 levels associated with PCB exposure was 82%
(= 8% SEM) at p 21 after exposure to 60 pmol/kg/day PCBs.
With regards to PBDE exposure, ANOVA with Dunnett’s
correction revealed that exposure to the 5, 10, 20, 40, and 60
pmol/kg/day doses of PBDEs reduced T4 levels compared with
the control offspring at p 7 (p < 0.05). At p 14, the 10, 20, 40,
and 60 pmol/kg/day doses of PDBEs also reduced T4 levels
compared with control offspring (p < 0.05). At p 21, the 5, 10,
20, 40, and 60 pmol/kg/day doses of PBDEs reduced T4 levels
compared with controls (Fig. 1). Similar to PCB exposure, the
maximum reduction in T4 levels was seen at p 21, after
exposure to 60 pmol/kg/day PBDEs, which produced a ~75%
(= 8% SEM) reduction in T4.

To determine whether the contaminants had similar or
different effects on circulating T4 levels, we compared the
percent reduction in T4 levels induced by exposure to PCBs or
PBDEs at the same dose, using a statistical approach advocated
by Nieuwenhuis ez al. (2011). ANOVA revealed there were no
significant differences in the effects of equimolar doses of
PCBs and PBDEs on reducing T4 levels at any dose at p 7, 14,
or 21. Furthermore, T4 levels returned to values similar to the
controls by p 42 in both PCB- and PBDE-exposed offspring
(data not shown).

Effects of Exposure to an Equimolar Mixture of PCBs and
PBDEs on Circulating T4 Levels
ANOVA revealed that exposure to a mixture containing
equimolar doses of PCBs and PBDEs reduced T4 levels

in male offspring compared with control offspring, at p 7
F=5377,p<001,atp 14 F = 65.43, p < 0.01, and at p 21
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FIG. 1. The bar graphs show the serum levels of T4 as a percent of the
control levels in male rodent offspring, which were exposed to equimolar doses
of PCBs and PBDEs and sacrificed at postnatal days 7, 14, and 21. *p < 0.05
comparing a specific dose of PCBs or PBDEs with the control value at that age.
There were no significant differences in T4 levels between the PCB- and
PBDE-exposed rodents at the same age or dose. Error bars = + SEM.

F = 68.08, p < 0.01. ANOVA with Dunnett’s post hoc
correction for multiple group comparisons revealed that the 10,
20, 40, 80, and 120 pmol/kg/day doses of the mixture reduced
T4 compared with controls at p 7 (p < 0.05). At p 14, ANOVA
with Dunnett’s post hoc correction revealed the 10, 20, 40, 80,
and 120 pmol/kg/day doses of the mixture also reduced T4
levels compared with controls (p < 0.05). At p 21, ANOVA
with Dunnett’s post hoc correction revealed the 3.4, 10, 20, 40,
80, and 120 pmol/kg/day doses of the mixture also reduced T4
levels compared with the controls (p < 0.05).

We compared the percent reductions in T4 associated with
exposure to the mixture to those predicted using the in silico
Bliss model of additivity to determine whether the mixture
effects were agonistic, additive, or synergistic and found near
identical reductions (Fig. 2). There were no statistical differ-
ences between the effects of the mixture and the predicted
additive effects on T4 levels using the Bliss model approach.

12 P7 | | __PCB and PBDE

mixture effect.

__Bliss model of
additivity.

Serum T4 levels % Control.

Synergy

T T T T T
L] 34 10 20 40

Dose (umoles/kg/day)

FIG. 2. The line graphs show T4 levels as a percent of control values in
offspring exposed to a mixture containing equimolar doses of PCBs and
PBDEs, to yield a total dose of 3.4, 10, 20, 40, or 80 umol/kg/day at p 7, 14,
and 21. The predicted additive effect of the mixture using the Bliss model
approach is shown in the red dashed line (color available online). The actual
effect of the mixture is shown in the black line. Above and below the red dotted
lines are + 2 SDs from the predicted additive effect. Above the red dotted line is
where we would expect to find agonistic interactions between the two
contaminants and below the red dotted line is where we would expect to find
synergistic interactions between the two contaminants (Borgert et al., 2005).
There is no difference between the actual effect of exposure to the mixture and
the predicted additive effect generated with the Bliss model.

This means that the mixture effects are additive and neither
synergistic nor agonistic.

Effects of Coexposure to PCBs and PBDEs on Circulating T4
Levels With Respect to Sex

In experiment 2, we determined whether the sex of offspring
altered the additive effects of coexposure to a mixture
containing equimolar doses of PCBs and PBDEs, using a more
refined dosing range (inclusive of p 11). Using the Spearman
correlation test, we determined a significant correlation
between the effects of 20 umol/kg/day PCBs and 20 pmol/
kg/day PBDEs on T4 levels (p < 0.05) in both male and female
offspring across the duration of the experiment, which indicates
that PCBs and PBDEs have similar effects on T4 levels in both
male and female offspring (Fig. 3). The 40 pmol/kg/day
mixture (20 pmol/kg/day PCBs and 20 pumol/kg/day PBDEs)
reduced T4 levels significantly more than the individual
contaminants at 20 pmol/kg/day (p < 0.05). Moreover, in both
male and female offspring, ANOVA revealed no difference
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FIG. 3. The line graphs show the T4 levels in control-, PCB-, PBDE-, and
mixture-exposed male and female offspring from p 7 through p 21. The
predicted additivity for coexposure to a mixture containing 20uM/kg/day PCBs
and 20puM/kg/day PBDEs is shown by the red dotted line. Error bars = + SEM.

between the Bliss model’s predicted additive effects of
coexposure to the mixture of 40 pmol/kg/day PCBs and
PBDEs and the actual effect of exposure to the mixture.

Body Weight Changes With Respect to PCB and PBDE
Exposure

There was a main effect of exposure to PCBs and PBDEs
alone and in combination on body weight at ~p 7, 11, 14, and
21 (p < 0.05). Body weights for male and female offspring
from experiment 2 were plotted as a bar graph in Supplemen-
tary figure 1. ANOVA with Dunnett’s correction revealed
a significant difference between the 20 pmol/kg/day PCB
group and controls but not between the 20 pmol/kg/day PBDE
groups on body weight.

DISCUSSION

In this study, we firstly present evidence that developmental
exposure to equimolar doses of PCBs or PBDEs at doses of
1.7, 5, 10, 20, 40, and 80 umol/kg/day have similar effects on
circulating T4 levels. Secondly, we demonstrate that exposure
to a mixture containing equimolar doses of PCBs and PBDEs,
34, 10, 20, and 40 pmol/kg/day, has additive effects on
circulating T4 levels at p 7, 14, and 21. Moreover, the effects of
coexposure to a mixture of the contaminants were similar to the

predicted additivity of the contaminants generated with the
Bliss model.

PBDEs have a greater molecular weight than PCBs. So, it is
reasonable to assume that on a per milligram basis, PCBs
would be more effective in reducing circulating T4 levels than
PBDEs. For example, on a per milligram basis, PCBs affect
protein kinase C signaling in cerebellar granular cells more
potently than PBDEs (Kodavanti er al., 2005). However, on
a per molar basis, PCBs and PBDEs have similar effects on
arachidonic acid release in cerebellar granular cells (Kodavanti
and Derr-Yellin, 2002). We deemed it appropriate to compare
the efficacy of the contaminants on a per molar basis in order to
determine which contaminant may be more effective and
whether in combination, they induce agonistic, additive, or
synergistic effects. In essence, we found a direct correlation
between the reductions in T4 associated with PCB exposure and
the reductions associated with PBDE exposure. Secondly, we
found that the mixture of the contaminants reduced T4 levels to
a greater extent than the individual contaminants did, at the
dose contained in the mixture; e.g., 40 pmol/kg/day of the
mixture was more potent than the individual contaminants at 20
pmol/kg/day. More importantly, at multiple doses and multiple
ages, we found that the reductions in T4 levels induced by
exposure to a mixture of the contaminants were nearly identical
to the predicted additivity of the contaminants, which confirms
the mixture had additive effects on T4 levels.

In general, the T4 reductions induced by exposure to PCB,
as well as PBDE exposure, were nonlinear; e.g., exposure to
the 40 pmol/kg/day of PCBs was not twice as effective as
exposure to 20 pmol/kg/day PCBs (Goldey et al., 1995;
Kodavanti et al., 2005; Miller et al., 2010; Sharlin et al., 2006).
Correspondingly, we noted that a combined dose of 40 pumol/
kg/day PCBs and PBDEs was not twice as effective as the
individual contaminants at 20 pmol/kg/day. The Bliss
modeling approach accounts for nonlinear dose responses
(Bliss, 1939). Using this approach, we found that the
reductions in T4 levels induced by the mixture were similar
to the predicted additivity of the mixture. Previously, using
dopaminergic tissues derived from developing rats, we reported
that coexposure to equimolar doses of PCBs and PBDEs had
additive effects on the inhibition of dopamine reuptake
(Dreiem et al., 2010). This study confirms in a different model
system that equimolar doses of PCBs and PBDEs have similar
effects alone and have additive effects when used in
combination. However, it should be noted that by p 90 the
circulating T4 levels in both male and female offspring
exposed to PBDEs and PCBs alone, and in combination,
returned to control levels.

It is worth noting that PCBs and PBDEs induce reductions in
circulating T4 levels because they enhance the excretion of T4
by the liver associated with increased activity of the enzyme
uridine diphosphate-glucuronosyltransferase (UGT) (Boas
et al., 2006; Brouwer et al., 1998; Costa and Giordano,
2007; Crofton et al., 2005). In addition, studies have also noted
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that PCBs and PBDEs can alter the efficacy of transthyretin,
which is a carrier protein for T4 in the blood, in tandem with
blunting the sensitivity of the hypothalamic pituitary axis (Boas
et al., 2006; Brouwer et al., 1998). It may be worth
determining whether the molecular mechanisms associated with
T4 alterations after exposure to PCBs and PBDEs, ie., UGT
expression are similar. We used two experimental approaches to
determine additivity: the in vitro Loewe mathematical model,
which assumes the two chemicals have similar mechanisms and
the in silico Bliss model approach, which assumes the two
chemicals use independent mechanisms (Bliss, 1939; Borgert
et al., 2005). Both model systems produced similar results. It is
known that the Bliss and Loewe models of “effect” and “dose”
addition, respectively, will produce similar results when the
dose-response curves of the two chemicals are parallel and they
use similar mechanisms. Therefore, our data showing that PCBs
and PBDEs have additive effects in combination, strongly
suggests that PCBs and PBDEs induce reductions in circulating
T4 via similar mechanisms.

We determined the effects of coexposure to the contaminants
with respect to sex, because the previous studies on PCB and
PBDE interactions on T4 levels were conducted in either male or
female offspring but not both (Hallgren and Darnerud, 2002).
We found that exposure to equimolar doses of either PCBs or
PBDEs induced similar T4 reductions in male and female
offspring. In addition, exposure to a mixture containing
equimolar doses of PCBs and PBDEs induced similar additive
reductions in T4 levels in both male and female offspring, i.e.,
there was no sex bias in the effects of the contaminants.
Previously, we and other groups have found sex-specific
neurological effects of PCBs, independent of sex-specific
changes in circulating T4 levels (Miller er al., 2010).
Furthermore, exposure to the A1254 PCB mixture can induce
sex-specific effects on brain, but not circulating T4 levels,
associated with a 44% reduction in T4 in the forebrain in female
but not male mice (Morse ef al., 1996). Thus, it will be
interesting to determine whether the additive effects of
coexposure to PCBs and PBDEs on T4 levels yield similar
effects on central T4 levels and sex-specific neurological changes
associated with thyroid hormone—sensitive pathways (Costa and
Giordano, 2007; Gray et al., 2005; Kodavanti and Derr-Yellin,
2002; Kodavanti et al., 2005, 2010; Miller et al., 2010; Powers
et al., 2001; Sagiv et al., 2010; Sharlin et al., 2006).

Polybrominated dibenzofurans (PBDFs) and/or polychlori-
nated dibenzofurans (PCDFs) are established cocontaminants
found in some commercial mixtures of PCBs. Both PBDFs and
PCDFs have dioxin-like activity and are powerful environ-
mental toxicants, which arguably may contribute to the
hypothyroxinemic effects we ascribe to PCBs in our study.
Kostyniak et al. (2005) used the aryl hydrocarbon receptor
(AhR) reporter assay to determine the dioxin-like activity of the
Fox River mixture of PCBs and found that the dioxin toxic
equivalent of the FRM was relatively low and barely above the
limit of detection (16-35 pg/mg PCBs). Thus, they concluded

that the toxicity of the FRM mix was unlikely to be due to dioxin-
like contaminants in the mixture. The low concentration of
dioxin-like contaminants in the FRM mix unlikely contributes to
the hypothyroxinemic responses we describe in this study. It
could be argued that PBDFs and PCDFs also contribute to PBDE-
induced hypothyroxinemia. However, a study by Peters ez al.
(2006) found that although PBDEs do bind to the AhR receptor,
they do not activate the AhR-AhR nuclear translocator protein-
xenobiotic response element complex. Thus, it is very unlikely
that activation of AhR-sensitive dioxin—related pathways contrib-
utes to hypothyroxinemia in our PBDE dosing study. Moreover,
dioxins do not affect the thyroid hormone system as potently as
PCBs do. A study by Schantz er al. (1997) found that 2,3,7.8-
tetrachlorodibenzo-p-dioxin (TCDD) and coplanar (dioxin like)
PCBs cause only moderate reductions in thyroid hormones. Thus,
although dioxin-like contaminants are potent toxicants, it is more
likely that the noncoplanar PCBS and PBDEs induce reductions
in thyroxine levels, both alone and in combination. Indeed, the
hypothyroxinemic effects of PCBs and PBDEs described in our
study are most likely independent of activating AhR and thus
would be missed by simply using toxic equivalency factors (TEF)
to determine toxicity. We suggest that alternative additional
means of determining toxicity, via alternative molecular reporter
systems, including steroid hormone receptor-binding assays may
improve risk assessment measures in the future. A similar
argument has been used by Pessah er al. (2006) to propose the
dioxin-independent activation of the ryanodine receptor Ca®"
channel complex type 1 as a method to determine toxicity of
noncoplanar PCBs to better inform TEFs.

Epidemiological studies suggest that there is a relationship
between serum levels of PCB mixtures and individual congeners
and alterations in the thyroid hormone system (Koopman-
Esseboom et al., 1994; Osius et al., 1999). PCB levels in fatty
tissues in the general population are estimated between 15 and
750 ppb (Arrebola et al., 2011; Fernandez et al., 2008; Stellman
et al., 1998; Wang et al., 2010). At a 5 pmol/kg/day dose of
PCBs, we found significant reductions in circulating T4 levels at
p 21. Using data from a previous study on developmental
exposure to PCBs, we estimate brain tissue PCB content in rats
exposed to 5 pmol/kg/day at ~500 ppb, which is within the range
found in the general population (Miller et al., 2010). PBDE
levels in breast tissues of women from California were recently
estimated at ~80 ppb, and studies have found correlations
between sera PBDE levels and measures of thyroid hormone
dysfunction (Petreas et al., 2011; Zota et al., 2011). Kodavanti
et al. (2010) reported that rats exposed ~50 pmol/kg/day PBDEs,
for a similar duration as our study, resulted in 150 ppb of PBDEs
in mammary gland tissues. We can estimate that exposure to
5 umol/kg/day PBDEs in our study would be associated with
~15 ppb in mammary gland tissues, which is lower than that
reported in the women from California (Petreas et al., 2011). We
found that exposure to 5 pmol/kg/day doses of PCBs and PBDEs
alone and in combination significantly reduced thyroxine levels
in rat offspring. Thus, it is reasonable to suggest that our data set
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implies that coexposures to low levels of PCBs and PBDEs
may have similar additive effects on the thyroid hormone system
in humans. Moreover, we suggest that it would be useful if
epidemiologists use the additive effects of PCBs and PBDEs we
report in a rodent model system, as a rationale to use the Bliss
model approach in their analysis of the relationships between
environmental contaminants and biological end points such as
alterations in the thyroid hormone system.

The health consequences of exposures to mixtures of PCBs
and PBDEs remain to be fully determined. We have found that
similar doses of PCBs alter white matter composition in
developing rodents, and other groups have found impaired
spatial behavior, changes in hippocampal and cerebellar
signaling pathways in similarly treated rodents (Kodavanti
et al., 2010; Kodavanti and Derr-Yellin, 2002; Miller et al.,
2010; Schantz et al., 1997). It is likely that coexposure to
mixtures of contaminants not only has additive effects on
circulating thyroid hormone levels, but also has additive effects
in impairing the development of neural networks in animal
model systems, and by extension may prove to be an additional
health hazard in developing infants. More studies to determine
the neural consequences of exposures to mixtures of contam-
inants are needed to help better determine the health impacts of
mixtures of contaminants.

PCBs and PBDEs are members of a larger super family of
environmental contaminants known as polyhalogenated aro-
matic hydrocarbons (PHAHSs), which also includes furans and
dioxins, and are associated with reductions in circulating
thyroid hormones. These data illustrate that PCBs and PBDEs
have similar effects on circulating thyroxine levels in vivo and
that coexposure to a mixture of the contaminants induces
additive reductions in circulating T4 levels in developing male
and female rat offspring. This study by extension implies that
exposure to low levels of PHAHs in combination likely has
additive effects on T4 levels, which is important for risk
assessment (Crofton ef al., 2005).
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