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Abstract

The production and release of synthetic chemicals into the environment has been a hallmark of the “Second Industrial Revolution” and the
“Green Revolution.” Soon after the inception of these chemicals, anecdotal evidence began to emerge linking environmental contamination
of rivers and lakes with a variety of developmental and reproductive abnormalities in wildlife species. The accumulation of evidence
suggesting that these synthetic chemicals were detrimental to wildlife, and potentially humans, as a result of their hormonal activity, led to
the proposal of the endocrine disruptor hypothesis at the 1991 Wingspread Conference. Since that time, experimental and epidemiological
data have shown that exposure of the developing fetus or neonate to environmentally-relevant concentrations of certain synthetic chemicals
causes morphological, biochemical, physiological and behavioral anomalies in both vertebrate and invertebrate species. The ubiquitous use,
and subsequent human exposure, of one particular chemical, the estrogen mimic bisphenol A (BPA), is the subject of this present review. We
have highlighted this chemical since it provides an arresting model of how chemical exposure impacts developmental processes involved in
the morphogenesis of tissues and organs, including those of the male and female reproductive systems, the mammary glands and the brain
© 2003 Elsevier Science Ltd. All rights reserved.
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1. Introduction animals, a repercussion of its heavy reliance on local fish
that were later found to be contaminated with, among other
The anecdotal association between chemical contamina-chemicals, polychlorinated biphenyls (PCBs). In this same
tion of the natural environment and the onset of disease,decade, a high incidence of tumors was observed in fish that
reproductive failure and death of wildlife species began to resided within Californian waters receiving sewage from lo-
take form as early as 1947 in the & ]. At that time, both ~ cal industries. In the 1970s, the herring gull population of
amateur and professional ornithologists began to observe d-ake Ontario in Canada was observed to suffer from devel-
sharp decline in east coast populations of the American baldopmental deformities such as club feet, missing eyes, twisted
eagle, a phenomenon that was associated with changes ifpills and the presence of adult feathers in chicks instead of
courtship behavior and the maternal care of chicks. Since down, phenomena that were attributed to dioxin exposure. In
then, a growing number of cases came to highlight that the the 1980s, alligators in Lake Apopka, Florida were observed
contamination of lakes and rivers with sewage from local to exhibit micro-phallus and other reproductive-related dis-
manufacturing industries and chemical plants and also fromorders, a consequence of a local industrial accident and,
agricultural run-off was the cause of developmental and re- more recently, agricultural run-off of chemicals including
productive problems in certain agquatic species, and by virtue 2,2-bis@-chlorophenyl)-1,1,1-trichloroethane (DDT).
of their higher position on the food chain, avian, reptil-
ian and mammalian species. For example, in the 1960s, the
mink industry .around the Great Lakes reg?on in. the US suf- 5 +t1aroad toward Wingspread
fered economic hardship due to reproductive failure of these

Thus it became vividly clear that certain industrial and
* Proceedings of the 15th International Symposium of the Journal of agricultural chemicals could cause developmental and re-
Steroid Biochemistry and Molecular Biology, “Recent Advances in Steroid productive anomalies in wildlife, a phenomenon that was
Biochemistry and Molecular Biology”, Munich, Germany, 17-20 May foreshadowed by Carson in her 1962 book “Silent Spring"
2002. e _
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PCBs was banned in 1973 and 1977, respectively, within thethese methods have certainly provided insight into the hor-
US. Nonetheless, new and different cases of wildlife dis- monal nature of both synthetic and natural chemicals, they
turbances continued to emerge over the next few decadesare not equivalenf20,56] The ER binding, reporter gene
due to bio-persistence of the banned chemicals (DDT hasand E-SCREEN assays are consistent in detecting estro-
a half-life of 57 years) and the production of a plethora of genic activity, albeit with different sensitivitj2,20]. The
new chemicals. Motivated by these findings, Dr. Theo Col- uterotropic assay, although quite insensitive, is able to detect
born, currently of the World Wildlife Fund, convened the pro-estrogens, that is, chemicals that do not bind to the ER
1991 Wingspread Conference in Racine, Wisconsin. This until they undergo metabolism. Nonetheless, the E-SCREEN
scientific meeting heralded the notion that these chemicalsassay, for example, has been the one that revealed the estro-
might be inducing their observed effects as a result of their genic nature of most of the estrogenic, environmental chem-
hormonally active nature. The conferees addressed the issuécals described so fgi62]. Environmental chemicals with
that “a large number of man-made chemicals that have beenestrogenic activity include: (a) insecticides: DDT, methoxy-
released into the environment. have the potential to dis-  chlor, kepone, dieldrin, toxaphene, endosulfan, lindane; (b)
rupt the endocrine system of animals, including humans,” anti-oxidants: alkylphenols, butyl-hydroxy-anisole; (c) plas-
and made the observation that some of the effects docu-ticizers and monomers: phthalates, bisphenol A (BPA); (d)
mented in the genital tracts of wildlife were comparable to disinfectants: phenyl-phenol; (e) other chemicals such as
those seen in the daughters and sons of women who had beeRCBs, sunscreens, and fire retardants.
exposed during pregnancy to the synthetic estrogen diethyl- Endocrine disrupting chemicals are believed to exert their
stilbestrol (DES). Administered to pregnant women between effect by (1) mimicking normal, endogenous hormones
the years 1948 and 1971 as an anti-abortive therapy in thesuch as estrogens and androgens; (2) antagonizing endoge-
US, Europe and Australia, fetal exposure to this potent estro-nous hormones; (3) altering the pattern of synthesis and
gen induced a rare cancer, clear cell adenocarcinoma of themetabolism of endogenous hormones; and (4) modifying
vagina, and other severe reproductive disorders that becaméormone receptor levels. Natural, endogenous estrogens
apparent after puberty; in some instances these malforma-are involved in the development and maintenance of the
tions manifested when these women tried to become preg-female reproductive tract and secondary sexual character-
nant [28,43] The conference participants recognized that istics, and regulation of the menstrual cycle, pregnancy
the human DES syndrome was an extreme expression ofand lactation. At the cellular level, these endogenous hor-
the plasticity of the fetus in response to environmental cues, mones mediate cell proliferation, and also the synthesis and
and further, it provided a template for the potential effects secretion of cell-specific proteins in reproductive tissues
that other hormonally active chemicals could have on humansuch as the ovary, oviduct, uterus, vagina, hypothalamus,
health. pituitary and mammary gland. These effects are mediated,
for the most part, by ER and ERB in the female, al-
though the expression of these same receptors in the male
3. The complexity of endocrine disruptors reproductive tract and in non-reproductive organs such as
the thyroid gland, cardiovascular system and bone indi-
Environmental “endocrine disruptors” have been defined cates the vast reach of these synthetic estrogenic chemicals
by the US Environmental Protection Agency as “exogenous [14].
agents that interfere with the synthesis, secretion, transport, Although the environmental chemicals are usually less po-
binding, action, or elimination of natural hormones in the tent than endogenous hormones, such as estradiol, it is now
body that are responsible for the maintenance of homeosta-clear that they acadditively with them. This explains how
sis, reproduction, development, and/or behavior.” A subset low, seemingly insignificant levels of xenoestrogens, such
of these chemicals have been identified largely on the ba-as the “weak” BPA, may have an impact when added to the
sis of a battery of in vitro and in vivo assays that define already significant levels of endogenous steroidal hormones
estrogen and androgen agonists and antagonists, since the[67]. Further, several endocrine disruptors have unequivo-
chemical structure alone is not a reliable indicator of their cally been shown to induce non-monotonic dose—response
hormonal activity. The most notable of the estrogenic bioas- curves of biological effects; that is, lower doses induce a
says are the (a) estrogen receptor (ER) competitive bind-more profound effect than higher doses (“low dose effect”).
ing assay20], (b) yeast-based reporter gene aggay, (c) This phenomenon, which has been known for a long time
E-SCREEN assg1], and (d) mouse uterotropic asgay]. regarding sex steroid action, was first described for en-
These assays measure the ability of a suspected hormonallylocrine disrupting agents in the mouse prostate. Fetal ex-
active chemical to (i) competitively bind the mouse uterine posure to increasing doses of estradiol and DES, and
ER, (i) transcriptionally and translationally activate a re- the “weak” xenoestrogen BPM5], was shown to induce
porter gene construct via an estrogen response element, (iiiincreased prostate weight that persisted into adulthood.
induce proliferation of estrogen-responsive human MCF-7 Further, exposure of the prepubertal mouse to a range of
cells, and (iv) induce increased uterine wet weight in the pre- BPA doses induces a U-shaped curve for the endpoints of
pubertal or adult ovariectomized mouse, respectively. While age of vaginal opening and uterine weight, two parameters
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that are the hallmarks of estrogen action, such that a morereceptor and induce cell proliferation in estrogen-target,
apparent effect is observed in the lower and higher dosesserum-sensitive MCF-7 cells through binding to the ER
relative to the medium range dosgg. Endogenous hor-  [35]. BPA (4,4-isopropylidenediphenol) is a diphenyl com-
mones are known to act on hormone-sensitive endpoints inpound that contains two hydroxyl groups in thpata”
this manner, as evidenced by the observation that prostatgposition making it remarkably similar to the synthetic es-
cells undergo increased cell proliferation in response to trogen DES. Used in the manufacture of polycarbonate
low doses of androgen but decreased cell proliferation in plastics and epoxy resins, BPA is present in a multitude of
response to high doses of androgs@). It has been pos-  products including the interior coating of food cans, wine
tulated that this phenomenon is due to the operation of storage vats, water carboys, milk containers, food storage
different and discrete pathways at low and high d428% vessels, baby formula bottles, water pipes, dental materi-
in other instances, low dose effects have been observedals, automotive lenses, optical lenses, protective coatings,
to occur due to down-regulation of the receptor by the adhesives, protective window glazing, compact disks, ther-
ligand. mal paper, paper coatings, and as a developer in dyes.
Halogenated derivatives of BPA, tetrabromobisphenol A
(TBBPA) and tetrachlorobisphenol A (TCBPA), are widely
4. Endocrine disruptors within a developmental used as flame retardants for building materials, paints, syn-
context thetic textiles, and plastic products including epoxy resin
electronic circuit boards and other electronic equipment
The deleterious effects of endocrine disrupting chemicals [40]. Studies have shown that incomplete polymerization
vary according to the age at which an organism is exposed.of these products during manufacture, and/or depolymer-
The developing organism is critically sensitive to both en- ization due to increased temperatures (induced either inten-
dogenous and exogenous hormones, a phenomenon that letdonally for sterilization/heating purposes or unintentionally
Bern to coin the phrase the “fragile fetu]. The “criti- during storage in warehouses) causes BPA and its deriva-
cal window” of exposure differs depending upon the time at tives to leach into foods (4-38) per can; 7-380.g/kg)
which specific developmental events occur in particular tis- [10], beverages (7-58g/g) [7], infant formula from plas-
sues or organs. For example, clear cell adenocarcinoma oftic bottles and cups (7-58y/9) [7] and saliva (90-91g
the vagina was observed in daughters of pregnant womenin saliva collected in a 1 h period following application of
exposed in utero to DES, but only if exposure occurred be- dental sealant}47]. BPA has been found in air and dust
fore the 13th week of gestation. Itis clear that the developing samples from certain residential and commercial environ-
fetus and neonate are profoundly sensitive to hormonally ac-ments in Massachusetfs3] and in leachates from a waste
tive chemicals as demonstrated by the observation that mam-water treatment plant and river water in Jagdh Simi-
mary gland dysgenesis occurs in the adult mouse following larly, TBBPA and its dimethylated derivatives have been
fetal exposure to concentrations of BPA that are 4000-fold found in river sediment in Osaka, Japan (0.5—{Ld{kg
lower than those required to induce an uterotropic effect in dry weight), in sites downstream from a plastics produc-
the prepubertal animdd,39]. In 1998 the DDT metabolite  tion facility in sewage sludge samples in Sweden (2gQ
DDE, and other chemicals such as PCBs and phytoestro-dry weight TBBPA; 1500 ng/g dry weight as the dimethyl
gens, were shown to be the most frequently recovered con-derivative)[55], and in air samples in electronic recycling
taminants in amniotic fluid of women aged 35 years and plants[58].
over in the UF23]. This finding is of great concern because  The ubiquitous use of BPA provides great potential for ex-
it occurred in spite of a restriction in the use of the parental posure of both the developing fetus, indirectly through ma-
chemical DDT since 1973. To understand the impact of envi- ternal exposure, and the neonate, directly through ingestion
ronmental chemical exposure on human health and diseaseof tinned food, infant formula or maternal mi[k3]. In ro-
we must consider exposure within a developmental context. dents, BPA has been shown to readily traverse the placenta
The study of BPA provides one pertinent model by which to [65], and to binda-fetoprotein with negligible affinity rel-
address this issue, since the chemical is present ubiquitouslyative to estradiol; this results in its enhanced bioavailability
in our environment, has high potential for fetal exposure, and during neonatal developmed®]. Further, itis presentin the
the literature provides multiple examples of developmental mouse fetus and amniotic fluid during maternal exposure in
effects. higher concentrations than that of maternal bip@t. These
data, and those revealing the presence of 4-200 pg TBBPA
and TCBPA/g of human plasma lipi&8] and 1 ng BPA/g
5. Fetal and neonatal exposure to BPA umbilical cord fat/serum from Japanese women/neonates
[44], indicate that the developing human fetus is readily ex-
Although it had been known since 1943 that BPA was es- posed to this ubiquitous chemical. Further, they suggest that
trogenic[17], this chemical was serendipitously discovered the pharmacokinetics and pharmacodynamics of BPA may
to leach from polycarbonate plastics in concentrations that exacerbate the impact of this chemical on the developing
were sufficient to up-regulate the expression of progesteronefetus and neonatg4].



238 C.M. Markey et al./Journal of Steroid Biochemistry & Molecular Biology 83 (2003) 235-244

6. BPA: a model of chemically-induced female and male offspring from the time of birth to 110
developmental disruption days and disrupt the regularity of estrous cyclicity in fe-
males aged 4 and 6 montfs2]. Female offspring born to
Numerous studies have described the effects of BPA ex- mothers that were exposed to 25 and g§lkg BPA during
posure in rodents, although more recent data has describegbregnancy exhibited a state of persistent estrous/metestrus
effects in some aquatic species. We will review mostly at 3 months of ag¢38].
those studies that outline low, presumably environmentally- Developmental studies in male rodents have shown
relevant exposures during fetal or neonatal development, butthat prenatal exposure to BPA increases ano-genital dis-
will also include a few examples of high exposures when a tance in the neonat¢26] and affects various testicular
paucity of the former data exists for various organs/systems. parameters suggesting that this chemical advances testicu-
lar/spermatogenic development. Exposure of rats from post-
6.1. Early developmental effects of BPA natal days 2 to 12 to 500g per rat advanced seminiferous
tubule formation and increased Sertoli cell nuclear volume
The time course of development for various tissue and per testis by postnatal day 18, and spermatocyte nuclear
organ systems spans different periods of gestational, neonavolume per unit Sertoli cell nuclear volume by pub€l3y.
tal and adult life, the length of which depends upon the While interesting, this study examined the effects of BPA
specific system of interest. Since the hormonal milieu of doses that may not necessarily reflect environmentally-
estrogen-sensitive systems, such as the reproductive tractelevant exposures. However, studies in fish have shown
and mammary glands, is of critical importance during fetal that exposure to 1Qg/l BPA is able to induce feminization
development, the addition of hormonally active agents like of testes (ovo-testis) in Japanese medpgkyd; these con-
BPA during this time have been shown to exert a profound centrations are comparable to those found in waste water
effect on how these tissues respond to the genetic or hor-discharged from sewage treatment plants. Further, injection
monal cues that shape their structure and function later in of BPA (200ng/g egg) into the yolk of quail and chicken
life. Morphogenesis of the mouse Mullerian ducts, which eggs during early incubation caused Mullerian duct malfor-
ultimately develop into the female reproductive tract, starts mation in female quail embryos and ovo-testis in the male
during embryogenesis and progresses through a series othicken embryoq5]. The same treatment with TBBPA
distinct morphological and physiological events, such as (45ug/g egg) caused high embryo mortality in both species,
vaginal opening, first estrus, and ultimately the onset of reg- while a higher dose of BPA (67 and 20@/g egg) induced
ular estrous cycles in adulthood. These events are influencednortality in chickens only.
initially by maternal estrogens that traverse the placenta,
and later by the gradually increasing levels of prepubertal 6.2. Male reproductive tract and gonads
estrogens that ultimately lead to a functional hypothalamic—
pituitary—ovarian axis at puberty. The establishment of a functional reproductive system
Prenatal exposure to low doses of BPA alters the timing in the female and male rodent is a consequence of genetic,
of these morphological events and, once established, theepigenetic and hormonal cues. Although it has not been de-
functionality of the female reproductive system. Exposure termined fully how BPA interferes with any one of these fac-
of pregnant mice to 2Qg/kg BPA from gestational days 11  tors, multiple studies have established that fetal and neonatal
through 17 has been shown to induce both vaginal openingexposure to this chemical impacts the ultimate morphology
and first vaginal estrus at a significantly earlier age in female and function of the reproductive tract and gonads. One of
offspring [29]. A similar phenomenon has been observed the earliest studies to show that BPA can alter developmen-
following the same period of exposure of pregnant mice to tal pathways resulting in permanent changes described how
2.41.9/kg BPA, which specifically reduced the number of adult prostate weight was increased by 30 and 35% in male
days between vaginal opening and first vaginal estrus in fe- offspring born from mice exposed to 2 and 2§f'kg BPA,
male offspring situated in utero between two females (OM) respectively, from gestational days 11 to [4B]. Findings
but not in those situated between two males (2B80). This that in utero exposure to BPA increased androgen receptor
developmental precociousness of the pups was associatedyinding activity of subsequently cultured prostate tissues
not surprisingly, with an increased body weight at the time [26], and that in vitro exposure to BPA-induced enlargement
of weaning (day 22), whereby the weight of those females of the prostate through the presence of ER in the sti{@®
and males situated between two females (OM) increasedsuggests some mechanisms by which this chemical impacts
by 22%, 1M females increased by 9%, and 2M females organ size. Observed alterations in the fibroblastic to smooth
remained unaffectef30]. The developmental events that muscle cell ratio of the peritubular stroni®] and an in-
mediated these BPA-induced changes during neonatal anctrease in prostatic glandular bui@®] in rats further reflect
prepubertal growth appear to have significant consequenceshow fetal exposure to BPA affects prostate histoarchitecture.
in adulthood. Exposure of pregnant rats from gestational Other male reproductive parameters are affected by prena-
day 6 through lactation to 1Q0g/l BPA in drinking water tal and neonatal exposure to environmentally-relevant doses
was shown to significantly increase body weight in both of BPA. Exposure of pregnant mice to 2 and;ifkg BPA
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from gestational days 11 to 17 has been shown to perma-20 have been shown to result in an increased number of
nently increase the size of the preputial gland, reduce thefemale offspring exhibiting blood-filled ovarian bursa by 6
size of the epididymis, and decrease daily sperm count by months of agd38]. All of these changes suggest that fetal
20% (20wg/kg group) in male offsprinfir0]. Further, expo- and neonatal exposure to BPA may impact fertility, age of
sure of prosobranch snails to 1 and 1afll BPA throughout reproductive senescence, and onset of disease later in life.
their complete life-cycle has been shown to cause decreasedt is interesting to note that serum BPA has been found in
penis and prostate length, and reduced sperm storage withirhigher concentrations in men and in women with polycystic
the vesicula seminaligl6]. An interesting phenomenon has ovary syndrome than in normal women; this may be due to
been observed regarding species and strain-specific respondifferences in androgen-related metabolism of HB4.
siveness to estrogen, and this perhaps may also be pertinent

to xenoestrogens such as B&8]; different strains of both 6.4, Mammary gland

inbred and outbred mice exhibit different degrees of sper-

matogenic changes following exposure to increasing doses The development of the mammary gland represents an in-
of estradiol. In some strains, such as CD-1 mice, no effectsteresting model to evaluate the effect of endocrine disruptors

were seen at all. because this organ undergoes dramatic morphological and
functional changes throughout the lifetime of an animal. The
6.3. Female reproductive tract and gonads epithelial primordium of the mouse mammary gland initiates

its development at gestational day 10 to ultimately establish

The developmental changes that were described earliera ductal tree of distinct epithelial and stromal tissue com-
in the female reproductive tract as a result of fetal exposure partments before postnatal day 10. The tissue is relatively
to low doses of BPA have been shown to affect adults. quiescent until puberty ensues, at which time the epithelial
Three-month-old female offspring born to mothers that ductal tree migrates into the stroma, led by a front of large
were exposed to 25 and 2p@/kg BPA while pregnant terminal end buds that are very active sites of both DNA
show a decrease in uterine weidB8], a change that is as- synthesis and apoptosis, in response to increasing systemic
sociated with increased DNA synthesis within the glandular levels of estrogens. The gland fills out the fat pad and even-
epithelium, and a striking increase in the expression of both tually establishes a network of ducts, terminal ends, terminal
ERa and PR within the luminal epithelium (Markey et al., ducts, and a few alveolar buds. This morphology remains
unpublished). The consequence of these changes may be teelatively quiescent, once again, other than minor fluctua-
alter the responsiveness of the uterus to endogenous hortions with each estrous cycle, until pregnancy when the en-
mones imposed under different physiological conditions, tire epithelial compartment undergoes dramatic proliferation
such as pregnancy, or predispose the tissue to disease andksulting in a plethora of alveolar buds and lobulo-alveolar
carcinogenesis. Indeed, transgenic mouse models in whichunits in preparation for lactation. Once the period of lacta-
ER expression is up-regulated by 25% develop uterine ade-tion is over, the mammary gland undergoes rapid involution,
nocarcinoma at a far earlier stage in adult life relative to a process associated with widespread apoptosis, to return to
the wild type following neonatal exposure to DES3]. Al- its pre-pregnancy sta{é5,27]
terations in the relationship between cell proliferation and  Exposure of the developing mouse fetus to BPA (25 and
apoptosis may also predispose the uterus to carcinogenesif250u.g/kg BPA to the pregnant mother) has been shown to

While humans may be considered the primary targets of impact certain aspects of this developmental process. By
BPA exposure by contaminated foods and drinks, and den-postnatal day 10, the relationship between the epithelium
tal materials, recent evidence has revealed that invertebrateand stroma in terms of DNA synthesis becomes altered, a
species are also exposed through the contamination of thephenomenon that is also observed at puberty (day 30) and
natural environment. Freshwater snails exposed to concen-at 6 months of age. At this latter time point, these virgin
trations of BPA similar to those found in rivers and lakes mice exhibit mammary glands that resemble those of preg-
generate “super-female” phenotypes, that is, they exhibit ad-nant mice. This is reflected by a significant increase in the
ditional reproductive organpl6]. Female mice have also percentage of ducts, terminal end buds, terminal ducts and
been shown to develop an ovary-independent stratificationalveolar budg39]. These BPA-induced changes in mam-
of the vaginal epithelium in response to high BPA doses mary gland development are consistent with the notion that
(150wg per pup BPA during postnatal days 146%] and prenatal exposure to estrogens may predispose the tissue to
a down-regulation of vaginal ERspecifically during estrus  cancer. Indeed, the persistence of epithelial structures, such
following maternal exposure to 0.1 and 50 mg/kg BBA]. as the terminal end buds and terminal ducts, has been as-
Ovarian changes have also been observed in mice exposedociated with increased carcinogenesis in both rodents and
to BPA during development. The phenomenon of polyovular humang50].
follicles was shown to be induced in female mice exposed Estrogen exposure throughout a woman's life is a ma-
daily to 150ung BPA per pup from postnatal days 1 to 5 jor risk factor for the development of breast cancer, as
[64]. Further, much lower doses of BPA (25 and 25fJkg) demonstrated by the increased risk associated with early
administered to pregnant mice from gestational days 9 to age of menarche, late age of menopause, and obesity in
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the postmenopausal period (and thus increased aromatasdays 2 to 12 results in increased levels of plasma FSH by
activity and estrogen production). The positive correlation day 25[3]. Further, both male and female rats injected with
between increased intrauterine levels of estrogens (a phe-100 and 50@Qug BPA per rat from postnatal days 1 to 5
nomenon observed in twin births) and breast cancer in show a progressive increase in serum prolactin levels that
daughters born from such pregnancies also supports this linkreaches three-fold that of the controls by postnatal day 30
[9,18,72] The aforementioned studies describing how fetal [33]. This latter finding is relevant to the aforementioned
exposure to low doses of BPA induces modulations in cell changes observed in the BPA-exposed mammary gland; this
proliferation and apoptosis, and the timing of developmental mammary phenotype strongly suggested a state of hyper-
events, fits the notion that this chemical can predispose theprolactinemia based upon the striking increase in alveolar
mammary gland to carcinogenesis. Indeed, various epidemi-development.
ological case—control and cohort North American and Eu-  Prenatal and neonatal exposure to BPA can alter the ex-
ropean studies have revealed a positive correlation betweerpression of sex steroid receptors in the hypothalamus and
blood serum levels of other endocrine disruptors, such aspituitary. The study described above in which increased pro-
dieldrin, DDT and PCBs, in women and breast cancer inci- lactin levels were observed following neonatal exposure to
dencd31,32] Controversy abounds on this interpretation of 100 and 50Qug BPA per rat during postnatal days 1-5, also
the data mainly because none of these chemicals can be condocumented a concomitant increase in the expressionef ER
strued to be a marker of a total xenoestrogen expdéie and ERB mRNA in the anterior pituitary of male, but not
However, it is worth noting that women who were exposed female, rats at postnatal day 30. In addition, female rats in
therapeutically to DES while pregnant between the years this study exhibited an increase in ERRNA in the medial
1948 and 1971 now show a higher incidence of breast cancerbasal hypothalamus at this same time p¢88]. Changes
[11]. The multitude of environmental chemicals to which we in the expression of sex steroid receptors in the pituitary as
are all exposed involuntarily, in addition to medically used well as in brain regions important for LH surge induction
hormones (hormonal contraceptives or hormone replace-reveal how developmental exposure to BPA might impact
ment therapy) may be a cumulative cause in the increase ofsteroidogenesis and estrous cyclicity.
breast cancer incidence that has been observed during the last
50 years. 6.6. Evidence of direct effects of BPA on the

All of the morphological and functional changes that have developing brain
been described earlier as a result of in utero and neonatal ex-
posure to BPA suggest a mechanism of action that involves Emerging data suggests that the developing brain may be
both alterations in the way developmental genes, such as thea primary target for BPA action. A few studies in rats have
Hox or Wt genes, direct tissue patterning, as well as alter- now documented measurable changes in the brain of off-
ations in the hypothalamic—pituitary—gonadal (H-P—G) axis. spring exposed to BPA during development. As mentioned
Fetal exposure to DES has been shown to down-regulate theearlier, daily injections of BPA into rat pups on postnatal
expression ofAnt7a [34] and severaHox genes[8,37] in days 1-5 increased the levels of &RRNA measured in
the mouse Mullerian duct and uterus. The uterus phenotypethe mediobasal hypothalamus of the females on postnatal
observed in mice carrying null mutations of these genes is day 30 providing conclusive evidence of a direct effect of
similar to that resulting from fetal exposure to DES, sug- neonatal BPA exposure on the brg88]. Exposure of rats
gesting that the DES effect is due to the down-regulation to 40 or 40Qug/kg BPA during pregnancy and lactation
of these genef34]. Our laboratory is currently investigat- resulted in measurable effects on one of the five known
ing this hypothesis in the BPA-exposed mouse mammary somatostatin receptor subtypes, sst2, in the brains of the

gland. offspring [19]. Variations of low affinity and high affinity
sst2 binding parameters were documented in hypothalamic

6.5. Hypothalamic—pituitary—gonadal (H-P-G) axis and limbic structures in BPA-exposed offspring when ex-

function amined on postnatal days 10 and 23 providing additional

evidence for a direct central effect of early BPA exposure.

Evidence of alterations in H—-P—G axis function is proba- In yet another study, when examined in adulthood, off-
bly best exemplified by the disturbances in estrous cyclicity spring born to rats treated with BPA (1.5mg/kg per day)
observed in female rats and mice exposed to BPA dur- throughout pregnancy and lactation, exhibited measurable
ing developmen{38,52] Data from several studies reveal alterations in the volume and the number of cells in the locus
alterations at the hypothalamic and/or pituitary level in coeruleus, a major noradrenegic nucleus of the brainstem
BPA-exposed animals. Exposure of pregnant rats to BPA [36].
in their drinking water (10@.g/l) from gestational day 6 Perhaps the most striking evidence of BPA action on the
through lactation results in altered response to long-term developing brain is provided by the emerging data from be-
ovariectomy in female offspring manifested as decreasedhavioral studies in rodents. The first reports of developmen-
plasma levels of LH52]. The exposure of male rats to far tal effects of BPA on behavior in adulthood were provided
higher doses of BPA, namely 5@ per rat, from postnatal by the studies of Farabollini et al. in rgt32]. Female rats
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were exposed to a low dose of BPA (46/kg per day) be- habitat during a lifetime. However, it would be derelict to
ginning 10 days before mating and continuing until weaning ignore the increasing evidence coming from these experi-
of the pups, or they were exposed to a 10-fold higher mental studies, the naturally occurring malformations and
daily dose (40Gwg/kg per day) from day 14 of gestation behavioral problems found in chemically-exposed wildlife,
through postnatal day 6. Both treatment regimens revealedand the increasing incidence of comparable malformations
similar findings in behavioral tests. An overall reduction and behavioral problems in human populations that are
in motivation to explore was observed in all BPA-exposed exposed to the same chemicals during different develop-
offspring. Moreover, depressed motor activity was detected mental stages. All of this evidence should be sufficient
in BPA-exposed females and reduced anxiety-like behav-to encourage us to apply the precautionary principle and
iors were observed in BPA-exposed male offspring. In the thus ban or substitute those chemicals that are likely to
studies of Kubo et al. mentioned earl[86], the significant be harmful to the normal development of humans and
sex differences in activity levels, exploratory behaviors and wildlife.
avoidance memory noted in control offspring were obliter-  One impediment to achieving the aforementioned goal is
ated in offspring born to mothers treated with 1.5 mg/kg per the general belief that environmental endocrine disruptors,
day BPA throughout pregnancy and lactation. Recent studiesparticularly those that are steroid hormone agonists and an-
have also documented effects of perinatal exposure of BPAtagonists, are less potent than their natural counterparts, that
on sociosexual behavior in male and female fafg. The is, endogenous sex steroids, and therefore do not have the
behaviors observed suggested that female offspring born tocapacity to cause health-threatening effects. However, it has
mothers exposed to 4y/kg per day BPA during pregnancy been shown convincingly that endocrine disrupting chemi-
and lactation exhibited a potentiation of female typical be- cals, acting through the same receptor pathway as endoge-
havior and male offspring exhibited a reduction in male typ- nous sex steroids, act additively. For example, xenoestrogens
ical behavior. The examination of play behaviors in young that have been deemed of low potency relative to estradiol
rats (postnatal days 35, 45 and 55) born to females exposedare able to shift the dose—response curve for estradiol to the
to 40 or 40Q.g/kg per day BPA in the regimens described left. Moreover, endogenous hormones, and their environ-
above, revealed differences in male and female BPA-exposedmental mimics, show non-monotonic dose-response curves
offspring[16]. Two components of play behavior were mas- resulting in different effects at low and high doses. Finally,
culinized in female offspring born to BPA-exposed females it is irrefutable that the susceptibility and sensitivity of the
and one component of male play behavior was intensified organism varies depending on the developmental stage at
in BPA-exposed males. The recent work of Palanza et al. the time of exposure. While environmentally-relevant doses
[48] indicates effects of developmental exposure to BPA of xenoestrogens are insufficient to evoke an uterotropic ef-
on maternal behavior in mice. BPA exposure in this study fect in prepubescent animals, they are certainly capable of
was limited to 1Qug/kg per day administered to pregnant inducing dramatic morphological, biochemical, physiolog-
females on days 14-18 of gestation. In adulthood, the fe-ical and behavioral changes in laboratory animals exposed
males exposed to BPA during gestation spent less timein utero or in ovo.
nursing their pups and more time out of the nest compared The contamination of our environment with endocrine
to females born to control mothers. The demonstration of disrupting chemicals is providing evidence that mammalian
measurable effects on behavior in adult mice exposed to asdevelopment is far more plastic than previously thought,
little as 10u.g/kg per day BPA for 5 days during gestation and that hormones such as maternal estrogens, previously
suggests that the developing brain may be a particularly considered irrelevant to early mammalian development,
sensitive target for BPA exposure. Additional studies are produce subtle but measurable effects in the behavior of
needed to further characterize the effects of BPA on other these animals. The findings that exposure to BPA during
behavioral endpoints and to delineate the critical time peri- morphogenesis of estrogen-target tissues and organs re-
ods of BPA exposure for the different behavioral parameters sults in changes that become fully manifested during adult
assessed. life have provided important information towards our un-
derstanding of how BPA (and potentially other estrogen
mimics) exposure effects male and female reproduction in
7. Conclusions mammals. This ongoing research has practical implications
in the realization that wildlife and humans are being affected
The data collected so far in the field of environmental by environmental exposure to hormonally active chemicals
toxicology is sufficient to raise concerns among scientists at levels previously considered to be irrelevant. From a
and public officials about the potential deleterious impact theoretical perspective, we are learning to reconsider the
of endocrine disrupting chemicals on human development. prevalent view that development is simply an unfolding of
It has always been controversial to extrapolate from data a genetically determined program, and therefore to incorpo-
that is obtained from laboratory animal experiments in rate an understanding of the ecological regulation of devel-
which the dose and schedule of chemical exposure doesopment (phenotype plasticity). With these new insights, the
not always represent conditions that humans face in theiremerging field of environmental endocrine disruption will
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