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a  b  s  t  r  a  c  t

Development  and  differentiation  of the  prostate  from  the  fetal  urogenital  sinus  (UGS)  is  dependent  on
androgen  action  via  androgen  receptors  (AR)  in  the  UGS  mesenchyme.  Estrogens  are  not  required  for
prostate  differentiation  but  do  act to  modulate  androgen  action.  In  mice  exposure  to  exogenous  estrogen
during  development  results  in  permanent  effects  on  adult  prostate  size  and  function,  which  is  medi-
ated through  mesenchymal  estrogen  receptor  (ER)  alpha.  For  many  years  estrogens  were  thought  to
inhibit  prostate  growth  because  estrogenic  drugs  studied  were  administered  at  very  high  concentra-
tions  that  interfered  with  normal  prostate  development.  There  is  now  extensive  evidence  that  exposure
to  estrogen  at very  low  concentrations  during  the  early  stages  of  prostate  differentiation  can  stimulate
fetal/neonatal  prostate  growth  and  lead  to  prostate  disease  in  adulthood.  Bisphenol  A  (BPA)  is  an  environ-
mental  endocrine  disrupting  chemical  that  binds  to  both  ER  receptor  subtypes  as  well  as  to  AR. Interest  in
BPA  has  increased  because  of  its prevalence  in the  environment  and  its detection  in  over  90%  of  people  in

the USA.  In  tissue  culture  of  fetal  mouse  UGS  mesenchymal  cells,  BPA and  estradiol  stimulated  changes  in
the expression  of several  genes.  We  discuss  here  the  potential  involvement  of estrogen  in  regulating  sig-
naling  pathways  affecting  cellular  functions  relevant  to  steroid  hormone  signaling  and  metabolism  and  to
inter-  and  intra-cellular  communications  that  promote  cell  growth.  The  findings  presented  here  provide
additional  evidence  that  BPA  and  the  estrogenic  drug  ethinylestradiol  disrupt  prostate  development  in
male mice  at administered  doses  relevant  to human  exposures.
© 2011 Elsevier Ltd. All rights reserved.
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. Interaction of androgen and estrogen with androgen and
strogen receptors to regulate the differentiation of the
rogenital sinus

The prostate, together with the urethra and associated peri-
rethral glands, differentiates from the male urogenital sinus (UGS)

n response to the binding of the 5�-reduced metabolite of testos-
erone, 5�-dihydrotestosterone (DHT), to androgen receptors (AR)
n the UGS mesenchyme (Fig. 1). Signals from the UGS mesenchyme
nitiate the process of proliferation and budding of the UGS epithe-
ium to form the initial ductal components of the prostate, and
ontinued differentiation depends not only on androgen action
ut also on signaling interactions between the epithelial and mes-
nchyme cell populations [1,2]. The growth factors that mediate the
ffects of androgen on prostate development (andromedins) have
een extensively studied, although there remain gaps in our knowl-
dge [2–4]. In addition, there is now considerable evidence that
strogen, while not essential, modulates the activity of androgen
n regulating prostate development and subsequent adult func-
ion and disease. Estrogens have long been implicated in prostate
isease, both benign and malignant [5–7]. Estrogens cause squa-
ous metaplasia of the prostate epithelium when unopposed by

ndrogens [8,9]. Endogenous and exogenous estrogens influence
ranscriptional regulation of numerous genes that have estrogen

esponse elements (EREs) within their promoters [10,11], includ-
ng members of the insulin-like growth factor, fibroblast growth
actor, hepatocyte growth factor, nerve growth factor, and trans-

ig. 1. Prostate differentiation is initiated shortly after the onset of testosterone
ecretion by the fetal testis, and is dependent on testosterone conversion to 5�-
HT. 5�-DHT binds to androgen receptors in the UGS mesenchyme and stimulates

he production of growth factors and signaling molecules (collectively identified
ere as “GF”). Epithelial cells respond to these signals with the production of other
ignaling molecules, and the ensuing cross-talk between the two  cell types promotes
he outgrowth of epithelial cell buds into the surrounding mesenchymal cell layer
nd thus initiates the process of duct formation. Modulating actions of estrogen on
ene expression and duct formation are via ER� receptors in the UGS mesenchyme
ells.
 . . . .  . . .  . . . . .  .  .  . .  .  . . . . .  . .  . . . . . . .  .  . . . .  . . .  .  . . .  . . .  .  .  . . . . .  .  .  .  .  .  . . . . . . . . . .  .  . .  .  . 92

forming growth factor-� families. The signaling systems involved
in mediating these effects are not fully understood [12].

There is much that is still not known about the mechanisms
by which endogenous and exogenous estrogenic chemicals, act-
ing via binding to classical estrogen receptors or potentially also
via alternative non-classical receptor pathways, directly alter the
prostate or indirectly alter the response of the prostate to andro-
gen and other signals. Importantly, it is well known that estrogens
alone do not direct prostate differentiation and growth [13]. How-
ever, prenatal or neonatal exposure of male mice to very low doses
of estradiol and other estrogenic chemicals (DES, ethinylestradiol,
methoxychlor, bisphenol A) stimulate prostate gland genesis and
glandular growth leading to an increase in sensitivity to androgen
in adulthood associated with an increase in the number of prostatic
AR [14–18].

2.  Prostate estrogen receptors

The discovery of estrogen receptor-beta (ER�), cloned from a rat
prostate cDNA library in 1996 [19] prompted numerous studies to
determine which of the two ER subtypes mediated estrogen effects
on differentiation and subsequent functioning of the prostate and
other tissues. There is now considerable evidence that the modu-
lating effects of estrogen on prostate growth and differentiation in
rats and mice are mediated by ER�,  while ER� has anti-proliferative
effects [11,20]. The relative roles of ER� and ER� in human prostate
gland differentiation as opposed to adult function and disease are
less clear [11,21].

Prostate morphogenesis in males requires expression of AR in
the UGS mesenchyme [1].  During the prenatal and neonatal period
of differentiation in rodents, AR and ER� are expressed in the UGS
mesenchyme [22,23] but not the UGS epithelium [20,24,25].  Recent
work by Omoto et al. [20] has described precise changes in the
temporal and spatial distribution of the two ER subtypes in the
ventral prostate during early postnatal development. Of particu-
lar interest was the transition observed from dominance by ER�
in the early postnatal period (associated with a high proliferation
index) to dominance by ER� four weeks later (associated with pro-
liferative quiescence). Utilizing ER� and ER� knockout mice, these
authors showed that not only is early estrogen signaling required
for normal prostate morphology in mice, but also the early modu-
lating effects of estrogen on prostate differentiation are mediated
by ER�,  not ER�.  However, ER� mRNA levels do increase following
prostate morphogenesis, and in adult mice ER� is highly expressed
in prostatic epithelium [20], while ER� is predominantly expressed
in stroma but also at low levels in the adult prostatic epithelium.

There are multiple isoforms of ER� [26],  and the tissue distribu-

tion differs between rodents and humans and changes throughout
prostatic development [21]. The different roles of ER� and ER�
have been identified based on a variety of approaches in studies
with rodents, but the interaction between genes regulated by these
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ifferent estrogen receptors in humans is still poorly understood.
owever, in the adult human prostate, evidence suggests that lig-
nds that activate ER� may  reduce proliferation, similar to findings
n mice and rats [11,20,24,27].  Our focus here will be on responses
o endogenous estradiol and to xenoestrogens (drugs and environ-

ental chemicals) that are mediated by ER� during differentiation
f the UGS in males.

. The environmental estrogenic chemical bisphenol A
BPA)

.1. BPA action via steroid hormone receptors

Bisphenol A (BPA) is an environmental endocrine disrupting
strogenic chemical that, similar to other xenoestrogens [28], is

 selective estrogen receptor modulator (SERM). It is important to
ote that while BPA does interact with receptors for other hor-
ones, many of the effects that have been studied are assumed to

e associated with an estrogenic mode of action [29,30].  Responses
o BPA differ depending on whether ER� or ER� is present, and
lso depend on the specific co-regulatory proteins associated with
he receptors [31,32]. Although BPA binds ER� with greater affin-
ty than ER� [33],  in the study by Routledge et al. the binding
ffinity for the receptor was not predictive of the magnitude of
he response, and indicates that the examination of xenoestrogen
ction by in vitro binding assays alone can lead to underestimates
f chemical potency. In addition, the specific tissue examined in
hole cell assays used for regulatory purposes is of great impor-

ance, since one tissue (for example, the uterus) may  require a very
igh chemical dose to show a response, as is the case with BPA,
hile other tissues, such as the fetal prostate mesenchyme, are far
ore sensitive.
The model of hormone action predicts that interactions of

strogen receptor with its co-factors are influenced by the ligand
ound to ER. When ER is bound to agonists such as estradiol it

nteracts with co-activator proteins, while inhibition of ER occurs
ue to recruitment of co-repressor proteins. Effects of chemicals
uch as BPA are consistent with this model and lead to different
esponses in different tissues. The interaction of BPA with clas-
ical ERs (ER� and ER�)  also appears to result in very complex
nd as yet, unpredictable, outcomes in terms of whether additive
r inhibitory interaction with endogenous estrogenic activity is
bserved. For example, in the hippocampus, BPA has the paradox-
cal effect of acting to block the stimulatory effects of estradiol on
euronal synapse formation [34–36].  In addition, BPA can interact
ith cell membrane-associated ERs that activate rapid-signaling

nzyme cascades that greatly amplify responses, leading to effects
t BPA concentrations at and below 1 pM [37,38].

As noted, there are estrogen receptors that activate rapid signal-
ng systems and can alter cell function via a variety of mechanisms,
ncluding G protein-coupled receptor (GPR30 or GPER), and other
on-classical membrane-associated receptors [39]. Since activa-
ion of responses via these membrane-associated ERs occurs at
ub-picomolar concentrations [38,40], they have been predicted to
lay a significant role in mediating at least some of the “low dose”
ffects of BPA observed in animals [41]. However, the relative con-
ribution of membrane-associated, cytosolic and nuclear receptors
o the myriad of adverse effects associated with exposure to BPA
n experimental animals, and well as the emerging findings from
pidemiological studies, remains to be determined.

The orphan estrogen-related receptors (ERRs) are expressed in

 variety of tissues, for example, the prostate, brain, muscle, brown
nd white adipocytes, heart, kidney, pancreas, placenta and breast.
RR� is expressed in adult human prostate epithelium and has been
mplicated in suppression of proliferation. Low levels of expres-
y & Molecular Biology 127 (2011) 83– 95 85

sion are predictive of a poor prognosis in men  with prostate cancer
[42,43]. The roles of the different ERR isoforms (ERR�, ERR� and
ERR�) in prostate development remain to be determined. In con-
trast to estradiol, the environmental estrogen bisphenol A (BPA),
binds to ERR� and suppresses its activity [44,45] with relatively
high affinity (KD of 5.50 nM), considering that median serum levels
of unconjugated (bioactive) BPA in different biomonitoring studies
range from 1 to 10 nM [46] and that the bioactive concentra-
tion range is typically 10–100-fold lower than the Kd [47]. Thus,
some of the endocrine-disrupting effects of BPA may  occur through
inhibitin of functions mediated by ERR�, potentially reducing sur-
vival in men  with prostate cancer.

BPA is an AR antagonist [48,49], with a lower affinity for AR than
for either ER� or ER�.  The binding of BPA to AR is not particularly
surprising, because at supra-physiological doses, other ligands for
estrogen receptors, including estradiol, bind to AR, but with a rel-
atively low affinity [50]. There is also evidence that BPA binds at
low affinity to receptors for thyroid hormone, and acts to inhibit
thyroid hormone action by co-repressor recruitment [51,52].

Whereas BPA has a relatively low affinity for wild-type AR, in
human prostate cancer cells that express a mutant form of the AR
(the AR-T877A mutant), BPA acts as a ligand for the AR mutant
and stimulates cell proliferation at and below 1 nM.  In addition,
BPA significantly down-regulates ER� transcriptional activity in
this cell line [53]. This was  interpreted as providing further evi-
dence that ER� antagonizes proliferation of prostatic epithelium,
while ER� plays a stimulatory role in proliferation and prostate
disease. Leung et al. have shown that BPA and other xenoestro-
gens are more similar to estradiol in terms of potency in promoting
ER� heterodimerization, important for ER� signaling [26] than are
the phytoestrogens, in spite of the fact that the phytoestrogens
typically have higher affinities for both ER receptor subtypes [54].

3.2. Environmental significance of bisphenol A

Bisphenol A is a small lipophilic chemical that was synthesized
in the late 19th century and was reported in 1936 to have full estro-
genic activity in a rat vaginal cornification assay [55]. The discovery
that BPA could be polymerized to create resins and polycarbon-
ate plastic occurred in the 1950s, and BPA was approved for use in
food and beverage containers by the FDA in 1963. Along with about
60,000 other chemicals in commerce at the time that the Toxic Sub-
stance Control Act was passed in 1976, BPA was  “grandfathered”
under this law as “safe” [56]. BPA is now used to manufacture a wide
variety of consumer products with an estimated 8 billion pounds
produced in 2008 [57].

Because of its widespread use, over the last decade BPA has
become the most studied chemical with estrogenic activity. Bisphe-
nol A leaches from products that contain it (Fig. 2), with the rate
of leaching increasing as a function of age and use [58]. The rate
of leaching from these products results in human exposure to BPA
within the range of the low doses of BPA that we  and others have
used in animal experiments [46,59,60].  Based on the 2003–2004
NHANES survey, BPA is estimated to be present in urine of over
90% of people in the USA, with exposure being higher in children
than in adults [61]. In vitro, experimental animal and epidemiolog-
ical studies provide extensive evidence that at the levels detected
in people in biomonitoring studies, which are typically in the range
of 0.3–4 ng/ml [46,62], BPA can disrupt cell function, interfere with
developmental processes as well as adult function, and is associ-
ated with adverse outcomes in people [63–68]. It is likely that some
of these effects are mediated by response mechanisms other than

classical estrogen response mechanisms [39,69]. However, as noted
above, there is extensive evidence showing that many effects are
consistent with a classical estrogenic mode of action [30,47]. Of
particular concern is exposure of fetuses, infants and children to
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nous estrogens from plasma into cells, while chemicals such as BPA
and DES bypass this barrier and thus show an increase in potency
in vivo relative to predictions based on serum-free assay systems.
ig. 2. Polycarbonate is composed of molecules of bisphenol A linked by ester bonds
r  pH, and when the bonds are hydrolyzed BPA is released into the surrounding me

PA, since developmental exposure can result in adverse effects
hat might take years to be recognized, similar to the consequence
or offspring of administration of the drug diethylstilbestrol (DES)
o pregnant women [70,71].

A recent analysis of data from US National Health and Nutri-
ion Examination Survey (NHANES) 2003–2004 found that urine
otal BPA levels did not show the expected marked decrease as a
unction of fasting time [72]. This finding provides evidence that
here is chronic exposure to BPA via oral and non-oral routes rather
han intermittent exposure to BPA only associated with eating food
r drinking beverages from BPA-containing products. In addition,
here are over a dozen published studies (using a range of analyti-
al methods) reporting levels of unconjugated BPA in adult human
erum [60] that could only be achieved with much higher and
hronic exposures to BPA than the estimated exposure based only
n ingestion via food and drink. Our recent findings using rhe-
us monkeys as a model showed that a single oral administration
f 400 �g/kg/day BPA was required to achieve the same levels of
nconjugated BPA in adult rhesus monkeys as are found in human
erum [59].

The potency of BPA relative to DES appears to be higher in vivo
han would be expected based on comparisons of potency in MCF-7
reast cancer cells. We,  and others [15,47],  have shown that in MCF-

 cell culture, BPA is approximately 15,000-fold less potent than
ES or estradiol. While the in vivo potency of BPA relative to DES is
igher than expected based on the relative ability of these chemi-
als to stimulate proliferation of MCF-7 breast cancer cells [15], the
oncentration of BPA required to simulate proliferation in other
uman cells, such as prostate cancer (LNCaP) cells, is exactly in the
oncentration range of unconjugated BPA in serum of most people
hat have been examined (∼1–10 nM or 0.23–2.3 ng/ml) [30,46].

.3. BPA effects on prostate

Data from a number of studies consistently show that BPA
s within the range of 100–500-fold less potent than DES in
he prostate [14,15,73,74].  For example, in the fetal CD-1 mouse
rostate in primary organ culture, Gupta showed that a 50 pg/ml
220 pM)  dose of BPA resulted in prostate enlargement, an increase
n prostate gland branching, and an increase in androgen bind-
ng that was similar to the effect of a 500-fold lower dose of DES
0.1 pg/ml) [14]. We  found that exposure of CF-1 mouse fetuses (via
eeding the dam) to a 2-�g/kg/day dose of BPA produced a virtually

dentical increase in adult prostate size (Fig. 3) as a 10-fold lower
ose of DES (0.2 �g/kg/day) [15,16] and a 20-�g/kg/day dose of the
strogenic insecticide methoxychlor [18]. The methoxychlor find-
ng is interesting in that the total weight of the adult prostate was
ster bonds are susceptible to hydrolysis when exposed to extremes of temperature
.

greater than that stimulated by any other estrogen in CF-1 mice. In
addition, while BPA, DES and ethinylestradiol all show very similar
effects on the prostate, with epithelial hyperplasia being observed
in the dorsolateral prostate but not the ventral primary prostatic
ducts [74], the greatest effect of methoxychlor was on the size of
the ventral lobe of the prostate, which was dramatically larger than
in controls.

The findings by Gupta, based on examining the fetal UGS in
organ culture, demonstrate direct effects of BPA and DES on the
developing UGS independent of any other potential systemic effects
that these chemicals might have on maternal, placental or fetal
endocrine function. These findings also show that in the fetal UGS,
BPA is a more potent estrogen (relative to DES) than predicted based
on the response observed in MCF-7 breast cancer cells [30] or in
female rat or mouse vagina or uterus [75,76]. One reason that BPA
is more potent in vivo relative to predictions based on in vitro assays
is that BPA shows limited binding to the high affinity plasma bind-
ing protein in humans (sex hormone binding globulin or SHBG) and
rodents (alphafetoprotein or AFP) [15,77,78],  which is similar to
prior findings for DES [79] (Fig. 4). The presence of plasma binding
proteins such as SHBG significantly reduces the uptake of endoge-
Fig. 3. Mean (+ SEM) prostate weight in 8 month-old CF-1 mice produced by females
fed varying doses of diethylstilbestrol (DES), bisphenol A (BPA) or methoxychlor
(MXC) from day 11 to17 of pregnancy. The dashed line represents the average
prostate weight in control animals. *p < 0.05, †p  < 0.01.
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Fig. 4. Model of BPA action in blood. In humans, 17�-estradiol is primarily associ-
ated with the serum binding proteins sex hormone binding globulin (SHBG, ovals)
and albumin (oblongs), and only a small fraction is unbound or free. Xenoestrogens
such as BPA that do not bind well to serum proteins (BPA binds weakly to serum
albumin but does not bind to SHBG at concentrations found in human serum) will
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ave a higher free concentration in serum, and thus a higher proportion of molecules
re  available to reach and bind to estrogen receptors and promote estrogen receptor-
ediated effects.

. Dose dependency of estrogen effects

.1. Low-dose stimulating and high-dose inhibiting effects of
strogen on prostate development

Until the late 1990s, most studies to examine the effects of
strogen on development of the prostate or other male reproduc-
ive organs had used very high doses of estrogenic drugs, such as
ES or ethinylestradiol. For example, the effects of estrogen on
evelopment of male rat reproductive organs was  studied by inject-

ng pregnant rats with 500 �g/kg/day of DES [80], while neonatal
ats were injected with approximately 1000 �g/kg/day of DES or
thinylestradiol [81]. Effects of high doses of estrogenic drugs have
lso been examined in mice; for example, neonatal mice were
njected with 2 �g DES per pup, an approximate 500 �g/kg/day
ose [82]. Results from studies of exposure to very high doses
f estrogenic drugs during perinatal life led to the conclusion
hat estrogens inhibited prostate development, with the conse-
uence in adulthood being a prostate about 10% of normal size,

 dramatic down-regulation of androgen receptors, and epithe-
ial dysplasia and neoplasia [82,83].  However, a clinically relevant
ose of ethinylestradiol in combined oral contraceptives (fetuses
re exposed to this drug when women on oral contraceptives
ecome pregnant) is about 0.3 �g/kg/day based on a dose of 20 �g
thinylestradiol in “low dose” pills and an average body weight of
0 kg for adult women in the USA [84]. Clearly, a dose of 1000 �g
thinylestradiol/kg/day has no clinical relevance, and these high
oses of estrogenic drugs (such as DES and ethinylestradiol) were
lso deemed irrelevant for understanding chronic low-dose expo-
ure to environmental endocrine disruptors [85].

In contrast to this approach, we proposed that endogenous
stradiol, in the low pM (pg/ml) range for total serum estra-
iol, altered the response of the developing prostate to androgen.
his prediction was based on our finding that male CF-1 mice
hat were positioned in utero between female fetuses (2F males),
hich leads to elevated endogenous serum estradiol, had enlarged

rostates and elevated numbers of prostatic androgen receptors
s adults, relative to males that were positioned in utero between
ale fetuses (2 M males) [86]. An increase in either receptors or

igand will increase the response of an androgen or estrogen-
y & Molecular Biology 127 (2011) 83– 95 87

target organ to the stimulating effect of the endogenous hormone
or exogenous hormone-mimicking chemical or drug [47]. Subse-
quently, addition of estradiol (10 pM)  was  reported to increase
androgen-receptor-mediated transcriptional activity induced by
DHT; this was demonstrated in vitro using urogenital sinus cells
co-transfected with ER and AR expression vectors [87]. In addi-
tion, estrogen and androgen have been shown to have a cooperative
interaction in stimulating DNA synthesis in stromal cells obtained
from hyperplastic human prostates [88], and estradiol can stimu-
late androgen receptor transcriptional activity in the presence of
the co-activator ARA70 [50].

In the LNCaP prostate cancer cell line, which contains a mutant
version of the androgen receptor, either estrogen or androgen
can activate formation of a complex of AR, ER and Src, and thus
induce cell proliferation through the Src-Ras-Erks pathway [89].
AR activates PAK6 kinase activity, and PAK6 inhibits transcrip-
tional activation by AR and ER [90]. In addition, estrogen alters
AR expression levels in a tissue-specific manner [91–93].  Analy-
sis of gene expression patterns in adult human prostate stroma
cells in response to a high dose of estradiol revealed hundreds
of estrogen-regulated genes [94]. Estrogen treatment thus has
pleiotropic effects, both in vivo and in vitro.

After our initial finding that a fetal mouse’s intrauterine posi-
tion relative to male or female fetuses was related to prostate size
and number of prostatic androgen receptors in adulthood [86], we
subsequently demonstrated using 1MF male CF-1 mice (males that
developed between a male and a female fetus with serum estra-
diol levels that are intermediate between 2F and 2M male fetuses
[95]) that a small experimental increase in estradiol, similar to that
caused by development between female fetuses, led to an increase
in prostate size and prostatic androgen receptors in adulthood [16].
In this study we  examined untreated male fetuses and male off-
spring from females implanted with a capsule containing estradiol
and used computer-assisted 3-dimensional reconstruction of the
fetal prostate to show that on Day 18 of gestation in CF-1 mice,
there was a significant increase in the development of prostatic
ducts both in terms of the number of prostatic epithelial glandu-
lar buds and the total volume of these primary prostatic ducts as
a result of exposure to supplemental estradiol. We  used a highly
sensitive radioimmunoassay to measure serum estradiol and a dial-
ysis procedure we developed [96] to determine the percent of the
total extractable estradiol in serum that was  not bound to plasma
binding proteins, which in fetal mice was found to be very low
(0.2%). The concentration of total serum estradiol in control 1MF
male fetuses was  94 pg/ml, while the estradiol-containing capsule
led to a 52-pg/ml increase in total serum estradiol to 146 pg/ml.
This 52 pg/ml increase in total serum estradiol corresponded with
a 0.11 pg/ml (0.4 pM)  increase in the free serum estradiol concen-
tration in 1MF  male fetuses, resulting in a free serum estradiol
concentration of 0.32 pg/ml (1.17 pM)  in the estrogen-treated male
fetuses. As indicated above, this treatment also led in adulthood
to enlargement of the prostate and an increase in the number of
prostatic androgen receptors [16]. Subsequently, it was shown that
neonatal treatment with a low dose of estradiol (as well as a low, 10-
�g/kg/day dose of BPA) in conjunction with chronic adult treatment
with estradiol and testosterone, a model initially developed with
Noble rats to induce prostate cancer, led to development of high-
grade prostatic intraepithelial neoplasia (HG-PIN) and differential
imprinting of genes, in Sprague-Dawley rats [97,98].  These findings
show that perinatal exposure to endogenous or exogenous estro-
gens stimulates fetal/neonatal prostate growth, with permanent
consequences for prostate function and disease later in life.
Similar to effects in rodents, in adult dogs estradiol synergizes
with dihydrotestosterone to increase androgen binding in prostate
cells and thus increases prostate growth [99]. Studies have also
shown that estradiol influences hypothalamic androgen recep-
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ors in adult male rats [100]. In addition, estradiol regulates the
xpression of receptors for a number of hormones, such as uter-
ne oxytocin receptors and both uterine and brain progesterone
eceptors [101,102].  Taken together, these findings show that the
hysiological effects of exposure to estrogen can include changes

n the functioning of a variety of tissues due to changes in the
eceptors for other hormones that regulate these tissues, and this
an occur throughout life. Importantly, when exposure to estro-
en occurs during critical periods in development, effects on tissue
unction are permanent.

Interestingly, elevation of testosterone levels during develop-
ent appears to have effects similar to those caused by elevation

f estrogen levels. Aromatase knockout mice are unable to produce
strogen, and males exhibit increased testosterone and DHT lev-
ls in serum and tissues. These males also have enlarged prostates
103]. Thus, both an increase in serum androgen levels caused by
eficient aromatase activity, and an increase in prostatic androgen
eceptor levels induced by elevated estrogen exposure, can lead to
timulation of prostate growth.

.2. Nonmonotonic dose–response curves

The central assumption in toxicology has been that “the dose
akes the poison”, an idea developed in the 16th century that has

ersisted in some communities in spite of a massive literature in
ndocrinology showing that this assumption is false for hormones
nd hormonally active drugs and chemicals [47,104,105].

There are a number of reasons why the response of tissues to
strogen and other hormones is never linear throughout a wide
ange of doses, and, instead, inverted-U functions are observed.
irst, only a very small proportion (<1%) of the total pool of estro-
en receptors needs to be occupied by estradiol to stimulate a
esponse, and proportionality of dose and receptor occupancy only
ccurs within a relatively narrow dose range. Second, when recep-
ors become saturated at higher doses, an additional increase in
he concentration of estrogen cannot lead to a further increase in
he receptor-mediated response. In fact, exactly the opposite can
ccur, that is, the magnitude of response can begin to decrease. This
an result, at least in part, from a process known as “receptor down-
egulation” in which prolonged exposure to a high concentration of

 hormone can result in the loss of active receptors [106]. Another
eason for non-linear responses to estradiol (and other estrogenic
hemicals) is that, at higher than physiological concentrations, they
an also bind to receptors for other steroids (typically antagonistic
o the natural ligand for the receptor). For example, as noted above,
t supra-physiological concentrations, estradiol binds to receptors
or testosterone [50,107]. High-dose studies with endocrine dis-
upting chemicals can thus potentially lead to “cross-talk” with
eceptors for other hormones, which will not be occupied at bio-
ogically meaningful levels at low doses. Finally, as dose increases,
he array of genes activated and inhibited is markedly different,
emonstrating that effects at high doses are distinct from effects at

ower doses at the transcriptional level [108,109].
In the experiment in which we administered a low dose of estra-

iol to pregnant female CF-1 mice via Silastic capsule, and found
hat both the fetal and adult prostate was enlarged [16], we  also
xamined a wide dose range for estradiol (via Silastic capsule)
nd DES (via oral administration) administered during the last half
f pregnancy (during fetal sexual differentiation). For both estra-
iol and DES, the response to the low doses was stimulation of
rostate growth, while inhibition of normal prostate development
ccurred at the highest doses. The inverted-U dose–response rela-

ionship for fetal DES and adult prostate weight is shown in Fig. 3
16]. We  replicated this experiment with CD-1 mice administered
ow and high doses of DES using computer-assisted reconstruc-
ion which demonstrated that these effects could be detected in
y & Molecular Biology 127 (2011) 83– 95

the fetal prostate. In this experiment we  showed that the stimu-
latory effects of low doses of estrogenic chemicals (in addition to
DES, ethinylestradiol as well as BPA), were primarily on prolifer-
ation of basal epithelial cells in the primary prostatic ducts in the
dorsolateral prostate, but not the ventral prostate. In addition, feed-
ing pregnant female mice a high (200 �g/kg/day) dose of DES from
gestation days 14–18 completely inhibited development of the pri-
mary prostatic ducts when fetuses were examined on gestation
days 19, the day of parturition [74].

5. Experiment to examine effects of estradiol and BPA on
gene expression in fetal mouse prostate mesenchyme in
primary culture

5.1. Introduction

We previously reported that the endogenous estrogen 17�-
estradiol as well as BPA stimulated up-regulation of both Ar and
Esr1 gene expression in fetal mouse prostate mesenchyme cells
in primary culture, and that these effects were antagonized by
antiestrogens [110]. In the present study we sought to extend
these data to examine other estrogen-regulated candidate genes
in fetal mouse prostate mesenchyme using the dose of estradiol
that resulted in maximum stimulation of Ar expression based on
our prior study [110].

One of the problems with determining the dose of estradiol to
use in cell culture is the lack of information concerning the estra-
diol dose at the receptor that will occur in vivo in relation to the
dose detected in serum. Thus, while we  have measured the fraction
of estradiol in serum that is unconjugated and unbound to either
low-affinity (albumin) or high affinity (alphafetoprotein) plasma
binding proteins in fetal mice and rats [16,96],  this does not pro-
vide information concerning the concentration of estradiol that can
reach the estrogen receptor in the tissues that contain the enzyme
aromatase (CYP19A1) in fetuses whose mothers are treated with
estradiol or BPA. Male mouse and rat fetuses circulate testosterone
and androstenedione in the low ng/ml range, and these andro-
gens serve as the substrates for aromatase and estrogen synthesis
(estradiol and estrone, respectively) in cells [111].

The complexity of this issue was revealed by findings reported
in a study in which pregnant mice were fed 20-�g/kg/day BPA from
GD 13–16. This low dose of BPA was  found to stimulate a doubling
of aromatase activity in UGS mesenchyme (examined on the day
of birth) associated with a doubling of estradiol per gram of tissue
[112]. While it has been known for some time that the develop-
ing prostate contained aromatase [111], this is the first report that
an environmental estrogenic chemical could significantly stimu-
late aromatase activity and lead to greater tissue concentrations
of estradiol relative to what would normally enter the tissue from
the circulation. We previously reported that administering preg-
nant mice a low dose of DES (0.1 �g/kg/day) significantly increased
serum estradiol levels in fetuses but not the mother [113]. Taken
together, these findings suggest that there is an unexpected posi-
tive feedback effect of estrogen on aromatase activity in fetal tissues
that can lead to elevated estradiol in tissues [112] that can even be
detected in the systemic circulation [113].

5.2. Materials and methods

Since we  lack information about the actual concentration of
estradiol that is available to reach the estrogen receptor in mes-

enchyme during differentiation of the fetal prostate, in the present
study we  chose to examine by qPCR the dose of estradiol (as well as
BPA) that gave the maximum increase in Ar and Esr1 gene activity
in fetal mouse prostate mesenchyme in primary culture in our prior
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Fig. 5. Expression of selected genes in primary cultures of fetal mouse prostate
mesenchyme cells. Effects of E2 (100 nM)  or BPA (1000 nM)  on expression of seven
genes quantified by real-time PCR. Of the seven genes represented, up-regulated
J.A. Taylor et al. / Journal of Steroid Bioche

tudy [110]. The concentration of estradiol chosen was  100 nM,  and
hat of BPA was 10-fold higher (1000 nM), since BPA is less potent
han estradiol.

Detailed methods for the preparation of cells and of the cell cul-
ure were previously described [110]. Briefly, the prostatic region
f the UGS of gestation day 17 male fetuses was removed, the tis-
ue was disrupted by collagenase treatment, and the dissociated
esenchymal cells were cultured. Cells were treated in vitro for

our days with either 17�-estradiol (100 nM), BPA (1000 nM)  or
he ethanol vehicle (0.05%) alone, for four days with daily medium
hanges. DHT was maintained at 690 pM (200 pg/ml) throughout.
t the end of the treatment period the cells were washed once
ith PBS, and immediately lysed on ice using the lysis buffer sup-
lied in the RNAqueous RNA isolation kit (Ambion, Austin, TX).
otal RNA was isolated with the RNAqueous kit (Ambion, Austin,
X) according to the manufacturer’s instructions, and quantified
y absorbance at 260 nm.  Treatments were performed in triplicate
ells within each experiment, and analyses were conducted on
NA preparations from three independent experiments. Expres-
ion of specific mRNAs was measured by one-step real time RT-PCR
s described [114] using the TaqMan EZ RT-PCR kit (PE Applied
iosystems, Foster City, CA) on the ABI Prism 7700 Sequence Detec-
ion System (PE Applied Biosystems). Assays for each sample were
arried out in duplicate.

The genes selected for qPCR analysis were: Ar, Esr1, Bmp4,
apn6, Cyp7b1, Sfrp4 and Thbs2. These genes were selected
ased on strength of response in an accompanying microarray
tudy (Taylor et al., in preparation) and relevance to cell growth.
n a microarray study conducted using independent cell cul-
ures under the same conditions described here and using the
ame concentration of estradiol, estradiol enhanced expression
f the mRNA transcripts for 181 genes, including genes encod-
ng ER� and AR, and suppressed mRNA expression of 86 genes
≥1.5-fold change, p ≤ 0.05). The primer/probe set for Ar was
esigned using Primer Express software (PE Applied Biosystems),
s described [110]. Ar primers were synthesized by Invitro-
en, and the Ar probe was synthesized by Applied Biosystems.
he concentrations of Mn2+, probe and primers were optimized
or the primer/probe set. Other analyses were performed using
alidated ABI Taqman Gene Expression assays (Applied Biosys-
ems). The RT-PCR assays for each sample were carried out in
uplicate. ABI Taqman Gene Expression assays used for spe-
ific transcripts were: Mm00433149 m1  (Esr1), Mm00432087 m1
Bmp4), Mm00500361 m1  (Capn6), Mm00484157 m1  (Cyp7b1),

m00840104 m1  (Sfrp4) and Mm00449036 m1  (Thbs2). These
rimers spanned Esr1 exons 3-4, Bmp4 exons 2-3, Capn6 exons
-3, Cyp7b1 exons 4-5, Sfrp4 exons 4-5 and Thbs2 exons 1-2. The
elative concentrations of specific mRNAs in each sample were nor-
alized to total RNA per well, as described [114]. Normalization to

otal RNA allowed for comparisons between independent experi-
ents and provided a conservative estimate of relative amounts

f each mRNA. Differences between control, estradiol and BPA-
reated cells were evaluated using the ANOVA GLM procedure in
AS. Comparisons of mean reciprocals for each dose relative to con-
rols were made using the LS Means Test in SAS. The criterion for
tatistical significance was p < 0.05 (two-tailed).

.3. Results and discussion

The results of the qPCR analysis for Ar, Bmp4, Capn6, Cyp7b1,
sr1, Sfrp4, and Thbs2 are shown in Fig. 5. The data obtained for
ells treated with estradiol were consistent with the microarray

xpression profiles (Taylor et al., in preparation). The data obtained
or cells treated with BPA mostly showed similarities, but not in
very case. Whereas Ar, Esr1, Cyp7b1 and Sfrp4 were similarly up-
egulated and Capn6 was similarly down-regulated by estradiol and
genes are shown on the left, down-regulated genes on the right. *p < 0.05 or †p  < 0.01,
significantly different compared with control (vehicle-treated) cells.

BPA, Thbs2 activity was not induced and Bmp4 expression was  not
inhibited by BPA treatment.

Neonatal estrogen treatment is known to affect the expres-
sion of several genes critical to prostate development, although
in our microarray study not all were found to differ in response
to treatment with estradiol. There may  be several reasons for
this, but two are critical. First, we  deliberately cultured only the
mesenchyme cells to specifically examine effects of estradiol on
gene expression in the cells that express ER� and initiate early
prostate differentiation. Without the two-way communication that
occurs between epithelial and mesenchymal cells in the developing
prostate [3,115,116] the full range of gene expression cannot not
be determined. For example, Nkx3.1 is expressed only in epithe-
lial cells in regions of ductal growth, although its expression is
dependent on the presence of UGS mesenchyme [117]. Similarly,
components of the Shh signaling pathway that are important for
directing ductal growth are expressed in the mesenchyme but are
regulated by Shh signaling from the epithelium [118]. In studies
performed in vivo, other factors provided via blood circulation can
influence gene expression [112], and as a result, studies performed
in whole tissues of intact animals are bound to yield different and
more complex results. The second reason for a lack of effect on
potential candidate genes is that the treatment doses used, which
were based on earlier qPCR data for both estradiol and BPA [110],
may  not have been optimal for each of the genes in question [109].

For example, the data obtained for mesenchyme cells treated
with BPA were mostly similar to those from cells treated with
estradiol, but not in every case. As noted above, while Ar, Esr1,
Cyp7b1 and Sfrp4 were similarly up-regulated and Capn6 was sim-
ilarly down-regulated by estradiol and BPA, Thbs2 activity was not
induced by BPA treatment, and Bmp4 expression was  not inhib-
ited. Further, the degree of Ar induction was  lower in BPA-treated
cells than in estradiol-treated cells. However, the almost identical
responses of Esr1 and Cyp7b1 indicate that the relative doses of
estradiol and BPA chosen were appropriate for these genes. Shioda
et al. have shown that gene expression profiles for different estro-
genic chemicals do not always agree and are highly dependent
on dose [109]. A complication is thus that different genes have

different sensitivities, different-shaped dose–response curves, and
different time courses [94,108].

The changes in AR mRNA levels that we observed in cells
exposed to estradiol and BPA were between about 1.5-fold for BPA
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o 2-fold for estradiol. However, androgen-binding measurements
oth in vivo and in vitro have revealed consistently greater changes,
rom two-fold to seven-fold, in response to physiological doses of
strogens [16,119]. Thus, the magnitude of change in mRNA levels is
ot always indicative of the magnitude of change in the physiology
f the tissue or organism under study.

Our data indicate that estradiol treatment of fetal prostatic
esenchyme cells has significant effects on genes with cellular

unctions relevant to steroid hormone signaling and metabolism
nd to inter- and intra-cellular communications that promote cell
rowth. Many genes are components of multiple signaling path-
ays. For example, Bmp4, which was down-regulated by estradiol

n this experiment is a component not only of the TGF-� pathway,
ut also prostate cancer and Shh signaling pathways, and the basal
ell carcinoma pathway [120]. The same is true for Wnt11, which
e did not test here but was significantly down-regulated by the

ame dose of estradiol in a related study of mesenchymal gene
xpression by microarray analysis (Taylor et al., in preparation).
nt11 acts to inhibit �-catenin stabilization [121,122],  and �-

atenin has been shown to enhance Ar transcriptional activation by
oth androgens and estradiol [123]. Again, our culture system only
ontains UGS mesenchymal cells and thus the full range of effects
n specific signaling pathways cannot be determined. Within the
GF-� signaling pathway we observed up-regulation of Thbs2 by
stradiol but not BPA; Thbs2 is a negative regulator of Bmp4 activity
124]. Taken together, these results are consistent and suggest that
he TGF-� signaling pathway is suppressed by estradiol treatment,
hich is associated with an increase in epithelial proliferation that
e observed in the dorsolateral prostate of male mouse fetuses in

esponse to estrogen (DES, BPA and ethinylestradiol) administra-
ion to pregnant mice [74].

While we observed in our microarray analysis that estradiol led
o down-regulation of Wnt11, there was significant up-regulation
f Wnt7b. As discussed, Wnt11 signals through non-canonical Wnt
ignaling pathways, which inhibit �-catenin stabilization, while

nt7b signals through the canonical Wnt/�-catenin stabilization
athway [125]. Secreted Frizzled related proteins (SFRPs) are a fam-

ly of secreted proteins that can bind to frizzled receptors and also to
nt ligands, thus interfering with Wnt  signaling. However, differ-

nt members of the SFRP family have markedly different activities
126]. SFRPs that favor cell death diminish �-catenin stability,
hereas SFRPs that promote �-catenin accumulation increase cell

esistance to apoptosis induced by various agents. The observed
p-regulation of a member of this gene family, Sfrp4, is consistent
ith up-regulation of the canonical Wnt  signaling pathway and

pithelial proliferation. Finally, Capn6, one of a family of calcium-
ependent cysteine proteases that are implicated in apoptosis,
as also down-regulated by both estradiol and BPA, suggesting

nhibitory effects of estrogen on cell death.
In addition to effects on steroid receptor mRNA expression,

strogen treatment also altered the expression of genes important
or steroid hormone metabolism in these cells. Specifically, here we
howed that both estradiol and BPA up-regulated Cyp7b1, a critical
actor in DHT metabolism [127] that metabolizes the DHT prod-
ct 3�-androstanediol. Interestingly, 3�-androstanediol has been

dentified as a ligand for ER� and a negative regulator of ventral
rostate growth [128]. Upregulation of Cyp7b1 in this experiment

s thus consistent with stimulation of cell growth.
Other inter-cellular signals are implicated in prostate differenti-

tion and subsequent growth. For example, EGF is likely to mediate
t least some of the stimulatory effects of estrogenic chemicals on
nitial prostate budding and thus the number of prostate glands,
hile both EGF and IGF-1, as well as other growth factors [3] [2],
ediate effects of estrogenic chemicals on growth of prostatic glan-

ular epithelium and branching morphogenesis. For example, in
ne study Gupta reported that EGF was required for DES-induced
y & Molecular Biology 127 (2011) 83– 95

growth and branching of mouse prostate organ cultures, while IGF-
1 was  required only for DES-induced branching morphogenesis
[119].

6. Controversies concerning the stimulating effect of
estradiol, bisphenol A and estrogenic drugs on the prostate
in mice

There are relatively few studies that have reported no effects
of developmental BPA exposure on the mouse prostate or other
outcomes, and the majority of these “no effect” studies have been
funded by the chemical industry [29,129,130]. For example, one
study [131] reported that exposure of fetal mice to low doses
of either BPA or the positive control, DES, produced no effect on
the development of the prostate. Another study [132] reported no
effects of low doses of BPA on the prostate, although a response in
their experiment required an extremely high dose of the positive
control estradiol (100 �g/kg/day). This chemical-industry funded
study by Tyl et al. has been used by regulatory agencies to declare
that BPA is safe because it was  conducted using a data reporting
system named Good Laboratory Practices or GLP  [133,134].  It is
interesting that in both of these studies that did not find any effects
of low doses of BPA, the animals were maintained on Purina soy-
based 5002 feed, which appears to contain ingredients that disrupt
normal development of the systems that are impacted by BPA [113].
These results suggest that some component of the diet caused a
maximal increase in prostate size in control males in the study,
and no further increase in size in response to either DES or BPA
could then be observed. Our findings with estradiol and DES [16]
show that there is a maximum amount of increase in adult prostate
size due to prenatal exposure to estrogenic chemicals, after which
an increase in dose results in a decrease in prostate size, forming
an inverted-U dose response curve.

It is not surprising that in addition to estrogenic drugs, estro-
genic pesticides and estrogenic plastic monomers and antioxidants,
there are components of formulated laboratory animal diets that
can modulate the development of the reproductive system and
change postnatal growth rate and reproductive organs, including
the prostate [135–137]. There is now evidence that phytoestro-
gens such as genistein (one of the primary phytoestrogens in soy)
interact differently with estrogen response systems relative to BPA
[26,138]. The animal feed we  use in our research results in lean
control animals without enlarged prostates, and effects of very low
doses of estrogenic chemicals on the development of accessory
reproductive organs in males maintained on this diet have been
consistently observed with numerous estrogenic chemicals, such
as estradiol, DES, ethinylestradiol, bisphenol A and methoxychlor,
in experiments conducted over many years (e.g. Figs. 3 and 6).

A recent study examined the effects of perinatal exposure (via
the mother) to ethinylestradiol and BPA on development of the
male reproductive organs in Long-Evans rats. In this study an
ethinylestradiol dose of 50 �g/kg/day was required to result in a
significant decrease in ventral prostate weight in the male off-
spring when examined in adulthood [139], but no effect of BPA
was seen. The highest dose of BPA administered in this study was
200 �g/kg/day, only 4-fold higher than the dose of ethinylestradiol
dose required to alter prostate development. Because ethinylestra-
diol is typically at least 100-fold more potent than BPA it is likely
that the BPA dose range chosen here (based on mouse exposure
studies) was not wide enough establish the effective dose in this
animal model, a fact that the authors acknowledged, and thus
no effect on prostate development at this dose of BPA would be

expected. The authors also discussed the fact that different strains
of rat have widely differing sensitivities to estrogenic and antie-
strogenic chemicals, which tend to vary by trait rather than in
terms of a general sensitivity (or lack of it) to estrogens. This thus
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Fig. 6. Prostate weight at different ages in CD-1 male offspring of females fed
ethinylestradiol at a dose of 0.002–20 �g/kg/day in tocopherol-stripped corn oil
from GD 14-18; controls (0 dose) were fed just oil. Males were examined at 3, 6 and
9  months of age. For both control and EE-treated males, there was an age-related
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ncrease in prostate size. However, at 3 and 6 months of age, ethinylestradiol-treated
ales had larger prostates relative to controls of the same age. *p < 0.05, **p < 0.01,

 p = 0.06 vs. controls of the same age.

lso emphasizes the need to consider species and strain differences
hen assessing results of chemical exposures.

In the study discussed above by Tyl [132], no effects of BPA
n the prostate of CD-1 mice were found at any dose, but the
ose of the positive control, estradiol, required to cause an effect
as 100 �g/kg/day. The prostates in the control CD-1 mice from

his experiment were reported in the initial article [132] to
eigh (mean ± SEM) 74.4 ± 2.9 mg  at 14 weeks old, which is an

bnormally high prostate weight for this age (body weight was
0.46 ± 0.67 g). However, it is difficult to assess these data because
ubsequently these same animals were identified as having been
xamined when 18 weeks old [140], and at a FDA hearing (Septem-
er 16, 2008) in Rockville MD,  Tyl presented testimony that the
ame animals were 24 weeks old. Given that this study was  con-
ucted under GLP guidelines, the reporting by the senior author of
ifferent data in multiple fora from a study being used to assess the
isk of BPA by regulatory agencies is highly unusual.

For many years the common argument was that BPA was a
eak estrogen and could not possibly cause effects at doses lower

han 5000 �g/kg/day, a dose that remains the predicted no effect
evel (NOEL) according to US and European regulatory agencies
141,142]. The large number of studies showing effects of BPA in
uman and animal cells at doses within and below the picogram
er ml  (pM) range provide ample evidence that BPA is not a weak
strogenic chemical for many responses [30,69]. However, the find-
ng that a dose of BPA below the current daily intake dose declared
afe for humans throughout the lifetime by the EPA [142] increases
romatase activity and intracellular estradiol levels in fetal prostate

esenchyme by almost 20 parts per trillion [112] adds another

ayer of complexity to this debate. These findings by Arase and col-
eagues provide evidence that BPA can cause unexpected effects
hat can result in changes in endocrine function that without ques-
y & Molecular Biology 127 (2011) 83– 95 91

tion can account for intracellular changes at very low, presumably
completely safe, doses. There can be no argument that an intracel-
lular increase in estradiol of 20 parts per trillion is a physiologically
active concentration of estradiol. In fact, in both the fetal prostate
mesenchyme [16,110] and MCF-7 cells [47], estradiol alters gene
activity and stimulates proliferation at a dose of 0.28 pg/ml (1 pM).
The rodent and human male fetus circulates testosterone at nM
concentrations during sexual differentiation [16,143], which pro-
vides high concentrations of substrate for the aromatization to
estradiol in fetal tissues.

7. Experiment to examine effects of ethinylestradiol
administration to pregnant CD-1 mice: significant
enlargement of the prostate in adult male offspring at
subclinical doses

7.1. Introduction

Here we report the results from an experiment in which we
examined the effect of fetal exposure to ethinylestradiol in CD-1
mice on prostate size at different ages. In a prior study we found
control 3-month-old CD-1 males to have body weights of about 40 g
and prostate weights of about 42 mg  when fed our combination
of standard soy-based Purina 5008/5001 feeds [137]. These data
were very similar to those from a study by Heindel et al. [144],
in which the mean prostate weight of 16–17-week-old CD-1 male
mice was  reported to be 45.9 mg.  The study by Heindel et al. [144]
was conducted in the same institute that Tyl’s 2008 GLP study was
conducted in (Research Triangle Institute), but with very different
results for control animals.

The objective of our study was to expose mouse fetuses to
ethinylestradiol during the initial period of prostate differentiation
during fetal life. Use of oral contraceptives in unrecognized preg-
nancy has been reported to continue well into the first trimester
and may  extend into the 16th week of gestation and is associated
with abnormalities of the urogenital system [145]. Since women  do
not expect to be pregnant, exposure to ethinylestradiol throughout
the initial period of accessory reproductive organ differentiation in
human fetuses is not unusual. Sexual differentiation begins at the
end of the second month of gestation in humans, and prostate dif-
ferentiation begins during week 10. Prostate differentiation begins
on gestation day 17 in mice, and at birth, mice are at approxi-
mately the equivalent of the gestation week 17-stage in humans.
The neonatal period of continued prostate differentiation (branch-
ing morphogenesis) in mice occurs during fetal life in humans [12].

7.2. Materials and methods

Pregnant CD-1 mice were fed (in tocopherol-stripped corn oil)
doses of ethinylestradiol that ranged from approximately 100-fold
lower than doses in oral contraceptives (per kg body weight) to
doses up to about 200-fold greater than the clinically relevant
dose (approximately 0.3–0.5 �g/kg, depending on body weight
and dose). Between gestation day 14–18 pregnant female CD-1
mice were fed ethinylestradiol at doses of 0.002, 0.02, 0.2, 2 and
20 �g/kg/day. Gestation day 18 is roughly equivalent to approx-
imately gestation week 15–16 in humans. We  had previously
reported that these maternal doses of ethinylestradiol resulted in
significantly enlarged prostates in another strain of mice (CF-1)
when the male offspring were examined in young adulthood [146].

7.3. Results and discussion
We observed an age-related increase in prostate size in con-
trol males through 9 months of age. However, at 3 and 6 months
old, males exposed ethinylestradiol during fetal life (including
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hose exposed to the lowest 0.002 �g/kg/day dose) had significantly
nlarged prostates relative to controls (Fig. 6), confirming prior
ndings in CF-1 mice at about two-months of age [146]. Although
here were age-dependent increases in body weight in all treat-

ent groups (data not shown), body weight was not different as a
unction of treatment. Body weight and prostate weight were not
orrelated within the 3 and 6-month age groups, although there
as a significant correlation at 9 months of age [147].

In this study at both 3 and 6 months of age, male CD-1 mice
xposed as fetuses to ethinylestradiol showed enlarged prostates as

 result of the dam ingesting a 0.002 �g/kg/day dose, which is more
han 100-fold lower than the clinical dose of ethinylestradiol in oral
ontraceptives [146]. This finding demonstrates that the increase
n prostate size caused by brief fetal exposure to very low doses
f ethinylestradiol previously identified in CD-1 male fetuses [74]
esults in an enlarged prostate into young adulthood, replicating
he prior finding in CD-1 mice by Gupta using very low doses of
ES and BPA using the same method and time of fetal exposure

14]. However, by the time males were 9 months old, the prostates
f control animals had reached a mean (±SEM) size of 65.3 ± 2.1 mg,
n increase in size that we previously observed to occur between 9
nd 12 months of age in CF-1 mice [148].

While it remains unclear at what age the CD-1 males in the study
onducted by Tyl et al. [140] were examined, our findings indi-
ate that whether they were 14, 18 or 24 weeks old, if the prostate
eights for control animals were on average greater than 70 mg

s reported [132,140],  these control males were clearly abnormal,
nd the grossly enlarged prostates in these relatively young males
ould have masked any significant differences due to treatment
ith estrogenic chemicals. These findings indicate that regulatory

gencies should reconsider using the data from the study by Tyl
nd colleagues [132], since it appears that at the time the organs
ere examined, the control animals were markedly different from
istoric values, even in relation to data for CD-1 male mice from a
rior study conducted at the same institute [144].

. Conclusions

For many years estrogen was thought to inhibit prostate devel-
pment because estrogenic drugs such as DES, administered at very
igh, supra-physiological doses, interfered with normal prostate
evelopment. However, there is now extensive evidence that at
ery low concentrations, exposure during the fetal and neona-
al period of prostate differentiation in rodents to endogenous
stradiol, estrogenic drugs, and environmental chemicals with
strogenic activity can stimulate prostate growth and lead to
rostate disease in later adulthood [6]. Studies are beginning to

dentify the signaling systems that mediate these effects, but much
emains to be determined regarding the mechanisms in experi-
ental laboratory animals. Results of research presented here in
hich we examined a number of candidate genes in the fetal mouse
rostate mesenchyme that are involved in proliferation and apo-
tosis, were consistent with estradiol and the estrogenic chemical
PA stimulating proliferation of prostate epithelium in male mouse

etuses. We  previously detected hyperplasia of basal epithelial cells
n the primary prostatic ducts in vivo at very low doses of BPA, DES
nd ethinylestradiol administered to pregnant mice [74].

There is relatively little known about the developmental effects
n estrogenic chemicals on the prostate in human fetuses. The DES
ons (male offspring exposed in utero to DES) were exposed to very
igh doses of DES, and they are thus unlikely to show effects that

re predictive of exposure to low doses of environmental estro-
ens such as BPA or to ethinylestradiol in oral contraceptives. The
edical community has been unaware that there may  be health

onsequences for the millions of offspring produced each year by
y & Molecular Biology 127 (2011) 83– 95

women who become pregnant while using oral contraceptives con-
taining ethinylestradiol, largely because the exposed offspring do
not show external malformations at birth [146]. This is reminis-
cent of the DES tragedy, where gestational use of DES continued for
decades because a lack of outward abnormality in the newborn
was taken to imply no harm; damage to the reproductive tract
of abortuses was confirmed histologically almost ten years after
DES was  banned for use in pregnancy [149]. As we  have shown
in research presented here and previously, abnormal development
of the male reproductive system is clearly visible in male mouse
fetuses at subclinical doses of ethinylestradiol and at doses of BPA
declared to be safe by regulatory agencies [74]. The finding that
exposure to estrogen later in adulthood, which occurs as a natu-
ral event during aging in men  [150], results in the development of
high grade prostate intraepithelial neoplastic (HG-PIN) lesions in
male rats exposed during development to low doses of estradiol or
BPA [97] indicates that there should be high concern that a similar
outcome could occur during aging in men. Given that the “plastic
revolution” began in the 1970s, the cohort of men exposed to high
levels of environmental chemicals such as BPA has not reached the
age at which pathology of the prostate would be expected. This
issue might be clarified by the investigation of the long-term con-
sequences for male or female offspring of women who continued
to take oral contraceptives through the period of pregnancy when
differentiation of the reproductive organs occurs.

The findings presented here provide additional evidence that
the environmental estrogenic chemical, BPA, disrupts prostate
development in male mice by stimulating genes in mesenchyme
cells that are involved in epithelial proliferation and inhibiting
genes involved in apoptosis. BPA also disrupts development of the
entire male reproductive system in mice [17]. Additionally, there
are a wide range of other adverse effects on males and females
exposed during development to doses of BPA below the current
EPA reference dose of 50 ug/kg/day [29,41], which is predicted by
the EPA to be a safe lifetime exposure level [29,41].
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