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The estrogenic activities of bisphenol A (BPA) and its major metabolite BPA glucuronide (BPAG) were assessed in a number of in vitro and in vivo assays. BPA competed with [3H]-17β-estradiol
(E2) for binding to mouse uterine cytosol ER, a glutathione S-transferase (GST)-human ER D,
E, and F domain fusion protein (GST-hERRdef) and full-length recombinant hERβ. The IC50
values for E2 were similar for all three receptor preparations, whereas BPA competed more
effectively for binding to hERβ (0.96 µM) than to either mouse uterine cytosol ER (26 µM) or
GST-hERRdef (36 µM). In contrast, BPA-G did not competitively displace [3H]E2 from any of
the ER preparations. In MCF-7 cells transiently transfected with Gal4-hERRdef or Gal4-hERβdef,
BPA induced reporter gene activity with comparable EC50 values (71 and 39 µM, respectively).
No significant induction of reporter gene activity was seen for BPA-G. Cotreatment studies showed
that concentrations of (10 µM) BPA and BPA-G did not antagonize E2-induced luciferase mediated
through either Gal4-hERRdef or Gal4-hERβdef. In vivo, the uterotropic effect of gavage or
subcutaneous (sc) administration of 0.002-800 mg of BPA/kg of body weight/day for three
consecutive days was examined in immature rats. Dose-related estrogenic effects on the rat uterus
were observed at oral doses of 200 and 800 mg/kg and at sc doses of 10, 100, and 800 mg/kg.
These results demonstrate that BPA competes more effectively for binding to ERβ, but induces
ERR- and ERβ-mediated gene expression with comparable efficacy. In contrast, BPA-G did not
exhibit any in vitro estrogenic activity. In addition, there was a clear route dependency on the
ability of BPA to induce estrogenic responses in vivo.

Introduction
Accumulating evidence suggests that exposure to natural and synthetic chemicals that mimic the activity of
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17β-estradiol (E2) may adversely affect wildlife and
human health. Although controversial (1), there have
been reports of decreases in sperm production and seminal volume in humans during the past half-century
(2-4). In wildlife, field studies indicate there are increases in reproductive abnormalities in mammals (5),
reptiles (6), birds (7), and several fish species (8) following
exposure to estrogenic environmental contaminants.
Many of these effects are thought to occur through an
estrogen receptor (ER)-mediated mechanism of action.

10.1021/tx0001833 CCC: $20.00 © 2001 American Chemical Society
Published on Web 12/30/2000

150

Chem. Res. Toxicol., Vol. 14, No. 2, 2001

The ER is a member of the nuclear receptor superfamily, a family of nuclear proteins that function as transcription factors to modulate gene expression in a liganddependent manner (9). The two subtypes, ERR and ERβ,
are products of distinct genes and differ in their tissue
distribution, and in their ligand preferences (10, 11). For
example, in rat, ERR is expressed at higher levels in the
uterus, kidney, and epididymis, while ERβ levels are
higher in the prostate, ovaries, and lung (12). As with
other members of the nuclear receptor superfamily, the
ER has a modular structure consisting of six domains
(A-F) (9, 13). The highly conserved DNA-binding domain
(C domain) separates a highly variable NH2-terminal
region (A and B domains), which contains a ligand-independent activation region (AF-1), and a COOH-terminal
region, which includes a hinge region (D domain), the
ligand binding domain (E domain), and a variable F
domain. The ER E domain also harbors a nuclear localization signal, a dimerization region, and a ligand-dependent activation region (AF-2) as well as residues
which interact with heat shock protein 90 (hsp90) (1416). When estrogen binds, the ER undergoes a conformational change, which allows it to bind to its cognate
DNA target site, termed estrogen responsive elements
(EREs), located in the regulatory region of estrogen-inducible genes, thereby modulating the expression of estrogen responsive genes.
Bisphenol A [4,4′-isopropylidene-2-diphenol (BPA)], a
monomer used in the production of polycarbonate and
epoxy resins, has been shown to elicit ER-mediated
activity in a number of in vitro and in vivo assays. BPA
has been shown to compete with [3H]E2 for binding to
ERR and ERβ (11), and induce a number of in vitro
effects, including ERR- and ERβ-mediated reporter gene
activity (11), MCF-7 human breast cancer cell proliferation, progesterone receptor expression (17), vitellogenin
expression in carp hepatocytes (18), and prolactin release
in a pituitary tumor cell line (19).
High doses of BPA have been reported to elicit reproductive toxicity and abnormal cellular development in
rodents (20). However, unlike E2, BPA had no effect on
uterine weight in exposed rats at doses as high as 150
mg/kg of body weight, but induced peroxidase activity and
elevated progesterone receptor (PR) levels similar to that
of E2 (21). Furthermore, in cotreatment studies, BPA
antagonized the E2 stimulatory effects on both peroxidase activity and PR levels but did not inhibit E2-induced
increases in uterine weight, suggesting that BPA may
use a mechanism of action distinct from that of E2 (21).
BPA is readily metabolized in vivo through glucuronidation to BPA glucuronide (BPA-G), and subsequently excreted in the feces and urine (22, 23). Pharmacokinetic studies have shown that there is a clear
route dependency in the bioavailability of parent BPA,
with considerably higher systemic blood concentrations
of BPA after sc and intraperitoneal administration than
after oral administration (23).
There has been increasing concern regarding the
estrogenic activities of BPA as a result of reports that
trace levels can leach from the lining of food cans,
polycarbonate plastic ware, and dental resins (24, 25).
Consequently, the estrogenic activities of BPA and
BPA-G were investigated for their ability to compete with
[3H]E2 for binding to the recombinantly expressed glutathione S-tranferase (GST)-estrogen receptor R (ERR)
fusion protein, consisting of the D-F domains of hERR
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linked to GST, and to full-length ERβ proteins, to induce
and antagonize ERR- and ERβ-mediated reporter gene
expression in MCF-7 cells transfected with Gal4-hERRdef
or Gal-hERβdef and the Gal4-regulated luciferase reporter gene (17m5-G-Luc) in vitro. To account for pharmacodynamic and pharmacokinetic interactions that may
affect in vivo estrogenic activity, the ability of BPA to
induce a variety of uterine responses was investigated
in immature Sprague-Dawley rats using two different
routes of exposure.

Experimental Procedures
Chemicals. Bisphenol A (99.9% pure, Bayer AG) and bisphenol A glucuronide were provided by the BPA Global Industry
Group. Dimethyl sulfoxide (DMSO) and 17β-estradiol (E2) used
in the in vitro studies were obtained from Sigma (St. Louis, MO),
and E2 used in the in vivo studies was from Sigma (Poole,
Dorset, U.K.). [2,4,6,7,16,17-3H]E2 (123 Ci/mmol) was purchased
from New England Nuclear (Boston, MA). MicroScint 20 was
obtained from Packard Instruments (Meriden, CT). Vent DNA
polymerase was purchased from New England Biolabs (Beverly,
MA), and restriction enzymes were obtained from Roche/
Boehringer Mannheim (Indianapolis, IN). Phenol red-free Dulbecco’s modified Eagle’s medium (D-MEM) and medium supplements were from Life Technologies (Gaithesburg, MD). Fetal
bovine serum (FBS) and D-luciferin were purchased from
Intergen (Purchase, NY) and Molecular Probes (Eugene, OR),
respectively. All other chemicals and biochemicals were of the
highest quality available from commercial sources.
Animals. Immature female Alpk:APfSD rats (21-22 days
old) with body weights of 38-53 g were obtained from the
breeding unit at AstraZeneca (Alderley Park, U.K.). Animals
were housed in multiple rat racks suitable for animals of this
strain and the weight range expected during the course of the
study. Humidity was controlled, and a 12 h light/dark cycle was
maintained. Animals were weaned on Rat and Mouse No. 3
(RM3) breeding diet (Special Diets Services Ltd., Witham, Essex,
U.K.) until they were transferred to AstraZeneca Central
Toxicology Laboratory (CTL) and were then maintained on Rat
and Mouse No. 1 (RM1) maintenance diet, as previously
recommended (26). All animals were acclimatized to the laboratory for at least 18 h before being treated.
Construction of Plasmids. The plasmid pGEX-hERRdef
was constructed as previously described (27). The plasmid
pGal4-hERβdef (amino acids 204-530) was constructed by PCR
amplification of the hERβ (kindly provided by L. Murphy,
University of Manitoba, Winnipeg, MB), using the primers prhf (5′-caaactcgagcctgccgacttcggaagtgttacga-3′) and pr-hr (5′caaaggatcctcactgagactgtgggttctgg-3′). The fragment was digested with XhoI and BamHI and ligated into the similarly
digested eukaryotic expression vector containing the DNA
binding domain of the yeast transcription factor Gal4, pG4MpolyII
(kindy provided by P. Chambon, IGBMC CNRS-LGME, Illkirch
Cedex C. U. de Strasbourg, France). PCR amplification was
performed essentially as previously described (28) using Vent
DNA polymerase in a reaction mixture containing Thermopol
buffer, 200 µM dNTPs, 1 mM MgSO4, 500 nM primer, and 1.25
units of polymerase, which was heated to 94 °C for 5 min
followed by 35 rounds at 94 °C for 45 s, 60 °C for 45 s, and 72
°C for 105 s. The sequence of each construct was confirmed with
restriction enzyme digestion and ABI/Prism automated sequencing (Perkin-Elmer Applied Biosystems, Foster City, CA).
Expression and Purification of the GST-ER Fusion
Protein. Expression, purification, and characterization of the
GST-hERRdef fusion protein were carried out as previously
described (27).
Receptor Binding Assays. The partially purified GSThERRdef fusion protein or recombinant hERβ (PanVera, Madison, WI) was diluted in TEGD buffer [10 mM Tris (pH 7.6), 1.5
mM EDTA, 1 mM DTT, and 10% (v/v) glycerol] containing 1
mg/mL bovine serum albumin (BSA) as a carrier protein. For
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mouse uterine cytosol preparation, immature female CD-1 mice
were obtained from Charles River Laboratories (Wilmington,
MA) and maintained in a controlled environment (40-60%
humidity; 20-22 °C ambient temperature) on a 12 h light/dark
cycle. Harlen Teklad 22/5 Rodent Diet 8640 (Madison, WI) and
tap water were provided ad libitum. Uterine tissue from 21day-old CD-1 mice was excised, trimmed of excess fat and
connective tissue, weighed, and homogenized in 1.0 mL of TEGD
[10 mM Tris base, 1.5 mM EDTA, 10% glycerol, and 1.0 mM
DTT (pH 7.6)] per 50 mg of uterine tissue with 3 × 20 s bursts
using a Brinkman Polytron homogenizer at 50% output. Samples
were centrifuged at 3000g for 10 min at 4 °C. The supernatant
(cytosol) was centrifuged at 105000g for 1 h at 4 °C. The protein
concentration of the cytosol was adjusted to 2.0 mg/mL and the
protein stored at -80 °C.
Protein preparations and the mouse uterine cytosol were
incubated at 4 °C for 24 h and at 30 °C for 2 h, respectively,
with 2.5 nM [3H]E2 and increasing concentrations of unlabeled
competitor in 1 mL glass tubes arranged in a 96-well format
(Marsh Scientific, Rochester, NY). Protein preparations were
diluted to ensure 10 000 dpm of total binding (dilutions were
500-fold hERβ and 1500-fold GST-hERRdef). Binding assays
were initiated by adding 240 µL of the protein preparation to
glass tubes containing 5 µL of DMSO and 5 µL of [3H]E2; thus,
the solvent concentration did not exceed 4%. The amount of
nonspecific binding was determined in the presence of a 400fold excess of unlabeled E2. Bound [3H]E2 was separated from
free [3H]E2 using a 96-well filter plate and vacuum pump
harvester (Packard Instruments). Filter plates containing the
protein were washed with 3 × 50 mL of TEG [10 mM Tris buffer
(pH 7.6), 1.5 mM EDTA, and 10% (v/v) glycerol] and allowed to
dry under continued suction for 30 s. After drying, the undersides of the filter plates were sealed and 50 µL of MicroScint
20 scintillation cocktail was added to each well. The amount of
bound [3H]E2 was measured using a TopCount luminescense
and scintillation counter (Packard Instruments).
Each treatment was performed in quadruplicate, and results
are expressed as the percent specific binding of [3H]E2 versus
the log of the competitor concentration. The reported IC50 values
represent the concentration of test compound required to
displace 50% of the [3H]E2 from the ER preparation as compared
to the 50% displacement of [3H]E2 achieved by unlabeled E2.
These analyses were performed using GraphPad Prism 3.0
software (GraphPad Software Inc., San Diego, CA).
Cell Culture. MCF-7 human breast cancer estrogen receptor
positive cells (obtained from L. Murphy, University of Manitoba,
at passage 32-35) were maintained with phenol red-free
D-MEM supplemented with 10% FBS, 10 mM HEPES, 2 mM
L-glutamine, 500 µg/mL gentamicin, 2.5 µg/mL amphotericin B,
100 IU/mL penicillin G, and 100 µg/mL streptomycin. Cells were
cultured in a humidified environment at 37 °C with 5% CO2.
Transfection and Reporter Gene Assays. Transient transfections and gene transcription assays were performed essentially as previously described (29, 30). Briefly, MCF-7 cells
were seeded at approximately 50% confluency in six-well tissue
culture plates in medium supplemented with 5% dextran-coated
charcoal-treated fetal bovine serum (DCC-FBS) and allowed to
settle for 7 h. Cells were transiently transfected by the calcium
phosphate coprecipitation method (31) with 2.5 µg of 17m5-GLuc, 0.2 µg of Gal4-hERRdef, or 0.2 µg Gal4-hERβdef, along with
0.01 µg of pCMV-lacZ (β-galactosidase expression vector). Cells
were washed 16 h later with sterile phosphate-buffered saline
(PBS), and then fresh medium was added to each well.
Transiently transfected MCF-7 cells were exposed to final
concentrations ranging (i) from 1 nM to 10 µM for BPA or BPA-G
and (ii) from 1 pM to 10 nM for E2 or (iii) DMSO (solvent) alone.
Final concentrations were obtained by adding 2 µL of the test
chemical to 2 mL of the medium. Following incubation with the
sample for 24 h, cells were harvested and assayed for luciferase
activity according to the method described previously (32).
In the transiently transfected MCF-7 cells, the reference
plasmid pCMV-lacZ was cotransfected as an internal control to
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correct for differences in transfection efficiencies and extraction
differences. β-Galactosidase activity was measured according to
standard protocols (31). Each treatment was carried out in
duplicate, and two samples were taken from each replicate. Each
experiment was repeated three times. Values are reported as a
percentage relative to the maximum induction observed with
10 nM E2.
Uterotrophic Assay. The protocol for the uterotrophic assay
has been previously described (26, 33). Animals were treated
by either gavage or sc injection with BPA suspended in arachis
(peanut) oil. Clinical observations and body weights were
recorded daily. The dosing volume used in both studies was 5
mL/kg of body weight, calculated on the weight of the animal
immediately prior to administration. Animals were treated with
BPA for three consecutive days and were killed by an overdose
of halothane Ph Eur vapor approximately 24 h after the final
dose. The dose levels for the oral gavage study were 0.002, 0.02,
0.2, 1.0, 10, 100, 200, and 800 mg of BPA/kg/day with 10 animals
per treatment group. The dose levels for the sc injection study
were 0.002, 0.02, 0.2, 1.0, 10, 100, and 800 mg of BPA/kg/day
with 10 animals per treatment group. The high dose levels for
both studies were based on preliminary work which established
that oral and subcutaneous doses of up to 800 mg of BPA/kg/
day did not induce more than mild toxicity in the experimental
animals. The remaining dose levels were chosen by the BPA
Global Industry Group to cover a wide range of exposure to the
experimental animal. E2 was used as the positive control for
both studies, using a dose level of 0.4 mg/kg of body weight/
day, as recommended previously (26).
At necropsy, the uteri were excised, trimmed free of fat and
any adhering nonuterine tissue, pierced, and blotted to remove
excess fluid. The body of the uterus was cut just above its
junction with the cervix and at the junction of the uterine horn
and the ovaries. The uterus was then weighed (wet weight),
prior to bisection of the uterus at the junction of the uterine
horns. One uterine horn was reweighed (wet) and then dried in
a preweighed glass vial for a minimum of 24 h in an oven at a
temperature of 70 °C. After being dried, the sample was removed
and left to cool in a desiccator for a minimum of 1 h and the
uterine dry weight recorded. The other section of the uterus
was preserved in 10% neutral buffered formol saline and
processed for histopathological examination. Liver weight and
plasma alanine aminotransferase and aspartate aminotransferase levels were recorded, but the data are not presented in
this paper.
Statistical analysis was conducted using the SAS (1989)
package as follows: body weights, by analysis of covariance on
initial body weight; and uterus weight, by analysis of variance
and analysis of covariance on terminal body weights.

Results
Competitive Binding Ability of BPA and BPA-G.
The ability of BPA and BPA-G to compete with [3H]E2
for binding to mouse uterine ER, GST-hERRdef, and
commercially available baculovirus-expressed full-length
hERβ (Figure 1) preparations was investigated in vitro
using a semi-high-throughput competitive binding assay.
BPA competed for binding to each of the ER preparations;
however, the IC50 values varied among preparations
(Table 1). BPA bound to hERβ approximately 27- and 38fold better than GST-hERRdef and mouse uterine cytosol, respectively (Table 1). BPA-G did not competitively
displace [3H]E2 from any of the ER preparations (Figure
1) at the concentrations that were examined (1 nM to
100 µM). Concentrations of >100 µM were not examined
due to possible artifactual results from competitor ligand
precipitation.
Ability of BPA and BPA-G To Induce ERr- and
ERβ-Mediated Gene Expression. BPA and BPA-G
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Table 1. Summary of the IC50 Values of the Competitive Binding of 17β-Estradiol, Bisphenol A, and Bisphenol A
Glucuronide to GST-hERrdef, Recombinant hERβ, and Mouse Uterine Cytosol
IC50 (M)a
chemical

GST-hERRdef

hERβ

mouse cytosol

17β-estradiol
bisphenol A
bisphenol A glucuronide

(2.9 ( 0.5) × 10-9
(3.6 ( 1.6) × 10-5
nbb

(3.6 ( 0.4) × 10-9
(9.6 ( 2.3) × 10-7
nb

(3.0 ( 0.2) × 10-9
(2.6 ( 1.1) × 10-5
nb

a IC
b
50 values represent the means and standard deviations from three independent experiments. nb denotes nonbinder since this
chemical did not displace more than 10% of the [3H]E2 at the highest concentration that was examined (100 µM).

Figure 2. Effect of BPA and BPA glucuronide on reporter gene
expression. MCF-7 cells transiently transfected with Gal4human estrogen receptor R (Gal4-hERRdef) or Gal4-human
estrogen receptor β (Gal4-hERβdef) and the Gal4-regulated
reporter gene (17m-5-G-Luc) were treated with (b) E2, (O) BPA,
or (9) BPA-G. Luciferase activity was measured 24 h after
treatment as described in Experimental Procedures. The data
are the results from a representative experiment that was
repeated three times.
Table 2. Summary of the Ability of 17β-estradiol,
Bisphenol A, and Bisphenol A Glucuronide to Induce
Estrogen Receptor-mediated Gene Expression

Figure 1. Competitive binding of BPA and BPA glucuronide
to (A) the mouse uterine ER, (B) GST-hERRdef, and (C)
recombinant hERβ. Protein preparations were incubated with
2.5 nM [3H]E2 and increasing concentrations of unlabeled (b)
E2, (O) BPA, or (9) BPA-G. The competitive displacement of
radioligand was assessed using a vacuum pump filteration
method as described in Experimental Procedures. Displacement
curves were obtained for E2 and BPA. No significant displacement was observed with BPA-G. The data are the results from
a representative experiment that was repeated three times.

induction of ER-mediated gene expression was assessed
by measuring luciferase activity using MCF-7 cells
cotransfected with Gal4-hERRdef or Gal4-hERβdef and
the Gal4-regulated luciferase reporter gene, 17m5-G-Luc.
The results in Figure 2 show that E2 treatment of
transiently transfected MCF-7 cells with either Gal4hERRdef or Gal4-hERβdef caused a concentration-dependent increase in luciferase activity. The EC50 values
for this response were similar for both chimeric receptors
(Table 2). MCF-7 cells transiently transfected with Gal4hERRdef and Gal4-hERβdef exhibited a maximum induction response of approximately 30- and 20-fold, respectively, following treatment with 10 nM E2.

EC50 (M)a
chemical

Gal4-hERRdef

Gal4-hERβdef

17β-estradiol
(5.3 ( 2.1) × 10-11 (8.3 ( 2.9) × 10-11
bisphenol A
(7.1 ( 2.9) × 10-7 (4.5 ( 1.8) × 10-7
bisphenol A glucuronide nib
ni
a EC values represent the means and standard deviations from
50
three independent experiments. b ni denotes no induction.

BPA caused a dose-dependent increase in luciferase
activity in MCF-7 cells transiently transfected with either
Gal4-hERRdef or Gal4-hERβdef (Figure 2). The EC50
values for the response were similar for both ERR and
ERβ (Table 2). Concentrations of >10 µM were not
examined due to visible precipitation in the medium.
BPA-G did not significantly induce ERR- or ERβ-mediated luciferase activity at the highest concentration that
was examined (10 µM) (Figure 2). Similar results were
observed using a Gal4-mERβdef consutruct (data not
shown). Induction of luciferase activity by BPA was
absent in transiently transfected MCF-7 cells if the
chimeric construct, Gal4-hERRdef or Gal4-hERβdef, was
not cotransfected (data not shown).
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control group (Table 3). As expected, the uterine wet and
dry weights in the positive control group were significantly increased compared with those of the vehicle
control group.
Minimal to moderate endometrial hypertrophy/hyperplasia was observed in eight of the females treated with
800 mg of BPA/kg/day (Table 4). This effect was similar
to, but less pronounced than, that of the positive control
group (treated with 0.4 mg of E2/kg/day), where all the
females exhibited moderate or marked change. Doserelated increases in severity of endometrial glandular
epithelial apoptosis and the number of stromal neutrophils were observed in females treated with 200 or 800
mg of BPA/kg/day and also in the positive control group
animals, where the increases were greater than those
observed in the BPA-treated animals. An increased
incidence and severity of lumenal epithelial apoptosis was
also observed in females treated with 800 mg of BPA/
kg/day, although this was not observed in the positive
control group. There were no treatment-related microscopic changes observed in the uteri of the animals from
the remaining groups.
One female in the group treated with 800 mg of BPA/
kg/day was killed humanely due to adverse clinical signs,
although there were no abnormalities observed at necropsy that could explain these signs. There was no effect of
treatment on body weight gain.
Uterine Effects following Subcutaneous Injection
of BPA. There was a slight but significant reduction in
normalized body weight over the treatment period in the

Figure 3. Effect of BPA and BPA-G cotreatment on E2
induction of reporter gene activity. MCF-7 cells transiently
transfected with Gal4-human estrogen receptor R (Gal4hERRdef) or Gal4-human estrogen receptor β (Gal4-hERβdef)
and the Gal4-regulated reporter gene (17m-5-G-Luc) were
cotreated with 10 nM E2 and 10 µM BPA or 10 µM BPA-G. The
data are the results from a representative experiment that was
repeated two times.

Figure 3 illustrates that cotreatment of MCF-7 cells
with 10 µM BPA or BPA-G did not result in significant
changes in the E2 induction of luciferase activity in
MCF-7 cells transiently transfected with either Gal4hERRdef or Gal4-hERβdef.
Uterine Effects following Oral Administration of
BPA. There was a significant increase in mean uterine
wet and dry weight in the groups treated with 200 and
800 mg of BPA/kg/day in comparison with the vehicle

Table 3. Effect of Oral Gavage of Bisphenol A on Blotted and Dry Uterine Weight in Rats

arachis oil
bisphenol A
bisphenol A
bisphenol A
bisphenol A
bisphenol A
bisphenol A
bisphenol A
bisphenol A
17β-estradiol
a

dose level
(mg/kg/day)

no. of
animals

terminal body
weight (g)
(mean ( SD)

0
0.002
0.02
0.2
1
10
100
200
800
0.4

10
10
10
10
10
10
10
10
9
10

61.7 ( 4.5
61.2 ( 6.1
59.8 ( 6.3
60.5 ( 8.4
61.2 ( 6.6
61.8 ( 6.3
60.6 ( 6.9
61.8 ( 5.5
60.7 ( 6.7
61.4 ( 5.1

uterus
weight (mg)
(mean ( SD)

uterus
blotted weight
(mg) (mean ( SD)

uterus
dry weight
(mg) (mean ( SD)

1/ uterus
2
percent loss
on drying
(mean ( SD)

29 ( 9
34 ( 8
31 ( 9
31 ( 9
33 ( 9
30 ( 11
29 ( 6
36 ( 8a
58 ( 14b
109 ( 19b

13 ( 3
16 ( 3
15 ( 3
15 ( 4
16 ( 4a
13 ( 3
14 ( 3
17 ( 4a
28 ( 6b
52 ( 11b

3.4 ( 0.04
3.8 ( 0.09
3.8 ( 0.06
3.7 ( 0.12
4.3a ( 0.11
3.7 ( 0.09
3.6 ( 0.08
4.3 ( 0.07a
6.0 ( 0.08b
10.3 ( 0.18b

73.3 ( 3.8
75.9 ( 2.2
73.4 ( 3.6
75.4 ( 3.1
73.7 ( 5.2
71.8 ( 5.5
74.0 ( 3.0
74.4 ( 2.2
78.1 ( 2.6b
80.0 ( 1.1b

1/

2

1/

2

p < 0.05 with a Student’s t test (two-sided). b p < 0.01 with a Student’s t test (two-sided).
Table 4. Microscopic Changes in the Uterus following Oral Gavage of Bisphenol A

no. of animals
endometrial hypertrophy/hyperplasia
minimal
slight
moderate
marked
endometrial epithelial apoptosis (lumen)
minimal
slight
moderate
endometrial epithelial apoptosis (glands)
minimal
slight
moderate
increased stromal neutrophils
minimal
slight
moderate
a

0a

0.002a

0.02a

0.2a

1a

10a

100a

200a

800a

0.4b

10

10

10

10

10

10

10

10

9

10

0
0
0
0

0
0
0
0

0
0
0
0

0
0
0
0

0
0
0
0

0
0
0
0

0
0
0
0

2
0
0
0

4
3
1
0

0
0
8
2

1
0
0

0
0
0

0
0
0

1
0
0

0
0
0

0
0
0

1
0
0

0
1
0

3
2
1

3
0
0

7
0
0

5
0
0

4
0
0

8
0
0

4
0
0

5
0
0

6
0
0

6
2
0

3
1
3

0
1
8

0
0
0

0
0
0

0
0
0

0
0
0

0
0
0

0
0
0

0
0
0

2
0
0

4
4
0

0
2
8

Milligrams of BPA per kilogram of body weight per day. b Milligram of E2 per kilogram of body weight per day.
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Table 5. Effect of Subcutaneous Administration of Bisphenol A on Blotted and Dry Uterine Weight in Rats

arachis oil
bisphenol A
bisphenol A
bisphenol A
bisphenol A
bisphenol A
bisphenol A
bisphenol A
17β-estradiol
a

dose level
(mg/kg/day)

no. of
animals

terminal body
weight (g)
(mean ( SD)

0
0.002
0.02
0.2
1
10
100
800
0.4

10
10
10
10
10
10
10
10
10

63.3 ( 2.4
61.9 ( 4.5
61.4 ( 3.4
63.4 ( 6.4
66.5 ( 3.5
66.4 ( 1.7
64.4 ( 2.4
62.6 ( 4.0
62.4 ( 5.8

uterus
weight (mg)
(mean ( SD)

uterus
blotted weight
(mg) (mean ( SD)

uterus
dry weight
(mg) (mean ( SD)

1/ uterus
2
percent loss
on drying
(mean ( SD)

42 ( 8
41 ( 14
48 ( 21
37 ( 8
43 ( 10
44 ( 10
51 ( 5
91 ( 33b
135 ( 14b

19 ( 5.1
19 ( 5.6
22 ( 11
16 ( 3.3
21 ( 4.2
19 ( 4.9
22 ( 3.7
42 ( 14
60 ( 6.4b

2.9 ( 1.7
3.0 ( 2.7
3.3 ( 4.7
1.6 ( 1.4
3.0 ( 2.4
2.0 ( 2.1
1.2 ( 1.2
4.3 ( 3.7
7.7 ( 2.4b

85.3 ( 6.7
85.2 ( 13.4
88.7 ( 10.5
90.1 ( 7.8
86.7 ( 9.1
89.5 ( 12.8
94.9 ( 4.7a
90.7 ( 6.0
87.5 ( 3.4

1/

1/

2

2

p < 0.05 with a Student’s t test (two-sided). b p < 0.01 with a Student’s t test (two-sided).
Table 6. Microscopic Changes in the Uterus following Subcutaneous Administration of Bisphenol A

no. of animals
endometrial hypertrophy/hyperplasia
minimal
slight
moderate
marked
endometrial epithelial apoptosis (lumen)
minimal
slight
moderate
endometrial epithelial apoptosis (glands)
minimal
slight
moderate
increased stromal neutrophils
minimal
slight
moderate
vacuolar degeneration of the endometrial epithelium
minimal
slight
mononuclear cell infiltration (total)
minimal
a

0a

0.002a

0.02a

0.2a

1a

10a

100a

800a

0.4b

10

10

10

10

10

10

10

10

10

0
0
0
0

0
0
0
0

0
0
0
0

0
0
0
0

0
0
0
0

0
0
0
0

8
0
0
0

0
1
8
1

0
0
2
8

0
0
0

0
0
0

0
0
0

0
0
0

0
0
0

6
0
0

1
9
0

4
0
2

0
0
0

0
0
0

0
0
0

0
0
0

0
0
0

0
0
0

6
0
0

1
9
0

1
3
5

3
3
1

0
0
0

0
0
0

0
0
0

0
0
0

0
0
0

0
0
0

10
0
0

2
8
0

0
1
9

0
0
0
0

0
0
0
0

0
0
0
0

0
0
0
0

0
0
0
0

0
0
0
0

0
0
1
1

0
0
0
0

5
2
0
0

Milligrams of BPA per kilogram of body weight per day. b Milligram of E2 per kilogram of body weight per day.

group treated with 800 mg of BPA/kg/day and in the
positive control group in comparison with the control
group (data not shown).
There was a significant increase in mean uterine wet
and dry weights in the group treated with 800 mg of BPA/
kg/day, compared with those in the vehicle control group
(Table 5). The mean uterine wet weight for the group
treated with 100 mg of BPA/kg/day was also increased,
but was not statistically significance. As expected, the
uterine wet and dry weights in the positive control group
were significantly increased compared with those of the
vehicle control group.
Slight to marked endometrial hypertrophy/hyperplasia
was observed in all females treated with 800 mg of BPA/
kg/day (Table 6). This effect was similar to, but less
pronounced than, that of the positive control group
(treated with 0.4 mg of E2/kg/day). At 100 mg of BPA/
kg/day, eight females were observed with minimal change.
Increases in the severity of endometrial glandular epithelial apoptosis were observed in females treated with
10, 100, or 800 mg of BPA/kg/day. These findings were
also observed in the positive control group animals, where
the increase and severity were lower than those observed
in the animals treated with 800 mg of BPA. Increases in
the number of stromal neutrophils were observed in
females treated with 100 or 800 mg of BPA/kg/day. These
findings were also observed in the positive control group

animals, where the increases were higher than those
observed in the animals treated with 800 mg of BPA.
Luminal epithelial apoptosis was observed in females
treated with 10, 100, and 800 mg of BPA/kg/day, with
the highest incidence occurring in the group treated with
100 mg of BPA, although this was not observed in the
positive control group. There were no treatment-related
microscopic changes observed in the uteri of the animals
from the remaining groups. There were no clinical signs
observed during the study that were considered to be
related to treatment.

Discussion
The ligand binding affinities of ERR and ERβ proteins
for physiological ligands, such as E2, are quite similar
(12). However, differences in ligand preference and
relative binding affinity between subtypes for other
estrogenic chemicals and phytoestrogens have been
demonstrated (11, 34, 35) and were observed in this
study. BPA exhibited a 38- and 27-fold greater ability to
compete for binding to ERβ than to GST-hERRdef and
mouse uterine cytosol, respectively. This differential
binding is comparable to previously reported IC50 values
(12), although lower values have been reported for other
ERβ preparations (11). The reported differences may be
due to the use of a baculovirus/SF9-expressed ERβ
preparation in the current study that included an ad-
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ditional 53 amino acid residues at the N-terminus (36),
which was absent from earlier clones (10, 37) and not
present in the ERβ protein preparations used in other
binding studies (11, 12). Nevertheless, the amino acid
sequences within the respective ligand binding domains
are identical in all of the competitive binding studies.
Differences in reported ERβ IC50 values for the same
ligand among studies may also be due to variation in
assay protocols. In contrast, BPA-G did not compete with
[3H]E2 for binding to either protein preparation.
Other studies have also reported differences in the
relative binding affinity between ERR and ERβ for the
same compound. For example, an aryl-substituted pyrazole exhibited higher binding affinity for ERR and 120fold greater potency in transactivational activity than
ERβ (35). In addition, genistein has been shown to
preferentially bind with 30-fold greater potency to hERβ
than to hERR (12). The overall structure of the ERβ
ligand binding pocket is similar to that of ERR with
ligand binding being achieved by a combination of specific
hydrogen bonding interactions and the hydrophobic
nature of the binding pocket (38-40). It has been
suggested that the preference for genistein may be
attributed to two conservative mutations within the
binding pocket that further stabilize the hERβ-genistein
complex (38).
BPA has been shown to exhibit mixed agonist and
antagonistic effects through ERR while behaving solely
as an agonist through ERβ (41). However, in the current
study, no antagonistic effects were observed. Despite the
preferential binding for hERβ, BPA exhibited an activity
in Gal4-hERβdef reporter gene induction that was <2fold greater than the activity in Gal4-hERRdef. The lack
of correlation between binding affinity and transactivational activity may be due, in part, to alterations in the
ability of the liganded ER complex to bind DNA (42, 43).
Differential interactions between ERR and ERβ with
cellular proteins, such as coactivators, may also be a
contributing factor (44). Crystal structure data for ERβ
complexed with genistein indicate that helix 12, which
interacts with coactivators, is positioned along a cleft
rather than over the binding cavity as seen ERR-E2 and
ERR-diethylstilbestrol structures (39, 45). Therefore, the
ligand-dependent positioning of helix 12 may account for
the difference in the ability of genistein to induce ERRand ERβ-mediated gene expression, despite the greater
affinity for ERβ. To date, no ERR-genistein structure
has been reported to support this hypothesis.
In vivo effects of BPA on uterine weight and uterine
microscopic changes were examined in immature rats
treated by gavage to mimic the primary route of exposure,
and by sc to bypass hepatic first-pass elimination and
subsequent metabolism to BPA-G. Increases in wet and
dry uterine weight were observed at doses of 800 mg of
BPA/kg/day for administration by both routes of exposure
and also at a dose of 200 mg of BPA/kg/day for oral
administration. The effects on uterine weight are consistent with other recent reports (46, 47). However, rat
strain differences in vaginal responses to BPA have been
reported (48). In addition, sc administration of BPA has
been shown to increase uterine wet weight in B6C3F1
mice at doses ranging from 0.02 to 8 mg/day (49). EC50
values of 0.72 mg of BPA/day and 19.4 ng of E2/day have
been estimated for this response (49), although it has
been argued that these values do not represent true
potency comparisons, since BPA-induced a <2-fold in-
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crease in uterine weight compared to a >5-fold increase
induced by E2 (50). Tinwell and co-workers (51) were
unable to demonstrate that BPA is reproducibly active
in the mouse uterotrophic assay in which AP mice were
treated with either by sc or gavage with doses ranging
from 0.02 µg/kg to 300 mg/kg of BPA. This is also
consistent with the work of Coldham et al. (52), where
sc injection of BPA failed to increase uterine weight at
dose levels of 3, 33, and 330 mg/kg.
Increases in the incidence of endometrial hypertrophy,
endometrial epithelial apoptosis in the lumen, and endometrial and stromal neutrophils were observed in
gavaged rats treated with 200 and 800 mg of BPA/kg/
day. Subcutaneous injections of 10, 100, and 800 mg of
BPA/kg/day also increased the incidence of changes in
the microscopic structure of the uterus. These microscopic
findings are similar to effects induced by other weak
estrogen agonists (53) and are consistent with vaginal
cornification results (47).
BPA has also been shown to induce molecular, cellular,
and tissue level effects in rats at doses that did not induce
uterine weight. BPA induced progesterone receptor expression in rats treated with 5-150 mg/kg (21). Similarly,
BPA and the phytoestrogen, diadzin, were weak stimulators of uterine growth in rat, but were able to alter the
expression of the androgen receptor, the estrogen receptor, and complement 3 (54). Therefore, weak estrogenic
chemicals can induce changes at the gene expression and
cellular levels without affecting uterine weight. However,
the toxicological significance of these changes is unclear.
At low doses that do not induce uterine wet weight,
gestational exposure of mice to BPA has been reported
to affect accessory reproductive organ weights and daily
sperm production in male offspring (55, 56). In contrast,
other rodent studies indicate that 0.2-200 µg of BPA/
kg/day in drinking water does not affect reproductive
organ development or sperm counts (57, 58). These
contradictory results observed in similar assays make the
assessment of BPA and other xenoestrogens a contentious issue that needs to be resolved (50).
The results of this study demonstrate that BPA
exhibits a greater ability to compete for binding to ERβ
than to ERR. However, the ability of BPA to induce
reporter gene expression mediated by either isotype is
comparable. In addition, these results demonstrate that
there is a clear route of administration dependency on
the ability of BPA to induce uterine responses, as
observed in Long Evans rats (59). This route dependency
supports results from competitive binding and reporter
gene assays that demonstrate the BPA-G does not exhibit
significant estrogenic activity in the uterus, since BPA
is more rapidly metabolized to BPA-G when administered
by gavage than when administered by sc injection (23).

Acknowledgment. We thank Mark Fielden and
other members of the lab for their helpful discussions
during the course of these studies. This work was
supported by the BPA Global Industry Group.

References
(1) Safe, S. H. (2000) Endocrine Disruptors and Human Health-Is
There a Problem? An Update. Environ. Health Perspect. 108,
487-493.
(2) Carlsen, E., Giwercman, A., Keiding, N., and Skakkebaek, N. E.
(1995) Declining semen quality and increasing incidence of
testicular cancer: is there a common cause? Environ. Health
Perspect. 103, 137-139.

156

Chem. Res. Toxicol., Vol. 14, No. 2, 2001

(3) Sharpe, R. M., and Skakkebaek, N. E. (1993) Are oestrogens
involved in falling sperm counts and disorders of the male
reproductive tract? Lancet 341, 1392-1395.
(4) Irvine, D. S. (1994) Falling sperm quality. Br. Med. J. 309, 476.
(5) Reijnders, P. J. (1986) Reproductive failure in common seals
feeding on fish from polluted coastal waters. Nature 324, 456457.
(6) Guillette, L. J. J., Gross, T. S., Masson, G. R., Matter, J. M.,
Percival, H. F., and Woodward, A. R. (1994) Developmental
abnormalities of the gonad and abnormal sex hormone concentrations in juvenile alligators from contaminated and control lakes
in Florida. Environ. Health Perspect. 102, 680-688.
(7) Fry, D. M. (1995) Reproductive effects in birds exposed to
pesticides and industrial chemicals. Environ. Health Perspect.
103, 165-171.
(8) Von Westernhagen, H., Rosenthal, H., Dethlefsen, V., Ernst, W.,
Harms, U. L., and Hansen, P. D. (1981) Bioaccumulating substances and reproductive success in the Baltic flounder, Platichthys flesus. Aquat. Toxicol. 1, 85-99.
(9) Evans, R. (1988) The steroid and thyroid hormone receptor
superfamily. Science 240, 889-895.
(10) Mosselman, S., Polman, J., and Dijkema, R. (1996) ER beta:
identification and characterization of a novel human estrogen
receptor. FEBS Lett. 392, 49-53.
(11) Kuiper, G. G., Lemmen, J. G., Carlsson, B., Corton, J. C., Safe,
S. H., van der Saag, P. T., van der Burg, B., and Gustafsson, J.
A. (1998) Interaction of estrogenic chemicals and phytoestrogens
with estrogen receptor beta. Endocrinology 139, 4252-4263.
(12) Kuiper, G. G., Carlsson, B., Grandien, K., Enmark, E., Haggblad,
J., Nilsson, S., and Gustafsson, J. A. (1997) Comparison of the
ligand binding specificity and transcript tissue distribution of
estrogen receptors alpha and beta. Endocrinology 138, 863870.
(13) Tenbaum, S., and Baniahmad, A. (1997) Nuclear receptors:
structure, function and involvement in disease. Int. J. Biochem.
Cell Biol. 29, 1325-1341.
(14) Webster, N. J., Green, S., Jin, J. R., and Chambon, P. (1988) The
hormone-binding domains of the estrogen and glucocorticoid
receptors contain an inducible transcription activation function.
Cell 54, 199-207.
(15) White, R., Fawell, S. E., and Parker, M. G. (1991) Analysis of
oestrogen receptor dimerisation using chimeric proteins. J.
Steroid Biochem. Mol. Biol. 40, 333-341.
(16) Danielian, P. S., White, R., Lees, J. A., and Parker, M. G. (1992)
Identification of a conserved region required for hormone dependent transcriptional activation by steroid hormone receptors.
EMBO J. 11, 1025-1033.
(17) Krishnan, A. V., Stathis, P., Permuth, S. F., Tokes, L., and
Feldman, D. (1993) Bisphenol-A: an estrogenic substance is
released from polycarbonate flasks during autoclaving. Endocrinology 132, 2279-2286.
(18) Smeets, J. M., van Holsteijn, I., Giesy, J. P., Seinen, W., and van
den Berg, M. (1999) Estrogenic potencies of several environmental
pollutants, as determined by vitellogenin induction in a carp
hepatocyte assay. Toxicol. Sci. 50, 206-213.
(19) Chun, T. Y., and Gorski, J. (2000) High concentrations of
bisphenol A induce cell growth and prolactin secretion in an
estrogen-responsive pituitary tumor cell line. Toxicol. Appl.
Pharmacol. 162, 161-165.
(20) Morrissey, R. E., George, J. D., Price, C. J., Tyl, R. W., Marr, M.
C., and Kimmel, C. A. (1987) The developmental toxicity of
bisphenol A in rats and mice. Fundam. Appl. Toxicol. 8, 571582.
(21) Gould, J. C., Leonard, L. S., Maness, S. C., Wagner, B. L., Conner,
K., Zacharewski, T., Safe, S., McDonnell, D. P., and Gaido, K. W.
(1998) Bisphenol A interacts with the estrogen receptor alpha in
a distinct manner from estradiol. Mol. Cell. Endocrinol. 142, 203214.
(22) Knaak, J. B., and Sullivan, L. J. (1966) Metabolism of bisphenol
A in the rat. Toxicol. Appl. Pharmacol. 8, 175-184.
(23) Pottenger, L. H., Domoradzki, J. Y., Markham, D. A., Hansen, S.
C., Cagen, S. Z., and Waechter, J. M., Jr. (2000) The relative
bioavailability and metabolism of bisphenol A in rats is dependent
upon the route of administration. Toxicol. Sci. 54, 3-18.
(24) Brotons, J. A., Olea-Serrano, M. F., Villalobos, M., Pedraza, V.,
and Olea, N. (1995) Xenoestrogens released from lacquer coatings
in food cans. Environ. Health Perspect. 103, 608-612.
(25) Olea, N., Pulgar, R., Perez, P., Olea-Serrano, F., Rivas, A., NovilloFertrell, A., Pedraza, V., Soto, A. M., and Sonnenschein, C. (1996)
Estrogenicity of resin-based composites and sealants used in
dentistry. Environ. Health Perspect. 104, 298-305.
(26) Odum, J., Lefevre, P. A., Tittensor, S., Paton, D., Routledge, E.
J., Beresford, N. A., Sumpter, J. P., and Ashby, J. (1997) The

Matthews et al.

(27)

(28)

(29)

(30)

(31)

(32)

(33)

(34)

(35)

(36)

(37)

(38)

(39)

(40)

(41)

(42)

(43)

(44)

(45)

rodent uterotrophic assay: critical protocol features, studies with
nonyl phenols, and comparison with a yeast estrogenicity assay.
Regul. Toxicol. Pharmacol. 25, 176-188.
Matthews, J. B., and Zacharewski, T. R. (2000) Differential
binding affinities of PCBs, HO-PCBs and Aroclors with recombinant human, rainbow trout (Onchorhynkiss mykiss) and reptilian (Anolis carolinensis) estrogen receptors using a semihigh throughput competitive binding assay. Toxicol. Sci. 53, 326339.
Gillesby, B., and Zacharewski, T. R. (1999) pS2 (TFF2) mRNA
levels in human breast tumor samples: correlation with clinical
and histological prognostic markers. Breast Cancer Res. Treat.
56, 253-265.
Balaguer, P., Joyeux, A., Denison, M. S., Vincent, R., Gillesby,
B. E., and Zacharewski, T. (1996) Assessing the estrogenic and
dioxin-like activities of chemicals and complex mixtures using in
vitro recombinant receptor-reporter gene assays. Can. J. Physiol.
Pharmacol. 74 (2), 216-222.
Zacharewski, T. R., Meek, M. D., Clemons, J. H., Wu, Z. F.,
Fielden, M. F., and Matthews, J. B. (1998) Examination of the in
vitro and in vivo estrogenic activities of eight commercial phthalate esters. Toxicol. Sci. 46, 282-293.
Sambrook, J., Fristch, E. F., and Maniatis, T. (1989) Molecular
Cloning. A Laboratory Manual, Cold Spring Harbor Laboratory
Press, Plainview, NY.
Brasier, A. R., Tate, J. E., and Habener, J. F. (1989) Optimized
use of the firefly luciferase assay as a reporter gene in mammalian
cell lines. BioTechniques 7, 1116-1122.
Wakeling, A. E., Dukes, M., and Bowler, J. (1991) A potent specific
pure antiestrogen with clinical potential. Cancer Res. 51, 38673873.
Barkhem, T., Carlsson, B., Nilsson, Y., Enmark, E., Gustafsson,
J., and Nilsson, S. (1998) Differential response of estrogen
receptor alpha and estrogen receptor beta to partial estrogen
agonists/antagonists. Mol. Pharmacol. 54, 105-112.
Sun, J., Meyers, M. J., Fink, B. E., Rajendran, R., Katzenellenbogen, J. A., and Katzenellenbogen, B. S. (1999) Novel ligands
that function as selective estrogens or antiestrogens for estrogen
receptor-alpha or estrogen receptor-beta. Endocrinology 140, 800804.
Ogawa, S., Inoue, S., Watanabe, T., Hiroi, H., Orimo, A., Hosoi,
T., Ouchi, Y., and Muramatsu, M. (1998) The complete primary
structure of human estrogen receptor beta (hER beta) and its
heterodimerization with ER alpha in vivo and in vitro. Biochem.
Biophys. Res. Commun. 243, 122-126.
Kuiper, G. G., Enmark, E., Pelto-Huikko, M., Nilsson, S., and
Gustafsson, J. A. (1996) Cloning of a novel receptor expressed in
rat prostate and ovary. Proc. Natl. Acad. Sci. U.S.A. 93, 59255930.
Pike, A. C., Brzozowski, A. M., Hubbard, R. E., Bonn, T., Thorsell,
A. G., Engström, O., Ljunggren, J., Gustafsson, J., and Carlquist,
M. (1999) Structure of the ligand-binding domain of oestrogen
receptor beta in the presence of a partial agonist and a full
antagonist. EMBO J. 18, 4608-4618.
Brzozowski, A. M., Pike, A. C., Dauter, Z., Hubbard, R. E., Bonn,
T., Engstrom, O., Ohman, L., Greene, G. L., Gustafsson, J. A.,
and Carlquist, M. (1997) Molecular basis of agonism and antagonism in the oestrogen receptor. Nature 389, 753-758.
Tanenbaum, D. M., Wang, Y., Williams, S. P., and Sigler, P. B.
(1998) Crystallographic comparison of the estrogen and progesterone receptor’s ligand binding domains. Proc. Natl. Acad. Sci.
U.S.A. 95, 5998-6003.
Hiroi, H., Tsutsumi, O., Momoeda, M., Takai, Y., Osuga, Y., and
Taketani, Y. (1999) Differential interactions of bisphenol A and
17β-estradiol with estrogen receptor R (ERR) and ERβ. Endocr.
J. 46, 773-778.
Christman, J. K., Nehls, S., Polin, L., and Brooks, S. C. (1995)
Relationship between estrogen structure and conformational
changes in estrogen receptor/DNA complexes. J. Steroid Biochem.
Mol. Biol. 54, 201-210.
Pennie, W. D., Aldridge, T. C., and Brooks, A. N. (1998) Differential activation by xenoestrogens of ER alpha and ER beta
when linked to different response elements. J. Endocrinol. 158,
R11-R14.
Paige, L. A., Christensen, D. J., Gron, H., Norris, J. D., Gottlin,
E. B., Padilla, K. M., Chang, C. Y., Ballas, L. M., Hamilton, P.
T., McDonnell, D. P., and Fowlkes, D. M. (1999) Estrogen receptor
(ER) modulators each induce distinct conformational changes in
ER alpha and ER beta. Proc. Natl. Acad. Sci. U.S.A. 96, 39994004.
Shiau, A. K., Barstad, D., Loria, P. M., Cheng, L., Kushner, P.
J., Agard, D. A., and Greene, G. L. (1998) The structural basis of

Estrogenic Activity of BPA and BPA-G

(46)
(47)

(48)

(49)

(50)
(51)
(52)

(53)

estrogen receptor/coactivator recognition and the antagonism of
this interaction by tamoxifen. Cell 95, 927-937.
Ashby, J., and Tinwell, H. (1998) Uterotrophic activity of bisphenol A in the immature rat. Environ. Health Perspect. 106, 719720.
Ashby, J., Odum, J., Paton, D., Lefevre, P. A., Beresford, N., and
Sumpter, J. P. (2000) Re-evaluation of the first synthetic estrogen,
1-keto-1,2,3,4-tetrahydrophenanthrene, and bisphenol A, using
both the ovariectomised rat model used in 1933 and additional
assays. Toxicol. Lett. 115, 231-238.
Long, X., Steinmetz, R., Ben-Jonathan, N., Caperell-Grant, A.,
Young, P. C., Nephew, K. P., and Bigsby, R. M. (2000) Strain
differences in vaginal responses to the xenoestrogen bisphenol
A. Environ. Health Perspect. 108, 243-247.
Papaconstantinou, A. D., Umbreit, T. H., Fisher, B. R., Goering,
P. L., Lappas, N. T., and Brown, K. M. (2000) Bisphenol A-induced
increase in uterine weight and alterations in uterine morphology
in ovariectomized B6C3F1 mice: role of the estrogen receptor.
Toxicol. Sci. 56, 332-339.
Safe, S. (2000) Bisphenol A and related endocrine disruptors.
Toxicol. Sci. 56, 251-252.
Tinwell, H., Joiner, R., Pate, I., Soames, A., Foster, J., and Ashby,
J. (2000) Uterotrophic activity of bisphenol A in the immature
mouse. Regul. Toxicol. Pharmacol. 32, 118-126.
Coldham, N. G., Dave, M., Sivapathasundaram, S., McDonnell,
D. P., Connor, C., and Sauer, M. J. (1997) Evaluation of a
recombinant yeast cell estrogen screening assay. Environ. Health
Perspect. 105, 734-742.
Branham, W. S., Zehr, D. R., and Sheehan, D. M. (1993)
Differential sensitivity of rat uterine growth and epithelium
hypertrophy to estrogens and antiestrogens. Proc. Soc. Exp. Biol.
Med. 203, 297-303.

Chem. Res. Toxicol., Vol. 14, No. 2, 2001 157
(54) Diel, P., Schulz, T., Smolnikar, K., Strunck, E., Vollmer, G., and
Michna, H. (2000) Ability of xeno- and phytoestrogens to modulate
expression of estrogen-sensitive genes in rat uterus: estrogenicity
profiles and uterotropic activity. J. Steroid Biochem. Mol. Biol.
73, 1-10.
(55) Nagel, S. C., vom Saal, F. S., Thayer, K. A., Dhar, M. G., Boechler,
M., and Welshons, W. V. (1997) Relative binding affinity-serum
modified access (RBA-SMA) assay predicts the relative in vivo
bioactivity of the xenoestrogens bisphenol A and octylphenol [see
comments]. Environ. Health Perspect. 105, 70-76.
(56) vom Saal, F. S., Cooke, P. S., Buchanan, D. L., Palanza, P.,
Thayer, K. A., Nagel, S. C., Parmigiani, S., and Welshons, W. V.
(1998) A physiologically based approach to the study of bisphenol
A and other estrogenic chemicals on the size of reproductive
organs, daily sperm production, and behavior. Toxicol. Ind. Health
14, 239-260.
(57) Cagen, S. Z., Waechter, J. M., Jr., Dimond, S. S., Breslin, W. J.,
Butala, J. H., Jekat, F. W., Joiner, R. L., Shiotsuka, R. N.,
Veenstra, G. E., and Harris, L. R. (1999) Normal reproductive
organ development in Wistar rats exposed to bisphenol A in the
drinking water. Regul. Toxicol. Pharmacol. 30, 130-139.
(58) Cagen, S. Z., Waechter, J. M., Jr., Dimond, S. S., Breslin, W. J.,
Butala, J. H., Jekat, F. W., Joiner, R. L., Shiotsuka, R. N.,
Veenstra, G. E., and Harris, L. R. (1999) Normal reproductive
organ development in CF-1 mice following prenatal exposure to
bisphenol A. Toxicol. Sci. 50, 36-44.
(59) Laws, S. C., Carey, S. A., Ferrell, J. M., Bodman, G. J., and
Cooper, R. L. (2000) Estrogenic activity of octylphenol, nonylphenol, bisphenol A and methoxychlor in rats. Toxicol. Sci. 54,
154-167.

TX0001833

