THYROID-TRH-TSH

The Xenoestrogen Bisphenol A Inhibits
Postembryonic Vertebrate Development by
Antagonizing Gene Regulation by Thyroid Hormone

Rachel A. Heimeier, Biswaijit Das, Daniel R. Buchholz, and Yun-Bo Shi

Section on Molecular Morphogenesis (R.A.H., B.D., Y.-B.S.), Program on Cell Regulation and Metabolism, National
Institute of Child Health and Human Development, National Institutes of Health, Bethesda, Maryland 20892; and
Department of Biological Sciences (D.R.B.), University of Cincinnati, Cincinnati, Ohio 45221-0006

Bisphenol A (BPA), a chemical widely used to manufacture plastics, is estrogenic and capable of
disrupting sex differentiation. However, recent in vitro studies have shown that BPA can also
antagonize T; activation of the T; receptor. The difficulty in studying uterus-enclosed mammalian
embryos has hampered the analysis on the direct effects of BPA during vertebrate development.
This study proposed to identify critical T; pathways that may be disrupted by BPA based on mo-
lecular analysis in vivo. Because amphibian metamorphosis requires T; and encompasses the
postembryonic period in mammals when T; action is most critical, we used this unique model for
studying the effect of BPA on T5-dependent vertebrate development at both the morphological
and molecular levels. After 4 d of exposure, BPA inhibited Ts-induced intestinal remodeling in
premetamorphic Xenopus laevis tadpoles. Importantly, microarray analysis revealed that BPA
antagonized the regulation of most T;-response genes, thereby explaining the inhibitory effect of
BPA on metamorphosis. Surprisingly, most of the genes affected by BPA in the presence of T; were
T5-response genes, suggesting that BPA predominantly affected Ts-signaling pathways during
metamorphosis. Our finding that this endocrine disruptor, well known for its estrogenic activity in
vitro, functions to inhibit T; pathways to affect vertebrate development in vivo and thus not only
provides a mechanism for the likely deleterious effects of BPA on human development but also
demonstrates the importance of studying endocrine disruption in a developmental context in vivo.
(Endocrinology 150: 2964-2973, 2009)

ndocrine disruption by environmental contaminants poses a
E great concern for global ecology and human health. Endo-
crine disrupting compounds (EDCs) have been defined as exog-
enous substances that alter function(s) of the endocrine system
and consequently cause adverse health effects in an intact or-
ganism, or its progeny, or (sub)populations (1-3). Some EDCs
act as antiestrogenic and antiandrogenic agents to affect repro-
ductive function and sexual development (4), suggesting that
EDCs are responsible for the increased appearance of reproduc-
tive health problems in both human and wildlife. In humans, the
trend for increased breast and testicular cancers, reduced sperm
counts, and early puberty has been attributed to increased ex-
posure to EDCs (5-7). In wildlife, decreased species populations
and increased animal malformations, including feminization and
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hermaphroditism, have been reported worldwide (8 -11). There
is also increasing concern that EDCs may affect other endocrine
systems, such as the T; system.

T, playsacentral role in vertebrate development, growth, and
metabolism (12-18). The effects of EDCs on T} signaling will
undoubtedly pose a threat to human and wildlife health (19-22).
Keyed by the discovery of nuclear T receptors (TRs) that func-
tion as transcription factors, recent advances have been made in
examining the mechanisms of T action at the molecular level
(12,13, 15, 23-31). Concurrently, studies have also revealed a
broad array of EDCs that can bind to TR and affect T;-regulated
gene expression in vitro (32). However, the lack of a suitable in
vivo model to study EDCs’ effects on TR function in vertebrate
development impedes our understanding on whether and how

Abbreviations: BMP, Bone morphogenetic protein; BPA, bisphenol A; DMSO, dimethyl
sulfoxide; EDC, endocrine disrupting compound; EF-1«, elongation factor-1«; ER, estro-
gen receptor; MMP, matrix metalloproteinase; rpl8, ribosomal protein L8; qRT-PCR, quan-
titative RT-PCR; RXR, retinoid X receptor; ST3, stromelysin-3; TH/bZIP, T3-responsive basic
leucine zipper transcription factor; TIMP, tissue inhibitor of metalloproteinase; TR, T5
receptor.
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persistent exposure to these bioaccumulative compounds affects
human health.

One such compound is bisphenol A (BPA), an established
EDC of the reproductive system. BPA is used in the production
of plastics and has widespread applicability, making its manu-
facturing and processing an important economical factor as well
as a source of BPA release into the environment (33-40). BPA
studies have primarily focused on its estrogenic activity (4, 41).
Recently based on extensive review of the existing data, the Na-
tional Toxicology Program of the National Institutes of Health
raised concerns for neural and behavioral effects of BPA in fe-
tuses, infants, and children at the currently allowed human
exposures (www.niehs.nih.gov/news/media/questions/sya-bpa.
cfm#2). The concerns from this reviewing panel were primarily
focused on the estrogenic effects of BPA, even though the role of
estrogens on mammalian neural development is unclear. On the
other hand, neural and behavioral development is dependent on
T, raising the possibility that the developmental effects of BPA
in humans may be manifested through the T; pathway. Given the
possible cross talks between the T5 and estrogenic pathways (42,
43), BPA may indirectly affect T signaling by influencing estro-
genic pathways. On the other hand, in vitro studies have shown
that BPA can bind to and antagonize T; activation of TR (44),
and a study using cultured mouse oligodendrocyte precursor
cells found that BPA inhibited T;-induced differentiation (45). In
addition, a study with rats showed that BPA exposure during
development produced an endocrine profile similar to that ob-
served in patients with T; resistance syndrome (46).

The ability of BPA to bind to both estrogen and thyroid re-
ceptors to elicit disruption makes it very difficult to study the
actions of BPA during mammalian development. Suitable alter-
native in vivo models are urgently needed to evaluate the effects
of BPA on Tj; function during development. Amphibian meta-
morphosis represents an attractive model due to its absolute de-
pendence on T; but not estrogens (14, 15), although sex steroids
can alter larval development in amphibians (47-49). Recent
studies have shown that BPA blocks metamorphosis and affects
T;-signaling in amphibians (50-53). In addition, it has been
shown that BPA suppresses TRH-induced release of thyroid-
stimulating hormone and prolactin in adult bullfrog pituitary
cells, suggesting that BPA can disrupt the hypothalamic-pitu-
itary-thyroid axis (54). On the other hand, BPA has also been
shown to induce feminization in Xenopus laevis tadpoles (55,
56), although a different study failed to produce this effect (57).

Here we propose the use of X. laevis metamorphosis as a
model to investigate whether and how BPA affects T5-dependent
vertebrate development. To date, little molecular analyses have
been carried out to determine how BPA affects either metamor-
phosis or other postembryonic developmental processes in ver-
tebrates. Because changes in gene expression often precede mor-
phological changes, we aimed to use microarray technology to
determine the signaling transduction pathways underlying any
metamorphic effects of BPA. We chose the intestine as the model
system because it represents an organ that persists throughout
metamorphosis but undergoes extensive but well-characterized
remodeling (58, 59). It is important to note that gene regulation
by T through TR is not only necessary but also sufficient for
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intestinal remodeling and other metamorphic processes (60).
Furthermore, because the metamorphic process can easily be
manipulated by controlling the availability of T; via the tadpole
rearing water, the influence of maternal hormones and the dif-
ficulty to manipulate the uterus-enclosed mammalian embryo
are avoided.

Our molecular analysis indicates that BPA, even though
mainly known as an estrogenic compound, predominantly dis-
rupts T;-signaling pathways during metamorphosis, resulting in
delayed metamorphosis. Our results suggest that similar adverse
effects of BPA on human development by disrupting T; path-
ways is likely and argue for the importance of studying endocrine
disruption in the developmental context iz vivo. They also high-
light the power of combining morphological and molecular anal-
yses of amphibian metamorphosis for studying endocrine dis-
ruption in development.

Materials and Methods

Animals

Tadpoles of X. laevis used in this study were purchased from NASCO
(Fort Atkinson, WI). The animals were exposed to a 12-h light, 12-h dark
photoperiod (lights on at 0700 h) and were fed spirulina, a fresh water
alga, at 1000 h. Animal studies were approved by National Institute
of Child Health and Human Development Animal Use and Care
Committee.

Chemicals

T;, BPA, and dimethyl sulfoxide (DMSO) were purchased from
Sigma (St. Louis. MO). All exposure treatments were conducted in 0.1%
DMSO solution.

Oocyte injections and luciferase assays

Microinjection experiments were performed as described (61, 62).
Briefly, a reporter construct, TRE-Luc, harboring the T;-dependent X.
laevis TRBA promoter driving the firefly luciferase reporter was micro-
injected (0.33 ng/oocyte) into the nuclei of X. laevis oocytes together with
a plasmid harboring the control Renilla luciferase reporter. In vitro-
transcribed mRNAs encoding TRB and retinoid X receptor (RXR)-«
were coinjected (1.15 ng/oocyte for TRB and RXRa) into the cytoplasm.
After overnight incubation in the presence or absence of BPA and/or T,
oocytes were assayed for luciferase activity.

Animal exposures to BPA

Experiment 1

BPA exposures were performed in a static-renewal system based on
previous studies (51, 52, 56). Before exposure, test animals were accli-
matized to laboratory conditions at 23-24 C for 24 h. During the accli-
matization and exposure periods, the animals were not fed to eliminate
dietary influence on metamorphosis progression (note that tadpoles un-
dergoing metamorphosis or T treatment do not feed) (15). Ten premeta-
morphic X. laevis tadpoles (stage 54) were randomly transferred into
1-liter tanks containing dechlorinated water. Animals were subsequently
exposed to conditions with 2 nm T5, 0.1 or 10 um BPA, or the combi-
nation of 2nM T5yand 0.1 or 10 uM BPA; the corresponding control group
contained DMSO vehicle. The two concentrations of BPA used in this
study are known to interfere with T action in vitro (44) and physiolog-
ically relevant for human infants (0—12 months) (within 24 h, estimated
infant intake is 13 pg/kg body weight or 60 nMm, calculated based on the
assumption that: 1) BPA uptake is equivalent to BPA metabolized and
excreted by the body within the 24 h and 2) BPA is equally distributed
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FIG. 1. BPA inhibits TR-mediated transcription and Ts-induced metamorphosis. A, The mRNAs for TR/RXR
(1.15 ng/oocyte) were injected into the cytoplasm of 20 oocytes as indicated. After 4 h of incubation, the TRE-
Luc reporter vector (TRE) together with the control Renilla luciferase plasmid were coinjected into the nucleus of
the oocytes. The oocytes were incubated overnight with or without T; (2 nm) and indicated amounts of BPA.
After incubation, the oocytes were lysed and subjected to dual-luciferase assays. The relative activity of the
reporter vs. that of the control was plotted with the basal luciferase activity set to 1 (lane 1, in the absence of
Ts). The bars represent the means = st of at least two independent experiments performed in quadruplicates.
*, P = 0.05 vs. lane 4 in the presence of Ts. Insert, Structural comparison of BPA (upper panel) and T5 (lower
panel). B, Dose- and time-dependent inhibition of Ts-induced X. faevis metamorphosis by BPA. The average
developmental stages of the animals were plotted every third day, and each point represents the mean = se. An
asterisk indicates significant differences in the development stages between T5 and T5+BPA treatment groups
(P = 0.05). Note only one time point for one treatment group did not show a statistically significant difference
in development progression compared with Ts-treated animals (d 6; 10 um BPA+Ts). There was no significant
difference in development between control (DMSO vehicle control) and BPA-only-treated animals. C,
Representative profile of tadpoles housed in water (DMSO vehicle control), T5 (2 nm), BPA (0.1 or 10 um), or
combinations of BPA (0.1 or 10 wwv) and T5 (2 nm). Groups of 10 tadpoles at stage 54 (d 0) were used for each
treatment. Tadpoles representing the typical stage in each treatment were photographed and the gross
morphology observed for 9- and 21-d-treated tadpoles are presented here.
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pus, Tokyo, Japan) for gross morphology analy-
sis. Each treatment was repeated at least three
times (10 tadpoles/replicate) using tadpoles de-
rived from different sets of adults.

Experiment 2

To study the effect of BPA on T;-induced gene
expression during development, a short-term ex-
posure experiment was performed. Acclimatiza-
tion and exposure conditions were performed as
described above. Groups of 10 premetamorphic
X. laevis tadpoles (stage 54) were randomly
placed into four tanks with 1 liter of dechlorinated
water. Animals were subsequently exposed to
conditions with the DMSO vehicle, 2 nm T;, 10
M BPA, or the combination of 2nM Ty and 10 um
BPA. Exposure treatment was conducted for 4 d
at 23-24 C under 12-h light, 12-h dark cycle
conditions. Water changes and chemical re-
placement were performed after 2 d of expo-
sure. Each treatment was replicated three times
(10 tadpoles/replicate).

RNA isolation and microarray analysis

At the end of the 4-d treatment period, the
intestine from 10 tadpoles were isolated and
pooled for each of the three biological replicates
per treatment. RNA was isolated and subjected to
c¢DNA array (slides AMADID 013665; Agilent,
Santa Clara, CA) analysis by using a two-color
reference design system as described (63, 64) (also
see supplemental Fig. S1, published as supplemen-
tal data on The Endocrine Society’s Journals On-
line web site at http://endo.endojournals.org). To
identify significantly regulated genes, we per-
formed ANOVA across all treatments and used a
false discovery rate of 10% or less for multivariate
correction (65-67).

Real-time PCR quantification

This was performed as described (63) using
the three RNA samples as in the microarray as
well as another from other tadpoles treated un-
der the same conditions to confirm the microar-
ray data. Real-time quantitative RT-PCR (qRT-
PCR) was carried out using FAM-labeled
Tagman probes for some genes (supplemental
Table S1) with ¢cDNA standards made from
whole-body total RNA from tadpoles at stages
50-66. The expression level of each gene was
normalized to that of the control gene, ribo-
somal protein L8 (rpl8). Additional genes were
analyzed with SYBR Green I dye (supplemental
Table S2), and the expression level of each gene
wasnormalized to that of the control gene, elon-
gation factor-la (EF-1a). In a preliminary ex-
periment, we observed that the levels of rpl8 and
EFla were not different in intestine samples

throughout the body with a density of 1; the Environmental Protection
Agency has set safe level of exposure to 50 pg/kg per day in the United
States) (www.niehs.nih.gov/news/media/questions/sya-bpa.cfm#2). Ex-
posure treatment was conducted for 21 d at 23-24 C under 12-h light,
12-h dark cycle conditions. Water changes and chemical replacement
were performed every other day. The developmental stages of the
animals from each group were examined every 3 d. During the ex-
periments, tadpoles were anesthetized in 0.02% 3-aminobenzoic acid
ethyl ester (Sigma) and photographed under a stereomicroscope (Olym-

from control and chemically treated tadpoles. For data analysis, in-
tergroup comparisons were performed with ANOVA followed by
Fisher’s protected least significant difference test; P < 0.05 was con-
sidered to be statistically significant.

Histology

The intestines were dissected, flushed and fixed in Bouin’s fluid for
24 h, rinsed in 0.6 X PBS and stored in 70% ethanol. Paraffin embedded
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5-wm-thick sections were serially collected on glass slides and stained
with hematoxylin-eosin.

Results

BPA suppresses Ts-induced transcription

BPA is known to bind to and antagonize T5-dependent acti-
vation of mammalian TR (44). To investigate whether BPA in-
fluences X. laevis TR in vivo, we analyzed the effect of BPA on
TR-dependent luciferase reporter (TRE-Luc) expression in the
reconstituted frog oocyte system, a model to study T;-mediated
transcription in the context of chromatin (61). In the absence of
T;, overexpressed TRB and RXRa repressed the promoter, as
reported (62, 68), whereas in the presence of T;, the promoter
was activated (Fig. 1A). BPA inhibited the transcriptional acti-
vation of the promoter by T but had little effect on the promoter
in the absence of T5 (Fig. 1A). In the absence of TR 3 and RXRa,
BPA had no significant effect on the promoter activity (data not
shown). Thus, BPA may function as an inhibitor of gene activa-
tion by T; to affect X. laevis development.

BPA inhibits T;-induced metamorphosis

To study the effect of BPA on development, premetamorphic
tadpoles were treated with BPA, T;, or a combination of both
(Fig. 1, Band C). Gross morphology was monitored to determine
the developmental stages every 3 d for a 21-d study period. Treat-
ments of premetamorphic tadpoles with T; resulted in well-es-
tablished morphological changes (15), and the inhibition of these
changes by BPA could be observed as early as 3 d (Fig. 1B and
supplemental Fig. S2). At the end of the 21-d study, T;-treated
animals had metamorphosed to stage 64, whereas the control
animals reached only stage 56 (Fig. 1C). No significant stage
difference was observed between control (DMSO) and BPA-
treated animals. The tadpoles that were exposed to combined T
and BPA (T, +BPA) were significantly delayed in metamorphosis
compared with the T;-treated animals, and this effect of BPA was
dose dependent (Fig. 1B).

To study the effect of BPA on the remodeling of visceral or-
gans during development, we analyzed the intestine, a model
organ that has been well characterized morphologically and mo-
lecularly (58, 59, 63, 69). After 4 d of treatment, control intes-
tinal cross-sections had thin muscle layers around the exterior, a
thin layer of connective tissue, and a simple inner epithelium with
asingle in-folding, the typhlosole, which contains the majority of
connective tissue in the larval intestine (Fig. 2A). Little morpho-
logical change occurred after 4 d of BPA treatment, and these
intestinal samples were comparable with those of the untreated
samples (Fig. 2B). In the presence of T, the overall length of the
intestine shortened (data not shown). Histological examination
of the T-treated intestine revealed the well-documented tissue
remodeling responses to T, such as the increased thickness in
muscle and connective tissue layers (Fig. 2C) (59). In the presence
of Ty +BPA, very little morphological change occurred (Fig. 2D).

BPA inhibits T;-induced gene expression
To investigate whether BPA inhibits the expression of T;-
response genes, we first determined whether known T response

endo.endojournals.org 2967

100um

FIG. 2. In the presence of BPA, intestinal remodeling is delayed during Ts-
induced metamorphosis as early as 4 d after treatment. Tadpoles of the same
size and at the same stage (stage 54) were treated with T5 to initiate the
metamorphic process. Four days later, the intestines were isolated, fixed, and the
sections stained with hematoxylin-eosin. Representative control (A), BPA- (B), Ts-
(C), and T5+BPA (D)-treated tadpoles are shown. Note that the control, BPA, and
T5+BPA intestine remained largely typical of tadpole intestine, as seen by the
presence of a thin muscle layer, little connective tissue, and little or no adult
intestinal precursor cells. Histology of Ts-treated intestines revealed increased
muscle layer thickness, proliferation of connective tissue, and the appearance of
adult epithelial cells (the larval epithelial cells are surround by a yellow dashed
ring, whereas the appearance of adult epithelial cells are represented between a
black solid and the yellow dashed line). This experiment was repeated four times
with similar results. Scale bar, 100 um. AE, Adult epithelium; CT, connective
tissue; LE, larval epithelium; Lu, lumen; M, muscle; Ty, typhlosole.

genes were affected by BPA. Total RNA was isolated from the
intestine and QRT-PCR was performed. The expression of three
early, direct T; response genes, TR, stromelysin-3 (ST3), and
T;5-responsive basic leucine zipper transcription factor (TH/
bZIP) was significantly higher in the T;-treated tadpoles than the
control or BPA-treated counterparts after 4 d (Fig. 3A). The
expression level of ST3 and TH/bZIP were significantly reduced
in the combined T;+BPA group compared with the T;-only
group, although BPA had little effect on the T; induction of TRB.
The expression of two late, likely indirect T; response genes,
matrix metalloproteinase (MMP)-2 and the tissue inhibitor of
metalloproteinase (TIMP)-2, were also significantly reduced in
the T3 +BPA-treated animals compared with the T5-treated an-
imals. The expression of the third late response gene, bone mor-
phogenetic protein (BMP)-4, in the T;+BPA-treated group was
not significantly different from either the T5-treated or control
group, although there was significant difference between the
control and T;-treated groups (Fig. 3B). (Note that because dif-
ferent T, response genes have different T; regulation kinetics, it
is possible that TRB and BMP4 are affected by BPA at different
time points). These results suggest that BPA inhibits the expres-
sion of known T;-response genes.
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FIG. 3. The relative expression of known Ts-inducible genes was reduced in the
intestine of animals exposed to BPA. The cDNA was generated from total RNA of
tadpoles treated as in Fig. 2 and subjected to gRT-PCR. A, Direct T5-response
genes ST3, TH/bZIP, and TRB were examined. B, Late Ts-response genes MMP-2,
TIMP2, and BMP4 were examined. The results are expressed as fold induction of
the transcript with respect to the control gene, rpl8. The expected increase in
relative levels of transcript with respect to rpl8 was observed in the presence of
Ts. For graphical presentation, results were expressed as fold induction as
compared with the DMSO vehicle control. Data are shown as means = st (n = 3;
pooled samples of 10 intestines for each treatment). In the animals treated with
T5+BPA, the expression levels of ST3, TH/bZIP, MMP-2, and TIMP2 genes were
significantly reduced in the intestine. An asterisk indicates significant differences
in mMRNA expression levels between T3 and T5+BPA treatment groups (P = 0.05).

BPA predominantly affects T;-signaling pathways in the
intestine

To investigate whether BPA indeed inhibits T;-induced meta-
morphosis by blocking the T;-signaling pathways, we performed
a genome-wide analysis by profiling gene expression in the in-
testine with a 60-mer oligonucleotide microarray (cDNA array).
Because the phenotypes of BPA exposed tadpoles were similar
with BPA at either concentration and reproducible, we per-
formed the subsequent molecular analysis at the higher dose to
detect the relatively small changes in gene expression caused by
BPA. Total RNA was isolated from the intestine of tadpoles
treated for 4 d with control solution (DMSO), BPA (10 um), T,
(2nMm), and combined T; (2 nMm) + BPA (10 uMm). For cDNA array
analysis, we used a two-color labeling system, with Cy3-labeled
experimental sample and Cy5-labeled universal control made of
RNA isolated from whole animals of different metamorphic
stages as the internal reference (supplemental Fig. S1). For each
treatment group, three biological replicates, each consisting of
10 pooled intestine samples, were used. Quality control of the
data were performed as previously described (63).

To identify significantly regulated genes, we performed
ANOVA across all treatment groups with statistical significance
of 10% false discovery rate with the fold change cutoff value set
at1.1 or greater for the regulated genes. Note thata relatively low
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cutoff was chosen because the effect of BPA on gene regulation
was expectedly small. Because of the reproducibility of the
c¢DNA array and the use of three biological replicates/treatment,
it was possible to obtain statistically significant changes at this
fold change cutoff. Of the 21,654 genes represented on the mi-
croarray, we found 1874 significantly regulated genes. There
were 1051 and 728 genes significantly up- and down-regulated,
respectively, in the T;-treated intestines compared with the con-
trols (Fig. 4, A and B, respectively; supplemental Tables 3 and S4,
respectively). Many of the genes that were differentially regu-
lated by T; after 4 d were similar to those reported previously
(63) (data not shown). The gene regulation profiles of the T; and
combined T5+BPA samples were remarkably similar. The high-
estnumber of shared regulated genes was recorded between these
two groups, in which 716 and 567 genes were exclusively shared
up- and down-regulated, respectively (Fig. 4, A and B, respec-
tively). There were 293 up-regulated genes common to all three
treatments (BPA, T, and combined T5+BPA) and 120 common
down-regulated genes. Of the total number of regulated genes on
the array, 211 of these genes were exclusively up-regulated and
168 of these genes were exclusively down-regulated in the BPA-
only-treated group (supplemental Tables S5 and S6, respec-
tively), suggesting that BPA can affect genes independent of the
T; pathway during development.

Given the inhibitory effects of BPA on all aspects of T;-in-
duced metamorphosis, it seemed surprising that most of the up-
or down-regulated genes in the T5 group were also similarly
affected in the T5+BPA-treated group in comparison with the
controls (Fig. 4). However, as shown above, BPA only partially
blocked the regulation of established T5-response genes (Fig. 3).
Thus, it is likely that BPA may globally attenuate the magnitude
of T;-regulation to inhibit metamorphosis. To test this, we an-
alyzed the microarray data and compared the expression levels
of individual genes between T;- and T5+BPA-treated groups to
identify T;-dependent genes whose expression was affected by
the presence of BPA. Of the 21,654 genes on the microarray, 342
genes had decreased expression in the presence of BPA in the
T;-treated intestines compared with T;-only-treated animals
(supplemental Table S7). Among these BPA down-regulated
transcripts, most (62%) of these genes were identified as Tj;-
induced genes (compared with vehicle treated control), revealing
an attenuation of T;-dependent gene activation by BPA (Fig.
5A). The remaining down-regulated genes in the T5+BPA treat-
ment group relative to T alone could be subdivided into genes
known to be down-regulated by T; (when compared with vehicle
treated control) whose expression was now, in the presence of
BPA, further repressed (22%) and genes whose expression did
not have any known T5 dependency (16%). To validate the re-
pression of the T5-induced genes by BPA, 10 of the genes were
analyzed by qRT-PCR across all treatment groups with total
RNA isolated independently from that used in the microarray.
The BPA regulation of all selected genes was confirmed by qRT-
PCR, of which nine are represented here (Fig. 5B).

In the presence of BPA+T;, 159 genes had enhanced expres-
sion when compared with T treatment alone (supplemental Ta-
ble S8). Of these genes, 48% were down-regulated in the pres-
ence of T; (when compared with vehicle treated control),
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A Up-regulated Genes B

Control vs. T3
1051 genes
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Down-regulated Genes

Control vs. BPA
290 genes

Control vs. T3
728 genes

Control vs. BPA
507 genes

Control vs, BPA+T3, 1032 genes Control vs. BPA+T3, 738 genes

FIG. 4. Venn diagrams showing the number of up- and down-regulated genes for the treatment groups in
comparison with that of the control group. A, A total of 1317 genes were up-regulated in response to
treatment with the exogenous compounds, T3 and/or BPA. There were 293 genes commonly up-regulated in all
three treatment groups, and 39, 211, and 55 genes were up-regulated only in treatment groups for T, BPA, or
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and brain (64), we observed that the vast
majority of these dramatically regulated
genes that are also induced by T; in other
organs were inhibited by BPA in the pres-
ence of T; (Fig. 6A). Conversely, of the 12
genes that are known to be down-regulated
by T; in multiple organs, T; repression of
seven genes was abrogated by BPA (Fig. 6B).
These results suggest that BPA inhibits most
of the genes highly up-regulated by T5. The
reason for our failure to detect BPA inhibi-
tion of genes less significantly up-regulated
by T was most likely because their regula-
tion by T3 was approaching the lower limit
of the cDNA array analysis, thus making the
regulation by BPA fall below the detection
limit. Because gene regulation by T5-bound

T5+BPA, respectively. There were 716 genes commonly up-regulated between T; and T5+BPA groups, three
genes between T5- and BPA-only groups, and none between BPA and T5+BPA groups. B, A total number of
947 genes were down-regulated in response to treatment with the exogenous compounds, T5 and/or BPA.
There were 120 genes commonly down-regulated in all three treatment groups, and 41, 168, and 49 genes
were down-regulated only in treatment groups for Ts, BPA, or T53+BPA, respectively. There were 567 genes
commonly down-regulated between T3 and T5+BPA groups, no genes between T5- and BPA-only groups, and

two genes between BPA and T5+BPA groups.

revealing an abrogation of T;-dependent gene repression by BPA
(Fig. 5C). The remaining genes showing enhanced expression in
the T3 +BPA treatment group relative to T; alone, included genes
known to be up-regulated by T; (when compared with vehicle
treated control), which now in the presence of BPA were further
enhanced (47%), and genes that did not have any known T,
dependency (5%). Again, qRT-PCR was used to confirm the
regulation of T;-response genes by BPA as found by the cDNA
array. Here four genes were analyzed by qRT-PCR, and their
regulation by BPA was confirmed (Fig. 5D).

The above qRT-PCR results thus confirmed the findings from
microarray analysis. More importantly, the microarray results
demonstrate that BPA functions mainly by inhibiting T;-path-
ways because most of the BPA-affected genes were T;-response
genes whose regulation by T5 was attenuated by BPA.

The antimetamorphic effects of BPA are associated with
inhibition of T;-dependent gene regulation programs
Whereas the major effects of BPA is the inhibition of T} sig-
naling pathways, it is possible that the antimetamorphic effects
of BPA may be due to effects of BPA on genes independent of T.
Thus, we analyzed the genes that were regulated by T after 4 d
of treatment. Of the total number of T; up-regulated genes
(1051), 33% of these genes were down-regulated by BPA (data
not shown). Conversely, of the total number of T down-regu-
lated genes (728), 36 % of these genes were up-regulated by BPA
(data not shown). Interestingly, when we ranked the T5-induced
genes from most dramatically regulated to the least regulated, we
found that the majority of the 50 most dramatically T up-reg-
ulated genes (=2.5-fold induction by T;) were inhibited by BPA
(Fig. 6A). Similarly, the T; repression of most of the 50 dramat-
ically T down-regulated genes (=1.9-fold repression by T;) was
reduced/abrogated by BPA (Fig. 6B). Moreover, by incorporat-
ing microarray data of T;-responsive genes in the tail, hindlimb,

TR is both necessary and sufficient for am-
phibian metamorphosis, these results sug-
gest that BPA inhibits metamorphosis be-
cause it blocks most of the T;-signaling
pathways.

Discussion

In the present study, we characterized for the first time global
gene expression changes associated with BPA exposure by using
amphibian metamorphosis as our experimental model. This
model was favorable over mammalian models because the in
vivo screening process was quicker and the influence of maternal
hormones and the difficulty in manipulating the uterus-enclosed
embryo were eliminated. Whereas BPA was able to regulate
many genes in premetamorphic tadpoles in the absence of T,
there was no detectible morphologic phenotype, making it dif-
ficult to determine the significance. We thus focused our analysis
on the effect of BPA during metamorphosis, i.e. when Tj is also
present. Our microarray analysis revealed novel findings. First,
BPA inhibited the regulation of most T;-dependent responsive
genes, which presumably underlie the inhibition of metamor-
phosis by BPA, which was not evident from limited analyses
in earlier studies. Second and more importantly, BPA pre-
dominantly affected T;-signaling pathways during metamor-
phosis, although the influence of BPA on estrogen-signaling
pathways in metamorphosing tadpoles cannot be dismissed. Our
findings thus point to the critical need, even for EDCs of known
effects, to have suitable developmental models to analyze the po-
tential effects of EDCs on human embryonic and postembryonic
development.

Of the two BPA concentrations used in this study, the lower
concentration (0.1 uM) closely resembled the estimated BPA ex-
posure level in human infants (see Materials and Methods). Both
doses inhibited TRB-induced transcription in the frog oocyte
system. Furthermore, whereas the two doses ranged 100-fold,
both inhibited T5-induced metamorphosis reproducibly with the
higher dose resulting in a more dramatic inhibition. These find-
ingsare in strong support that BPA actsas a T antagonist in vivo.
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FIG. 5. Analysis and verification of genes newly identified by the microarray, whose expression was disrupted by BPA in the presence of Ts. A, When the gene expression
levels in the T5-treated group were compared with those in the T;+BPA-treated group, expression levels of 342 genes were reduced in the presence of BPA, most of which
(60%) were Ts-induced genes (i.e. their expression was up-regulated by T5 when compared with the control, untreated group). B, Verification of BPA regulation of T;-induced
genes whose T5 induction was reduced by BPA. All up-regulated T genes tested by gRT-PCR showed that in the presence of BPA, the expression levels were reduced,
confirming the findings from the microarray. C, When the gene expression levels in the Ts-treated group were compared with those in the T;+BPA-treated group, the
expression of 159 genes was increased by BPA, of which 48% were genes that were down-regulated by T; (when compared with the control, untreated group) and had their
down-regulation abrogated by BPA. D, Verification of BPA regulation of T;-regulated genes whose down-regulation was abrogated by the presence of BPA. All four T5-down-
regulated genes tested by qRT-PCR showed that in the presence of BPA, their expression levels were partially reversed as observed by the microarray. For graphical
presentation, the gRT-PCR results were expressed as fold induction as compared with the DMSO vehicle controls (control = 1), after normalization with the housekeeping
gene, EF1a. Data are shown as means = st (n = 3; pooled samples of 10 intestines for each treatment). An asterisk indicates significant differences in mRNA expression levels
between T3 and T5+BPA treatment groups (P = 0.05). GenBank accession numbers are shown above each chart.

Given that high levels of T; are critical for human development,  phosis. For example, ST3 is a direct T; target gene and has been
especially during the late-embryonic and neonatal period that  shown to be necessary for apoptosis and tissue morphogenesis
share many similarities with frog metamorphosis (12-14, 17, 19,  during intestinal metamorphosis (72, 73). Thus, its inhibition by
70, 71), our results argue that BPA represents a serious risk to hu- ~ BPA may contribute to the blockage of intestinal remodeling
man development through disruption of Tj signaling pathways. during metamorphosis by BPA. In addition, most of these BPA-

Using microarray, we found that after 4 d of treatment, the  affected T;-response genes are ubiquitously regulated by T in
regulation of about 33% of the T;-induced genesand 36% of the  different organs as suggested by our metatissue analysis. All these
T;-repressed genes were inhibited by BPA. Interestingly, the ma-  and the fact that gene regulation by T;-bound TR is necessary
jority of the most dramatically T;-regulated genes were affected  and sufficient for amphibian development (60, 74) strongly ar-
in the presence of BPA. Many of these genes are early and/or  gue that the BPA inhibition of these most dramatically T;-reg-
direct target genes of T and are likely important for metamor-  ulated genes, including ST3, is the underlying cause for the in-
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A . Other B . . Other
GenBank Gene Name Organs* GenBank Gene Name Organs*
AF170337 IM28 |1 [ Bl637545 Transeribed locus NP
227093 matrix metalloproteinase 11 (stromelysin-3) LhLb AWIS95ET Transeribed locus
U41835 gene 12- Ib l.I b CB360198 mucin 2

4 | UDgan7 1,1, BCORI224 thioredoxin reductase | NP
5 | CB365547 iheal locus | |5 | BCOS6128 C. el WNT family member rsor t
|6 | BCOTT649 keratin 16 NP AWT65313 Transeribed locis

|_7 | BCO73180 Riboflavin-hinding protein NP BCO72842 tripartite motif-containing 2 NP

8 | BCOK1152 NFI-X2 transcription factor NP BCORIOST _| solute carrier family 22 NP
|9 [ BE491416 Transcribed locus BCOTAEA3 natriuretic peptide precursor type € NP
10 | L37376 MAM domain protein tLLb BCO7I977 platelet-activating factor acetylhydrolase 2 NP
BCO93541 amidohydrolase domain containing 1 NP X93494 glucokinase t.1
BGETL 90 Transcribed locis BI062152 autism susceptibility candidate 2 NP

[13 [ CF548920 sorting nexin 4 BC086297 uncoupling protein 2 NP
CRE943692 Transcribed locis L BCOE3MNI alcohol dehydrogenase | NP
BGO22401 Trvscribed locts CBTS6001 cytosolic beta-glucosidase
BI&40739 phosphopantothenoy levsteine decarboxy lase NP AWG45021 sulfotransfirase family tlb

17 | BCO43864 PR domain ini 3CO82652 Transcribed locus NP
18 | BCOTI004 sulfotransierase iamll\ ELY NP 3078533 carboxypeptidase O NP
19 | CN318237 Heat shock factor binding protein | NP CO48021 Enzymatic glveosy lation-regulating gene 1

| 20 | ABD73923 Tiarin [l CORI049 solute carrier family & NP

21 | CD253165 Transcribed locus | GO22969 Transeribed locus
22 | BCOTES65 lodotyrosine deiodi NP 2. CO47973 L-arginine:glycine amidinotransferase Lb
23 | CF522012 Transcribed locus NP 23 | BQT34819 ficolin 2 isoform a precursor 1
24 | BGI620T6 Transcribed locus 4 | BCORRIIS GRAM domain ining 3 NP
| 25 | BCOES060 Transcribed locus NP 25 | BCOBS208 proprotein convertase subtilisin NP
26 | BCOTO6TI solute carrier family 34 NP | 26 | BCO42305 Transeribed locus
7 | CDR1I210 Transcribed locis | 27 | BCO79680 serine hydroxymethy liransferase 2 NP
8 | BCOR1272 calbindin | NP 28 | BCORT3T7 Transeribed locus NP
9 | BCOT9830 Transcribed locis NP | 29 [ BCOEI241 transmembrane protein 100 NP
0 | CVOT902% Transcribed locus [N 0 | AF146087 Enhancer of split related epidermal protein-6
31 | BCOE3200 Transcribed locs N |31 | BC077065 melanaregulin NP
32 | CR943171 Trasscribed locus Lhb 2 | AW200620 Transcribed locus
33 | BJ059247 mex-3 homolog B Llb | 33 | BXB5473 DEP domain containing 4
34 | U76636 Ibindin D28k b 14 | CD302379 sialyltransferase 44 NP
| 33 | Bl443557 Transeribed locus | 5 | AF231035 Natriuretic peptide receptor type C
36 | BCOT4477 cpithelial brane protein | NP | 36 | BCO7232 breast cancer antiestrogen resistance 3 N
| 37 | BCOEEGTL Gene 16 | NP 37 | BCOB62Y Neurula-specific fernedoxin reductase-like protein NI
| 38 | BCOT2304 transglutaminase 2 IEQ | 38 | BCOB265 cystathionase NP
39 | BCOTI8IE solute carrier family 41 NP 39 | BCO74210 aleohol debydrogenase | NP
41 | BCOT2360 RAB30, member RAS oncogene family [ np 40 | BCORG2TO slucosaminyl (N-acety|) transferase 3, mucin type uld
[41 | BP727251 Transeribed facis NP 41 | BX850255 Transeribed fociy NP
4 CORDDSH sulfotransferase family 10, member | NP | 42 | BI312892 Transcribed focus
4 054947 Matrix metalloproteinase 2 el 3 | BCORI141 retinel dehvdrogenase 5 NP
44 | BCO54225 heat shock 22kDa profein § | 44 | CB561838 Transeribed locus NP
| 45 | BCOT2220 polyamine oxidase NP 45 | AWGA666] Transeribed locus NP
| 46 | BP68T505 Transcribed locis [ NP 46 | CD327911 Transeribed locis LLb
47 | BCO8TATI High temperature required A1 ~e 47 | BCO59301 Potassium inwardly-rectifying channel L1 b
48 | CD300904 Transcribed locis Ll b | 48 | AF353715 Kruppel-like transcription factor neptune (4]
| 49 | BCO44030 Tubulin beta-2 chaln b | 49 | BF614568 Transeribed locus
| 30 | BCOTTET0 Matrix metalloproteinase 24 | NP 50 | BCOTT917 I landin reductase | NP

FIG. 6. BPA inhibits the genes most significantly regulated by Ts. A, The expression of most of the top 50 significantly Ts-up-regulated genes in the intestine is reduced
by BPA. The genes in shade are attenuated by BPA. B, Most of the top 50 significantly Ts-down-regulated genes in the intestine have their Ts-dependent repression
reduced by the presence of BPA. The genes in shade are abrogated by BPA. *, The gene is also significantly regulated by T5 in the tail (t), limb (I), and brain (b),
respectively. NP, Gene not present in the earlier cDNA array used for the analysis of the organs t, |, and b (64). Blanks under the other organs indicate genes are not

significantly regulated by Ty in t, I, and b.

hibition of metamorphosis by BPA. The failure to observe
significant effects by BPA on many less dramatically regulated
T;-response genes is presumably due to the difficulty to detect the
relatively small changes in their expression caused by BPA with
microarray analysis.

Whereas one may expect that BPA inhibit metamorphosis by
disrupting T} signaling, it is surprising that the vast majority of
the genes affected by BPA are T;-response genes. Of the BPA
down-regulated genes in the presence of T3, 60% were T;-in-
duced genes whose activation by T was now reduced/eliminated
by BPA. Conversely, about 50% of the BPA up-regulated genes
in the presence of T; were T;-down-regulated genes whose
down-regulation by T5 was reduced/eliminated by BPA. Only
about 20% of the BPA-regulated genes in the presence of T were
completely independent of T;-signaling process. Our studies
thus indicate that developmental context has a major role in
determining the pathways by which BPA interacts in vivo. In this
regard, it is worth noting that T, but not other hormones, is the
causative agent of amphibian metamorphosis and hence intes-
tinal remodeling (15). Whereas it is possible that potential cross
talks between TR and estrogen receptor (ER)-signaling path-
ways (42,43, 75) may allow BPA to affect T;-pathway through
ER, the fact that most of the BPA regulated genes are T5-response
genes argue against this. In addition, as discussed above, most of

the dramatically T;-regulated genes are affected by BPA, sug-
gesting that BPA is likely targeting TRs directly during meta-
morphosis. Currently there are no data on the expression profiles
of estrogens and ER« in the intestine during development, although
ERamRNA could be detected in whole-body premetamorphic tad-
poles and were up-regulated after prolonged T; treatment in the
liver (76-78). Our microarray analysis showed no regulation by
BPA in the expression of two known estrogen-response genes, ERa
(AY310905,1.20736) and steroid-5-a-reductase (BQ732157) (76,
79), from BPA or combined T;+BPA treatments. Furthermore,
treatment with T; alone did not change their gene expression, sug-
gesting that there does not appear to be any cross-regulation be-
tween estrogens and T in the metamorphic intestine. It is possible
that the lack of significant ER in the tadpole intestine may be the
underlying cause for the observed dominant effects of BPA on T;-
signaling process during metamorphosis in this study.

In summary, our findings demonstrate that BPA, which is one
of the most prevalent chemicals for daily use, suppresses tran-
scriptional activity of ligand-bound TR during vertebrate devel-
opment. Moreover, genome-wide analysis leads to two major
conclusions. First, the inhibitory effect of BPA on metamorpho-
sisis due to the inhibition of the T; pathway. Endocrine disruptor
studies normally focus on the regulation of one or a few genes;
the pathways involving these genes may or may not have any
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significant contribution to the biological effects of the disruptor.
This argues for genome-wide molecular analysis of the effect of
endocrine disruptors. Second, the major effect of BPA in devel-
oping tadpoles is on the T, but not estrogenic pathways, which
would be expected based on previous BPA studies iz vitro and in
adult animals, although estrogenic pathways are also likely to be
affected by BPA. This argues that the effects of an endocrine
disruptor are tissue and developmental stage dependent and that
in vivo studies coupled with genome-wide molecular gene reg-
ulation analysis are needed to assess the biological effects of an
endocrine disruptor and the underlying molecular mechanism.
Our findings further demonstrate the unique advantages of com-
bining morphological analysis with genome-wide gene expres-
sion studies in amphibians to determine the molecular pathways
thatunderlie a developmental consequence of an EDC, especially
for those affecting T5 pathways. The diverse array of EDCs that
may disrupt T; levels and the potential for concurrent exposure
to many of these compounds make it imperative to use in vivo
developmental models to appreciate the effects of EDCs on ver-
tebrate development. This will help to ensure that important
environmental health and developmental consequences of EDC
exposure are not overlooked.
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