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’ INTRODUCTION

Triclosan (TCS) and triclocarban (TCC) (Figure S1 of the
Supporting Information) are broad-spectrum, synthetic, lipophilic,
antimicrobial agents used in a variety of personal care products
(PCPs). TCS was originally introduced in 1972 as an active
ingredient in a surgical scrub for professional health care and is
now used in antibacterial mouthwash and toothpaste, detergents,
shampoos, deodorants, plastic cutting boards, sports equipment,
textiles, and furniture, whereas TCC is mostly added to anti-
bacterial soaps and body washes.1�3 TCS works through the
inhibition of the enzyme enoyl-acyl carrier-protein reductase,
which catalyzes an essential lipid biosynthesis step in membranes
of Gram-positive and Gram-negative bacteria, as well as in many
types of fungi.4 TCC acts predominantly against Gram-positive
bacteria.4�6

TCC typically accounts for 2% by weight of antimicrobial
soaps, whereas TCS accounts for a lower amount in the range of
0.1�0.3% by weight although some formulations used in hospi-
tals can be as high as 5%.2 Approximately 45% of liquid and bar
soaps contain these antimicrobials and it is estimated that
approximately 1 million pounds of TCC are produced for the
U.S. market per year.7,8 Because of the large amount of use of
these antimicrobials, there is widespread environmental contam-
ination. TCS and TCC have been detected in wastewater
effluent in quantities up to micromolar (μg/L) concentrations

in North America, Europe, and Asia.9�12 Not only are humans
exposed to these antimicrobials through environmental contam-
ination but also TCS and TCC are also readily absorbed through
the gastrointestinal tract, skin, and oral mucosa.13�15 It has been
reported that 0.39% (0.54 mg) of an average 138 mg of TCC
applied to the entire body was absorbed after a typical whole-
body shower lather.14 TCS has been found at levels as high as
2000 μg/kg lipid in human breast milk and has also been found in
urine samples from young girls.16�18

Not only can TCS bioaccumulate in animal tissues but also its
biological metabolite, methyl TCS (mTCS, Figure S1 of the
Supporting Information), has been detected in fish exposed to
wastewater.19 Methyl TCS is an environmental methylation
product of TCS; however, the environmental fate of TCS and
mTCS are quite different, with TCS being easily degraded by
photolysis and mTCS being much more persistent.11

TCS is structurally similar to thyroid hormone (TH) (Figure
S1 of the Supporting Information) and there is evidence that
it affects thyroid-mediated processes. Exposure of Rana catesbe-
iana tadpoles to TCS resulted in accelerated TH-dependent
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ABSTRACT: Triclosan (TCS) and triclocarban (TCC) are
widely used broad spectrum bactericides that are common
pollutants of waterways and soils. Methyl triclosan (mTCS) is
the predominant bacterial TCS metabolite. Previous studies
have shown that TCS disrupts thyroid hormone (TH) action;
however, the effects of mTCS or TCC are not known. The
present study uses the cultured frog tadpole tail fin biopsy
(C-fin) assay and the TH-responsive rat pituitary GH3 cell line
to assess the effects of these three chemicals (1�1000 nM) on
TH signaling and cellular stress within 48 h. mRNA abundance of TH receptor β, Rana larval keratin type I (TH-response), heat
shock protein 30, and catalase (stress-response) was measured using quantitative real-time polymerase chain reaction in the C-fin
assay. The TH-responsive gene transcripts encoding growth hormone, deiodinase I, and prolactin were measured in GH3 cells with
the heat shock protein 70 transcript acting as a cellular stress indicator. We found alteration of stress indicators at a wide range of
concentrations of TCS, mTCS, and TCC in both test systems. mTCS and TCC affected TH-responsive gene transcripts at the
highest concentration in mammalian cells, whereas a modest effect included lower concentrations in the C-fin assay. In contrast,
TCS did not affect TH-responsive transcripts. These results identify nontarget biological effects of these bacteriocides on amphibian
and mammalian cells and suggest the TH-disrupting effects observed for TCS could be mediated through its metabolite.
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metamorphosis as well as altered the levels of TH-responsive
mRNA transcripts in tail and brain tissue.20Xenopus laevisXTC-2
cells coexposed to TCS and TH showed an increase in the
mRNA levels of the TH receptors, TRR and TRβ.20 Moreover,
Xenopus laevis premetamorphic tadpoles exposed to TCS
through prometamorphosis exhibited an increase in TRβ tran-
script levels in stage-matched tadpoles at metamorphic climax.21

This same study also found tadpole development was signifi-
cantly accelerated upon exposure to TCS although thyroid
morphology and thyroxine levels were unchanged (ref 22 for
further information). In mammals, TCS decreased the levels of
thyroxine (T4) and triiodothyronine (T3) but did not affect
the levels of thyroid stimulating hormone (TSH) when fed to
rats.23�25 Evidence suggests TCS may upregulate hepatic
catabolism of THs, through activation of the nuclear receptor,
pregnane X receptor (PXR), which may lead to decreased
levels of circulating T4 and T3.

26 No studies have been done
examining the effect of mTCS on TH signaling in amphibia or
mammals.

In addition to TR and PXR, recent studies also found evidence
TCC and TCS disrupt steroid hormone action. TCC enhanced
testosterone-induced transcription and increased the size of male
sex accessory organs in castrated male rats when they were fed
both testosterone and TCC.27 TCC also potentiated the estro-
gen receptor R (ERR)-mediated transcriptional activity induced
by estradiol.27 TCS was shown to be a weak androgen when
tested in Oryzias laptipes.28 Because TCC altered the transcrip-
tional activity of the androgen and ERR receptor, it is plausible
that signal transduction systems modulated by other members of
the steroid/TH nuclear receptor superfamily could also be
affected.27

Our laboratory recently developed a screening assay, which
allows rapid screening of potential endocrine disrupting chemi-
cals. The in vitro cultured tail fin biopsy (C-fin) assay uses
cultured premetamorphic Rana catesbeiana tadpole tail fin bio-
psies that are responsive to TH exposure.29,30 In the present
study, we used quantitative real-time polymerase chain reaction
(QPCR) tomeasure the effects of TCS, mTCS, and TCCon frog
tail fin biopsies and rat pituitary GH3 cells. Disruption of TH
action in the C-fin assay was assessed by measurement of the
mRNA abundance of TH-induced TH receptor β (TRβ) and
TH-repressed Rana larval keratin type I (RLKI).31 Not only did
we want to investigate the endocrine disrupting effects these
chemicals may have but also we also wanted to determine if these
chemicals were also eliciting a cellular stress response, which
could impact TH signaling or indicate altered cellular function.
We therefore evaluated the transcript levels of the heat shock
protein 30 (HSP30) and catalase (CAT). Indicators of TH action
in GH3 cells were mRNAs from known TH-regulated genes:
growth hormone (Gh),32 deiodinase I (Dio1),33 and prolactin
(Prl),34 and heat shock protein 70 (Hsp70) transcripts served as a
cellular stress marker.35

’MATERIALS AND METHODS

Experimental Animals. Premetamorphic Rana catesbeiana
tadpoles were caught locally (Victoria, BC) or purchased from
Ward’s Natural Science Ltd. (St. Catherines, ON). Taylor and
Kollros (TK) 36 stage VI�VIII animals were used. Animals were
housed in the University of Victoria aquatics facility and main-
tained in 100 gallon fiberglass tanks containing recirculating
water at 12 �C with exposure to natural daylight. Tadpoles were

fed daily with spirulina (Aquatic ELO-Systems, Inc., FL).
Animals used in this study were treated and maintained in
accordance with the guidelines of the Canadian Council on
Animal Care.
Test Chemicals.Triclosan (5-chloro-2-[2,4-dichloro-phenoxy]-

phenol; TCS; CAS 3380�34�5; g97% pure; Sigma-Aldrich
Canada Ltd., Oakville, ON) was prepared in 400 μM NaOH and
Triclocarban (3,4,40-trichlorocarbanilide or 3-(4-chlorophenyl)-
1-(3,4-dichlorophenyl)-urea; TCC; CAS 101�20�10; 99% pure;
Sigma-Aldrich) was prepared in dimethyl sulfoxide (DMSO).
Methyl TCS (mTCS) was synthesized as described in the Support-
ing Information.
To better equalize the amount of active ingredient in each of

the chemicals tested, we applied equimolar concentrations of
each of the chemicals rather than by weight. Therefore, the
application range equivalents for TCS and mTCS applied at
1�1000 nM were 290 ng/L to 290 μg/L and 304 ng/L to
304 μg/L respectively and for TCC applied at 10�1000 nM
were 0.316 μg/L to 316 μg/L. The TCS concentrations used
were equivalent to those used previously in whole animal
exposures.20 All test chemical stocks were prepared as 100�
concentrates through serial dilutions in the indicated solvents
(solvent concentration was kept constant) and stored at
�20 �C.
Organ and Cell Culture. Preparation of the tail fin biopsy

cultures was adapted from conditions described previously.29,30

A rat GH3 cell line originating from the pituitary was purchased
from American Type Culture Collection (ATCC; Manassas,
VA). Further details can be found in the Supporting Information.
Isolation of RNA and Quantification of Gene Expression.

RNA was isolated and transcript levels analyzed using QPCR as
described in Table S1 of the Supporting Information. All data sets
were analyzed with nonparametric statistics as described in the
Supporting Information.

’RESULTS

Amphibian Organ Culture Exposures. In a previous study,
we showed that in vivo exposure of premetamorphic Rana
catesbeiana tadpoles to TCS accelerated TH-dependent postem-
bryonic development and enhanced TH-dependent induction of
gene expression in a cell line derived from Xenopus laevis.20 We
chose concentrations of TCS and, by extension, mTCS compar-
able to these earlier studies. The TCC concentrations were
chosen as a compromise between observations with TCS above
and those from a previous study on mammalian cells.27 In the
C-fin assay, four of the eight tail biopsies from each individual
tadpole were exposed to solvent control and three concentra-
tions of TCS (1, 10, and 100 nM), mTCS (1, 10, and 100 nM), or
TCC (10, 100, and 1000 nM). The median values for the rpL8
normalizer transcript were highly comparable between treat-
ments suggesting that RNA integrity was not adversely compro-
mised by treatments (Table S2 of the Supporting Information).
TRβ and RLKI transcript levels were not significantly affected by
TCS treatment alone (part A of Figure 1). The TRβ transcript
was significantly increased at 10 nM mTCS by 1.4-fold (p =
0.028, Wilcoxon) relative to vehicle control, whereas RLKI
transcripts were marginally increased upon exposure to 1 nM
mTCS by 1.3-fold (p = 0.050, Wilcoxon) relative to vehicle
control (part A of Figure 1). TCC exposure did not affect TRβ
transcript levels, whereasRLKI transcript levels were significantly
decreased (p = 0.021, Kendall’s W on the control plus TCC only
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exposed treatments) with 1000 nM TCC showing a 1.5-fold
reduction (p = 0.001, Wilcoxon) relative to vehicle control (part
A of Figure 1).

The remaining four biopsies from each animal were exposed to
10 nM T3 or 10 nM T3 plus three concentrations of TCS (1, 10,
and 100 nM), mTCS (1, 10, and 100 nM), or TCC (10, 100, and

Figure 1. QPCR analysis of thyroid hormone receptor β (TRβ) and Rana larval keratin I (RLKI) transcript levels in the C-fin assay after exposure to
TCC, mTCS, and TCC in the absence (A) or presence (B) of 10 nM T3. Tail fin biopsies (n = 8�24) were exposed to vehicle control (0) and the
indicated test chemicals for 48 h. Test chemical concentrations were as follows: 1, 10, and 100 nMTCS or mTCS, and 10, 100, and 1000 nMTCC. The
results are expressed as fold change relative to the vehicle control (A) or to the T3-induced levels (B) as described in theMaterials andMethods section.
The medians are shown as solid black lines within the box, and the box indicates the first and third quartiles. The whiskers indicate minimum and
maximum values. Outlier (cases between 1.5 and 3.0 box lengths from the upper or lower edge of the box) and extreme values (cases >3.0 box lengths
from the upper or lower edge of the box) are indicated by an open circle and asterisk, respectively. Increasing concentrations of test chemicals are
represented by bevels. Significance is indicated by an ‘a’ (p e 0.05 relative to control in “A” or relative to the T3-induced response in “B”, Wilcoxon).

Figure 2. QPCR analysis of heat shock protein 30 (HSP30) and catalase (CAT) transcript levels in the C-fin assay after exposure to TCS, mTCS, and
TCC in the absence (A) or presence (B) of 10 nM T3. Tail fin biopsies (n = 8�24) were exposed to vehicle control (0) and the indicated test chemicals
for 48 h. Test chemical concentrations were as follows: 1, 10, and 100 nM TCS or mTCS, and 10, 100, and 1000 nM TCC. The results are expressed as
fold change relative to the vehicle control (A) or to the T3-induced levels (B) as described in theMaterials andMethods section. Significance is indicated
by an ‘a’ (p e 0.05 relative to control in “A” or relative to the T3-induced response in “B”, Wilcoxon). See Figure 1 legend for more graph details.
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1000 nM). This level of hormone alone increased TRβ transcript
levels by 15-fold ( 3-fold (n = 41, data not shown) (mean =
9.6 ( 0.8, median = 7.8, n = 50) and reduced RLKI transcript
levels by 3-fold ( 0.03-fold (n = 38, data not shown); results
consistent with those reported previously.29,30 Because we
wished to determine whether TCS, mTCS, and TCC exposure
altered TH-dependent responses of biopsies from each indivi-
dual animal, we expressed the T3/test chemical exposure data
relative to the transcript levels obtained with T3 alone (part B of
Figure 1). In the presence of T3, TCS, mTCS, and TCC did not
significantly affect the steady-state levels of TRβ and RLKI
transcript levels (part B of Figure 1).
HSP30 and CAT transcript levels were measured as indicators

of cellular stress. Exposure to 1 and 10 nM TCS significantly
increased the HSP30 transcript levels relative to vehicle control
by 4.5-fold (p = 0.010, Wilcoxon) and 3.7-fold (p = 0.050,
Wilcoxon) respectively with an overall tendency toward signifi-
cance over the concentration range (p = 0.074, Kendall’s W)
(part A of Figure 2). CAT transcript levels were increased upon
exposure to TCS (p = 0.050, Kendall’s W) with the 10 nM TCS
increasing CAT levels by 2.4-fold (p = 0.026, Wilcoxon) (part A
of Figure 2).HSP30 transcript levels were significantly decreased
with 10 nM mTCS treatment by 1.6-fold (p = 0.028, Wilcoxon)
relative to vehicle control while CAT transcript levels were not
significantly affected by mTCS (part A of Figure 2). TCC
significantly increased the HSP30 transcript levels (p = 0.0001,
Kendell’s W; p = 0.0001 for 1000 nM, Wilcoxon), whereas CAT
transcript levels were increased at 1000 nM TCC by 1.29-fold
(p = 0.042, Wilcoxon) (part A of Figure 2).
HSP30 transcript levels have been shown to increase when

exposed to TH.29,30,37 Treatment of biopsies with T3 resulted in a
10 ( 4-fold (n = 41, data not shown) induction of HSP30
transcript levels relative to the vehicle control, consistent with
previously reported data.29,30,37 TH induces oxidative stress and
previous results have shown CAT transcript levels to decrease in
response to TH treatment.29,30,38 T3 treatment alone resulted in
a 1.4 ( 0.3-fold (n = 45, data not shown) decrease in CAT
transcript levels relative to the vehicle control, which is consistent
with previous reported observations.29,30,38 TCS and mTCS did
not have an effect on the T3-induced levels of HSP30 and CAT
transcripts (part B of Figure 2). In contrast, HSP30 transcripts
levels were significantly increased upon exposure to TCC (p =
0.004, Kendall’s W) with the increase occurring at 100 and 1000
nM TCC (7.5-fold, p = 0.028; 6.2-fold, p = 0.001, respectively;
Wilcoxon) relative to T3 treatment alone (part B of Figure 2). T3-
induced levels of CAT transcripts were not significantly changed
by TCC treatment (part B of Figure 2).
Mammalian Cell Exposures.GH3 cells were exposed to each

TCS, mTCS, and TCC in both the presence and absence of 10
nM T3 to examine the effects that these chemicals have on the
levels of Gh, Dio1, Prl, and Hsp70 transcripts after 48 h of
exposure. The concentrations chosen for this series of experi-
ments were based upon the results obtained in the C-fin assays
above and those obtained in a study on androgenic effects
published in mammalian cells.27 The median values for the
rpL8 normalizer transcript were highly comparable between
treatments suggesting that RNA integrity was not adversely
compromised by treatments (Table S3 of the Supporting In-
formation). In the first experimental set, GH3 cells were exposed
to 1�1000 nM TCS (Figure 3). Overall, significant differences
were observed for Gh, Dio1, and Hsp70 transcripts (p = 0.0001
for all transcripts comparing control to all TCS only treatments,

Kruskal�Wallis (KW)). The ∼3- and 6-fold increase in Gh and
Dio1 mRNAs relative to the vehicle control respectively upon
exposure to T3 (leftmost bar, Figure 3; p = 0.0001 for both;
Mann�Whitney U (MWU)) was the sole contributor to the
observed significance. Therefore, TCS did not alter the hor-
mone-dependent induction of either transcript nor did it have an
effect on basal levels in the absence of T3 (Figure 3).
Prl transcripts have previously been shown to be increased or

decreased by TH treatment depending upon the cell type.34

Overall, Prl transcripts did not show a significant difference (p =
0.105, KW) (Figure 3). Prl transcript was a borderline responder
to T3 treatment, if responding at all. In most experiments, no
significant alteration in Prl transcript levels were observed
(compare Figures 3�5 and data not shown). Where a significant
increase was observed, it was very modest at 1.4-fold (p = 0.011,
MWU; Figure 3) relative to vehicle control. In the presence of T3

treatment, 1000 nM TCS significantly increased Prl transcript
levels relative to T3 treatment alone by 2-fold (p = 0.006, MWU;
Figure 3).
In contrast, exposure to TCS resulted in a significant alteration

in Hsp70 transcript levels (p = 0.0001, KW; Figure 3). This was
due to multiple factors. First, TCS treatment alone increased
Hsp70 transcript levels (p = 0.007, KW for control and TCS only
concentrations) at 1 and 10 nM relative to the vehicle control by
2.6-fold (p = 0.044, MWU) and 1.5-fold (p = 0.034, MWU),
respectively. Exposure to 1000 nM TCS resulted in the slight

Figure 3. QPCR analysis of growth hormone (Gh), deiodinase I
(Dio1), prolactin (Prl), and heat shock protein 70 (Hsp70) transcript
levels in GH3 cells exposed to TCS. These cells (n = 17 wells for all
treatment conditions with the exception of n = 5 for 1000 nMTCS in the
absence and presence of T3) were exposed to vehicle control (0) or 1, 10,
100, and 1000 nM TCS in the absence and presence of 10 nM T3 for 48
h. The results are expressed as fold change relative to the vehicle control.
Statistical significance of the mean relative fold change values compared
to the vehicle control is denoted by ‘a’ (pe 0.05, MWU) and relative to
T3 treatment by ‘b’ (pe 0.05, MWU). See the Figure 1 legend for more
graph details.
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reduction ofHsp70 transcript levels relative to the vehicle control
by 1.2-fold (p = 0.050, MWU; Figure 3).
T3 treatment alone reduced theHsp70 transcript levels relative

to vehicle control by 9.1-fold (p = 0.009, MWU), but this
response to TH was largely unchanged, relative to TH treatment
alone, when TCS was co-administered with TH (p = 0.393, KW
for T3 and T3 plus TCS concentrations; Figure 3).
In the second experimental set, GH3 cells were exposed to

1�1000 nM mTCS (Figure 4). All four gene transcripts showed
significant changes among all treatments (Gh p = 0.0001, Dio1
p = 0.0001, Prl p = 0.013,Hsp70 p = 0.001, KW, Figure 4). Closer
examination of the data revealed that 1000 nMmTCS treatment
significantly reduced Gh transcript levels by 2.1-fold (p = 0.025,
MWU; Figure 4), whereas no effect of mTCS was observed on
Dio1 transcripts (Figure 4). In contrast, mTCS affected Prl and
Hsp70 mRNA abundance (p = 0.02 and 0.004, respectively; KW
for control and TCS only concentrations). Specifically, 100 and
1000 nMmTCS reduced Prl transcript levels significantly relative
to vehicle control by 1.6-fold (p= 0.016,MWU) and 2.8-fold (p=
0.014, MWU) (Figure 4) and Hsp70 transcript levels were
significantly increased by 1 and 10 nM mTCS by 2.8-fold (p =
0.046, MWU) and 3.3-fold (p = 0.005, MWU), respectively
(Figure 4).
The response to T3 alone, in the mTCS experiment, was

similar to the TCS experimental set, for Gh and Dio1 of
transcripts with 3.6-fold (p = 0.006, MWU) and 19-fold (p =
0.004, MWU) increases, respectively (Figure 4). Analysis of

the T3 exposed set of cells showed both transcripts approaching
significance (p = 0.093 and 0.061 respectively, KW). The major
contributing factor was a marked reduction in the T3-induced
response of both transcripts (7.9-fold, p = 0.014; 35-fold, p =
0.014, respectively; MWU) when the cells were coexposed to
1000 nM mTCS (Figure 4).
The reduction in Prl transcript levels observed with mTCS

exposure alone was also observed at the highest concentration
tested in the presence of T3 where 1000 nM mTCS significantly
reduced the Prl transcript levels relative to T3 treatment alone by
18-fold (p = 0.025, MWU) (Figure 4).
T3 treatment alone did not significantly alter the Hsp70

transcript levels (Figure 4). However, there was a significant
effect of mTCS detected in the context of T3 treatment (p =
0.015, KW) where exposure to 10 nM mTCS increased Hsp70
transcript levels by 3.6-fold relative to T3 treatment alone (p =
0.021, MWU) (Figure 4).
In the third experimental set, GH3 cells were exposed to

10�1000 nM TCC (Figure 5). TCC exposure resulted in
significant changes in all four transcript abundances (p =
0.0001 for all, KW) (Figure 5). TCC significantly reduced Gh
transcript levels relative to the vehicle control (p = 0.021, KW)
with 1000 nM TCC resulting in a significant decrease relative to
vehicle control by 1.6-fold (p = 0.004, MWU) (Figure 5). TCC
significantly reduced Dio1 transcript levels relative to the vehicle
control (p = 0.002, KW) with 1000 nM TCC resulting in a
significant decrease relative to vehicle control by 2.6-fold (p =
0.004, MWU) (Figure 5). Moreover, TCC significantly reduced

Figure 4. QPCR analysis of growth hormone (Gh), deiodinase I
(Dio1), prolactin (Prl), and heat shock protein 70 (Hsp70) transcript
levels in GH3 cells exposed to mTCS. These cells (n = 8 wells for all
treatment conditions with the exception of n = 3 for 1000 nM mTCS in
the absence and presence of T3) were exposed to vehicle control (0) or
1, 10, 100, and 1000 nMmTCS in the absence and presence of 10 nMT3

for 48 h. The results are expressed as fold change relative to the vehicle
control. Statistical significance of the mean relative fold change values
compared to the vehicle control is denoted by ‘a’ (pe 0.05, MWU) and
relative to T3 treatment by ‘b’ (p e 0.05, MWU). Further graph details
are presented in the Figure 1 legend.

Figure 5. QPCR analysis of growth hormone (Gh), deiodinase I
(Dio1), prolactin (Prl), and heat shock protein 70 (Hsp70) transcript
levels in GH3 cells exposed to TCC. These cells (n = 6 wells per
treatment condition) were exposed to vehicle control (0) or 10, 100, and
1000 nM TCC in the absence and presence of 10 nM T3 for 48 h. The
results are expressed as fold change relative to the vehicle control.
Statistical significance of the mean relative fold change values compared
to the vehicle control is denoted by ‘a’ (pe 0.05, MWU) and relative to
T3 treatment by ‘b’ (p e 0.05, MWU). Further graph details are
presented in the Figure 1 legend.
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Prl transcript levels relative to the vehicle control (p = 0.001,
KW) with 1000 nM TCC resulting in a significant decrease
relative to vehicle control by 2.2-fold (p = 0.004, MWU)
(Figure 5). Finally, the most marked response to TCC exposure
was evident with the Hsp70 transcripts (p = 0.0001, KW) where
TCC reduced Hsp70 transcript levels relative to vehicle control
at 10, 100, and 1000 nM TCC by 2.2-fold (p = 0.025, MWU),
6.3-fold (p = 0.004, MWU), and 2.9-fold (p = 0.004, MWU),
respectively (Figure 5).
Again, the response to T3 was similar to Figures 3 and 4 for the

Gh and Dio1 transcripts (2.3-fold, p = 0.004; 7-fold, p = 0.006,
MWU; Figure 5). Prl transcript abundance was unchanged,
whereas T3 treatment alone reduced the Hsp70 transcript levels
relative to vehicle control by 2.9-fold (p = 0.004, MWU)
(Figure 5). It is evident that the Prl and Hsp70 transcript
responses to T3 vary in comparing the three experimental sets.
Additional experiments (data not shown) also confirmed this
observation. The reason for this is not clear but may be related to
the borderline responses typically observed.
Co-administration of T3 and TCC resulted in significant

changes in all four transcripts relative to T3 alone (Gh p =
0.002, Dio1 p = 0.037, Prl p = 0.001, Hsp70 p = 0.0001, KW,
Figure 5). Gh, Dio1, and Prl mRNAs showed lesser induction
levels in the presence of 1000 nM TCC (3.1-fold, p = 0.004; 1.8-
fold, p = 0.028; 11-fold, p = 0.004, respectively; MWU) (Figure 5).
TCC altered the Hsp70 transcript levels at all concentrations

tested when co-administered with T3. At 10 and 100 nM TCC,
Hsp70 transcript levels were reduced relative to T3 treatment
alone by 3.9-fold (p = 0.004, MWU) and 1.5-fold (p = 0.037,
MWU), respectively. At 1000 nM TCC, Hsp70 levels were
increased by 2.5-fold relative to T3 treatment alone (p = 0.004,
MWU) (Figure 5).

’DISCUSSION

We showed previously that in vivo exposure of premeta-
morphic Rana catesbeiana tadpoles to TCS accelerated TH-
dependent postembryonic development as indicated by hin-
dlimb growth while reducing TH-induced TRβ transcript levels
in the dorsal tail fin.20 It is surprising that we did not find any
interference with TH signaling pathways in either the tail
biopsies or the cultured rat GH3 cells exposed to similar
concentrations. The refractory nature of the GH3 cells may
indicative of an indirect mode of action such as acting upon liver
TH metabolism as was previously reported.23�25 The lack of
response from the tail biopsies was surprising because we had
previously seen evidence of TH-disruptive effects on a cultured
Xenopus line 20 suggesting a direct cellular response. It is possible
that there may be species differences or that sensitivity may be
influenced by cell or tissue type. At first glance, the C-fin results
also suggest that perhaps an intact animal is required for the
TH-disrupting effects of TCS.

However, the data from the biological metabolite, mTCS,
suggests an alternate mechanism. Because mTCS affected all of
the TH-responsive gene transcripts tested to some degree, this
demonstrates that mTCS is capable of acting at a cellular level.
Whole animals are exposed to TCS in nonsterile water where
mTCS conversion is known to take place through bacterial
action.39 Thus, the previous effects observed by whole animal
exposure could have been due to bacterial conversion. It is also
possible that certain tissues or cells have the capacity tomethylate
TCS as mTCS has been found in fish.19 However, the extent of

contribution of these mechanisms is currently unknown39 and
needs to be examined further, particularly because mTCS is more
persistent in the environment.11

We also found TCC disrupted the transcript levels of TH-
responsive genes in the GH3 cells and in the tail fin biopsies. A
modest effect was observed for RLKI transcript at the highest
concentration (1000 nM) but no effect on TRβ transcript was
observed in the frog tissue. The mammalian cells showed an
effect in all three TH-responsive transcripts (Gh, Dio1, and Prl)
again only at 1000 nM. It should be noted that it is possible that
residual TH in the hormone-stripped serum-containing medium
used for the cell culture may be contributing to the observed
decrease in TH-responsive transcripts at high concentrations of
mTCS and TCC alone. Overall, our results are consistent with
previous work by others that imply that TCC acts on nuclear
hormone receptors at high concentrations based upon reported
effects of TCC on androgen-, estrogen-, and cortisone-mediated
pathways.27,41

Another striking observation is that all three chemical treat-
ments altered at least one indicator of cellular stress and these
alterations were influenced by TH status. Stress is known to affect
the rate of frog metamorphosis and alter tissue-responsiveness to
TH.40 TCS elicited a cellular stress response in the C-fin assay as
indicated by the altered CAT and HSP30 transcript levels. If
whole animal exposure resulted in a stress response due to TCS
exposure, this could possibly influence frog metamorphosis.
Previous work using heat shock as a stressor showed that the
extent of TH-induced TRβ transcript accumulation 40 was
reduced in the tail; an observation that is consistent with the
in vivo TCS exposure results. mTCS had a minimal effect on
stress markers at the time point and this may be due to different
induction kinetics. This possibility could be tested by examining
transcript levels at additional time points.

Hsp70 transcript levels in the GH3 cells showed clearer
concordance between TCS and mTCS responses, particularly
at the lower concentrations tested (1 and 10 nM) in the absence
of TH, suggesting that induction of a cellular stress response is a
common mechanism. The apparent lack of response or even
decrease at the higher concentrations may be related to the
timing of the experiment (below).

Tadpole tail fin biopsies showed evidence of stress upon
exposure to 1000 nM TCC. The remarkable reduction of
Hsp70 transcripts in the GH3 cells upon TCC exposure at all
concentrations tested suggests the cellular capacity to respond to
stress may have been adversely affected. The observed reduction
may be the result of a negative feedback loop involving Hsp70
induction. High levels of Hsp70 proteins can be detrimental to
the cell.42Hsp70mRNA half-life is 1 h in cells after stress43,44 and
a parallel decrease in Hsp70 mRNA levels was shown with an
accumulation of Hsp70 protein levels. Hsp70 protein can bind
Hsp70 mRNA possibly as a mechanism to limit its protein
expression and the decrease in mRNA levels is thought to be
dependent on the Hsp70 protein levels.45 Because the chemical
exposure in the present study was 48 h in length, TCC could have
caused a stress event and transiently increased Hsp70 transcript
levels. However, at the time point the transcript levels were
measured, theHsp70mRNA levels could have already decreased.
Further work on an expanded time course and evaluation of
Hsp70 protein levels would address this issue. Given the
observed effects in cell and organ culture, examination of the
effects of TCC on postembryonic development of frog tadpoles
and on intact mammals is warranted.
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