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1. ABSTRACT

Environmental xenoestrogens can be divided into
natural compounds (e.g. from plants or fungi), and
synthetically derived agents including certain drugs,
pesticides and industrial by-products. Dietary exposure
comes mainly from plant-derived phytoestrogens, which
are thought to have a number of beneficial actions.
However, high levels of exogenous estrogens including
several well-known synthetic agents are associated with
harmful effects. Chemicals like xenoestrogens, which can
mimic endogenous hormones or interfere with endocrine
processes, are collectively caled endocrine disruptors.
Adverse effects by endocrine disrupting chemicas
(particularly  xenoestrogens) include a number of
developmental anomalies in wildlife and humans. Critical
periods of urogenital tract and nervous system development
in-utero and during early post-natal life are especialy
sensitive to hormonal disruption.  Furthermore, damage
during this vulnerable time is generally permanent, whereas
in adulthood, ill effects may sometimes be aleviated if the
causative agent is removed. The most commonly studied
mechanism in which xenoestrogens exert their effects is
through binding and activation of estrogen receptors a and
3 similar to endogenous hormone. However, endocrine
disruptors can often affect more than one hormone
(sometimes in opposite directions), or different components
of the same endocrine pathway, therefore making it
difficult to predict effects on human headlth. In addition,
xenoestrogens have the potential to exert tissue specific and
nongenomic actions, which are sensitive to relatively low
estrogen concentrations. The true risk to humans is a
controversial issue; to date, little evidence exists for clear-
cut relationships between xenoestrogen exposure and major
human hedth concerns. However, because of the
complexity of their mechanism and potential for adverse

effects;, much interest remains in learning how
xenoestrogens affect normal estrogen signaling.

2. INTRODUCTION

Many naturally occurring and synthetic agents
have the potential to disrupt normal endocrine processes
regulating cell growth, homeostasis and development.
These structurally diverse endocrine disrupting chemicals
(EDCs) have been defined as exogenous compounds that
interfere with the synthesis, storage/release, metabolism,
transport, elimination, or receptor binding of endogenous
hormones (1). Although controversial, there is concern over
potential human health risksimposed by exposure to EDCs.
The uncertainty stems from complex mechanisms in which
these agents exert their effects, making it difficult to define
acceptable levels and determine true risk. Nonetheless,
there are several well-documented examples illustrating
adverse effects on wildife and humans. The
environmentally persistent pesticide
dichlorodiphenyltrichloroethane (DDT) and its metabolites
were related to reproductive defects in birds and
amphibians (2). Prenatal exposure to the potent estrogen
Diethylstilbestrol (DES) was associated with reproductive
tract malformations in infants and development of cancer in
young women (3). Exposure of fresh-water aquatic species
to a variety of EDCs has been linked to deleterious effects
(4). The most commonly studied EDCs are compounds
that mimic the actions of endogenous estrogen 17-b
estradiol (E2). These include plant derived phytoestrogens
(isoflavones, lignans), drugs (DES), pesticides (DDT,
methoxychlor, other organochlorines), and industrial by-
products  (polychlorinated  biphenyls,  alkylphenols,
bisphenol-A). Some synthetic xenoestrogens such as
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alkylphenols, DDT derivatives, and polychlorinated
biphenyls (PCBs) are extremely persistent in the
environment, accumulating in the food chain and in human
biologica matrices. Exposure is most commonly by
ingestion of contaminated food or water, or through
isolated occupational contact. Of particular concern,
however, is fetal and early postnatal exposure to
xenoestrogens during critical periods of neurological and
urogenital tract development when tissues are especialy
sensitive to steroid hormone regulation. In this brief
review, we will describe the means of exposure to various
xenoestrogens, their modes of action, and potential or
confirmed adverse in-vivo effects.

3. ENDOGENOUS ESTROGEN ACTION

Estradiol plays an important role in development
of many tissues such as the nervous system, heart, and
reproductive tract. In addition to developmental functions,
E2 aso promotes bone maintenance and cardiovascular
health, as well as having a criticad role in femae
reproductive physiology. At the cellular level, E2
stimulates proliferation or differentiation through induction
of target genes. A few examples of estrogen-regulated
genes include protoocogenes (c-fos, c-jun, c-myc),
progesterone receptor, cyclin D1, vascular endothelia
growth factor (VEGF), and endothelia nitric oxide
synthase (ENOS). The classic mechanism involves ligand
binding and activation of estrogen receptors (ER apha and
beta isoforms), which are members of the steroid hormone
nuclear receptor superfamily (reviewed in 5, 6). In its
inactive form, ER remains associated with heat shock
protein hsp 90 and exhibits a diffuse nuclear localization.
However, when bound by ligand, ER dimerizes, becoming
an active transcription factor and interacting with estrogen
responsive elements (ERES) in target genes. In addition, a
number of ancillary factors known as coactivators (7) are
recruited to the complex, which interact with ER and
participate in remodeling of chromatin. This process is
thought to provide access for genera transcription
machinery to associate with the promoter. Besides direct
binding to EREs, ER also affects transcription at other
enhancer elements including AP1, NF Kappa B and SP1
sites, typically through protein:protein interaction (8).

3.1. Estrogen Receptors

Estrogen receptors ERa and R, which are coded
for on separate genes, show tissue specific expression and
are thought to possess distinct physiological roles (9). ERa
is highly expressed in breast, uterus, pituitary, testis, and
kidney whereas b shows a somewhat wider distribution, in
the cardiovascular system, prostate, hypothalamus, Gl tract,
ovary (granulosa cells), kidney and lungs (10-14). The two
ER subtypes can form homo- or heterodimers allowing for
three distinct dimer species. Although most tissues show a
predominance of either a or b, there may be coexpression
of both receptors in many cells, suggesting potential in-vivo
heterodimer functions. The relative roles of the three
possible dimer combinations are of great interest in terms
of differences in target genes, ligand specificities, and
coactivator  recruitment. These distinct physiologic
functions are not well characterized, but ERR was proposed
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to have aregulatory role in attenuating mitogenic actions of
ERa (9, 15). For the most part, the receptor types bind a
wide variety of ligands with similar affinities (16, 17).
However, a few compounds show a preference for one
subtype, or differences in transcriptional activity depending
on dimer composition. For example, the demethylated
product of the pesticide methoxychlor, (HPTE) shows ERa
agonist activity and ERb antagonism in transfected human
hepatoma cells (18). Phytoestrogens and bisphenol-A have
significantly greater binding affinity for ERDb relativeto a
(16, 17). Certain synthetic drugs known as selective
estrogen receptor modulators (SERMs) (19) are ER
agonists in some tissues and antagonists in others. These
include the clinically used antiestrogens tamoxifen and
raloxifene. In addition to the predominant ER species,
severa polymorphisms (20), mutations (21) and splice
variants (22, 23) have been described, providing further
complexity for estrogen signaling. Furthermore, at least
one ERa point mutant is known that shows hypersensitivity
to E2 and is associated with hyperplastic lesions in the
breast (24). This mutation, which produces a lys-to-Arg
substitution at amino acid residue 303, is currently under
investigation as arisk factor for breast cancer.

3.2 Nongenomic Actions

Besides the well known transcriptional actions of
E2, many nongenomic effects have been characterized (25),
which typicaly involve rapid modulation of signa
transduction pathways. A number of investigators have
proposed the existence of a sub-population of ER localized
at the cell surface, which mediates nongenomic actions (26,
27). The mechanism and role of nongenomic activity with
respect to overal estrogen action is unclear. However,
certain of these rapid effects including activation of MAP
kinase (ERK1/2) and phosphatidyl inositol (PI3) kinase
have been linked to proliferation and/or antiapoptosis in
various cell systems (28-31). Xenoestrogens have not been
characterized with regard to nongenomic activity, but
because these rapid effects are sensitive to relatively low
estrogen levels, it is likely that exogenous agents may
influence them.

4. EXPOSURE TO ENVIRONMENTAL ESTROGENS

4.1. Phytoestr ogens

The most common mode of exposure to
estrogenic compounds is through dietary sources containing
phytoestrogens. Human ingestion of phytoestrogensis quite
significant, especially in soy supplemented diets such as
infants taking soy-based formulas. Typically, the most
important of these compounds in terms of human
consumption are the isoflavones (genistein and daidzein),
found mainly in soy products, but also present in fruits and
nuts (32). In addition there are several other dietary
phytoestrogens the most common of which are lignans and
coumesterol. The Lignans, enterolactone and enterodiol,
are formed in the gut from bacterial fermentation of plant
precursors (33). Coumesterol is present in bean, clover and
afalfa spouts. Phytoestrogens such as these are
increasingly marketed as over-the-counter, natural
products, for use as an alternative to hormone replacement
therapy in post-menopausal women. As with other



Xenoestrogen Exposure and M echanisms

xenoestrogens, their potential for in-vivo endocrine
disruption is not completely understood, but phytoestrogens
have actually shown a protective effect against some
cancers, cardiovascular disease, and osteoporosis (33).
Adults on soy-supplemented diets have shown plasma
concentrations of 50-500 nM daidzein and up to 900 nM
genistein (34). These levels of phytoestrogens have not
been associated with any ill- effects, and could be related to
lower incidences of certain cancers in Japan. However,
infants taking soy-based formulas have shown plasma
levels of 25 pM genistein, and 1.2 uM daidzein (35).
Since this age represents a critical period in neurological
development especially vulnerable to changes in steroid
hormones, there is legitimate concern about high levels of
these exogenous estrogens.

4.2. Synthetic Xenoestr ogens

Some of the more prevalent synthetic estrogens
in the environment include DDT metabolites and
polychlorinated biphenyls (PCBs). Organochlorines such
as PCB are extremely resistant to biological transformation
and are known to accumulate in the food chain. Therefore
they could be transferred from fish and wildlife to humans.
Human blood, adipose tissues and milk contain specific
PCB types (cogeners), whose physica and chemica
characteristics allow them to persist in biological matrices,
(termed bioaccumulation). Plasma levels of PCBs and the
DDT metabolite DDE were approximately 20 nM in U.S.
women from several geographica areas (36). Although
PCBs and DDT are very persistent, a recent survey in
Germany has suggested that their environmental and
endogenous burden is declining (37). There is some
thought that these contaminants may be related to an
incressing incidence of breast cancer, however,
epidemiological evidence has not supported this (38).

Bisphenol-A (BPA) is an industrial monomer
used in production of polycarbonates and epoxy resins.
There is considerable potential for human exposure to this
compound because traces of it are known to leach from the
lining of food cans, plastic ware, and from dental sealants
(39, 40). Estimates of oral exposure to BPA are 90-930 ng
during the first hour following administration of dental
sealant (40) and up to 6.3 ng per day from food cans (41-
43). BPA is less likely to bioaccumulate than some
xenoestrogens because it is readily metabolized through
glucuronidation followed by excretion (44). Nonetheless,
there have been numerous in-vitro and in-vivo studies of
the estrogen-like effects of BPA, which illustrate its
potential for endocrine disruption, and adverse effects on
development.

Other  widely distributed  environmental
contaminants include the alkylphenolic surfactants used in
textile manufacturing. In particuluar, nonylphenol and
octylphenol are thought to be related to the deleterious
effects in aguatic species found close to sewage effluents
and other contaminated sources. In addition to being found
in high concentrations in certain sediments, traces of these
pollutants have been detected in many water sources
including U.S. tap water (45). Daily intake of nonylphenol
is estimated to be 10-160 gy (46, 47), and akylphenols
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have the potential for bioaccumulation. However, rats
receiving low and high doses of octylphenol did not show
accumulation unless doses exceeded the animals
detoxification capacities (48, 49).

In addition to xenoestrogen exposure through
dietary means, there are numerous isolated occupational
incidents, or clinically related exposures in which synthetic
estrogens have demonstrated adverse effects. Examples
include effects on workers involved with production of oral
contraceptives, in which active ingredients were likely
absorbed through the skin. Crop dusters with high exposure
to DDT showed high incidence of oligospermia (50).
Indeed, there has been speculation that the decreased
reproductive capacity seen in males since the 1950's may
be related to persistent xenoestrogen exposure, although
this has not been substantiated (51, 52). There is also the
unfortunate diethylstilbestrol (DES) incident, in which
clinical use of this potent estrogen lead to significant
morbidity in males and females exposed in utero.

5.MECHANISM S OF XENOESTROGENS

5.1. Direct Effects On The Estrogen Receptor
Considering the widespread tissue distribution of
ER subtypes and complexity of estrogen action, a number
of mechanisms and in-vivo locations exist for
xenoestrogens to perturb normal signaling. The most
commonly studied mechanisms are those directly affecting
steroid receptor activity. Most xenoestrogens are ligands
for ER, and may or may not compete with E2 for binding.
Like E2, these agents are thought to exert their actions by
promoting an active ER conformation, which regulates
target genes accordingly. Alternatively, xenoestrogens may
function as mixed ER antagonists/agonists in a manner
similar to SERMs. In general, xenoestrogens require 100-
1000 fold greater concentration to show a similar biological
effect relative to endogenous estradiol (16). However, their
potential for biological actions is complex and depends on
a number of factors including pharmacokinetics
(absorption, bioavailability, metabolism and clearance) and
tissue specific cofactor and receptor accessibility. For
example, there is evidence that some organochlorine
compounds can be concentrated in fat tissue and
subsequently released to promote estrogenic effects (53).
Furthermore, it is not known if xenoestrogens, even at low
concentrations that alone do not activate ER, might
potentiate the activity of estradiol, or exhibit additive
effects if present as mixtures. Indeed, Arnold et al.
proposed that combinations of weak environmental
estrogens have a synergistic effect in activating ER (54,
55). On the other hand, more recent work has suggested
only additive effects for estrogenic compounds (56-59).

As discussed earlier, ligand dependent activation
of ER involves dimerization and conformational changes
within the receptor alowing recruitment of coactivators.
Paige and co-workers showed that structurally diverse
peptides that bound to ER could promote different
conformations leading to recruitment of various sets of
coactivators (60). Since human tissues show different
expression patterns of coactivator subsets, this could
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explain the tissue specific activities (agonist or antagonist)
of xenoestrogens. Using the yeast two-hybrid system, we
assessed the ability of several environmentally persistent
and prevalent xenoestrogens to promote ERa dimerization
and stimulate ERE regulated transcription (61). Estrogen
receptor a was expressed in yeast as GAL4-DB-hER and
GALA4-TA-hER fusion proteins and grown overnight with
varying concentrations of E2, octylphenol, bisphenol A, o-
p'-DDT, or o-p'-DDE. These structuradly diverse
compounds (except for o-p’-DDE) induced ER dimer
formation as well as stimulating ERE mediated
transcription (61). Expression of the coactivator RIP-140
amplified the effects of the xenoestrogens illustrating the
potential for tissue specific actions. Using a GST pull
down protocol, Routledge and co-workers investigated
recruitment of coactivators TIF2 and SRC-1to ERa or b in
the presence of xenoestrogens (62). Genistein, DES, OP,
BPA and PCB were each able to displace tritiated E2 from
ERa/b in a dose dependent fashion. Binding affinities for
each receptor were similar except for genistein, which
showed 20 fold greater affinity for ERb relative to a.
However, there were ligand and receptor dependent
differences in coactivator binding. In short, binding
affinities did not correlate with the ability of xenoestrogens
to stimulate recruitment of TIF2 or SRC-1. ERb generally
showed greater coactivator binding in response to
xenoestrogens (relative to a), which correlated with
enhanced reporter gene activity. The authors concluded
that differential recruitment of coactivators by various
estrogens contributes to complex tissue-dependent
agonistic/antagonistic responses in vivo (62). In partia
agreement with these data, Matthews et al. observed
displacement of tritiated E2 from ERa and b by BPA,
however, BPA competed much more effectively for
binding to ERb (63). Interestingly, BPA induced ERa and
b mediated reporter gene activities to a similar extent, thus
again illustrating the non-correlation of ligand:receptor
affinity with coactivator recruitment and transactivation. It
is noteworthy to mention that xenoestrogens could also
affect nongenomic ER pathways, resulting in endocrine
disruption at potentially much lower concentrations.

5.2. Other Mechanisms

Several examples are known in which EDCs can
ater circulating levels of endogenous hormones. For
instance, some hydroxylated PCB metabolites inhibit the
sulfotransferase required for estradiol metabolism, thus
increasing bioavailability of E2 (64). In apparent contrast
with their ability to activate ER, many isoflavanoid
phytoestrogens inhibit human aromatase activity in cancer
cells, leading to lower E2 and preventing growth of
estrogen dependent tissues (65). Some endocrine
disrupting agents can interfere with binding of endogenous
hormones to plasma transport proteins. An example of this
is the displacement of thyroid hormone by dioxin and
organochlorines, resulting in more rapid clearance and
lower hormone levels (66). Also, it isimportant to note that
EDCs may affect more than one component of the
endocrine system, with different potencies. Genistein is a
phytoestrogen that also inhibits thyroperoxidase activity,
necessary for thyroid hormone synthesis (67). Metabolites
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of DDT and methoxychlor as well several other
xenoestrogens are ER agonists as well as androgen receptor
(AR) antagonists (68, 69). In the case of DDT, the in vivo
metabolite (p,p’-DDE) has greater affinity for AR, such
that it binds only this receptor at lower concentrations, and
both ER and AR at higher concentrations. Based on these
observations, it is clear that the effects of an endocrine
disruptor at the high end of its dose-response spectrum
result from perturbation of more than one pathway,
whereas at lower concentrations, only a single endocrine
component may be involved (70).

6. ADVERSE IN-VIVO EFFECTS

6.1. Reproductive Tract

Diethylstilbestrol (DES) athough not an
environmentally persistent EDC per se, provides a good
example of how endocrine disruption can adversely affect
development. DES is a potent estrogen analogue used
clinically several decades ago in pregnant women for
prevention of miscarriages. The deleterious effects on male
and female offspring of mothers taking this drug are well
documented, (for reviews see 3,71,72). Briefly, “DES-
sons’ showed significantly increased incidence of
urogenital tract abnormalities including epididymal cysts
(21% vs 5% in controls), hypospadias (4.4% vs 1.1% in
controls), and cryptorchidism (11.4% vs 2.1% in controls),
(73). Anima studies of pregnant mice receiving DES
showed similar anomaies in mae offspring (74).
Daughters of women taking DES exhibited increased
incidence of urogenital tract abnormalities as well as the
occurrence of a rare tumor (clear cell carcinoma of the
vaginag) in young adulthood (75). Fortunately, the risk of
cancer was il relatively small (1 in 1000). Obviously,
inadvertent exposure to weaker xenoestrogens is not
directly comparable to use of this potent drug. Also, one
must consider that DES is readily absorbed through ora
administration, crosses the placenta, and was taken in high
doses (typicaly 5 to 125 mg per day) (3).

Metabolites of pesticides such as DDT are
thought to be a causative factor in many instances of
reproductive anomalies in amphibians and birds. An
example is the report of alligators in Florida's Lake
Apopka, which showed altered sexua differentiation of
male reproductive tract (2), presumably resulting from the
spill of a DDT-like pesticide into the lake in the early
1980's (76, 77). The estrogenic/antiandrogenic effects of
DDT metabolites were also seen in humans who showed a
high incidence of oligospermia as a result of working
around high levels of this agent (50). PCBs, other
estrogenic contaminants, and dioxins have each been linked
to a number of deleterious events in freshwater aquatic
species. These include high mortality in Lake Ontario trout,
vitellogenin induction in fish near sewage outfdls,
congenital defects in Lake Michigan cormorants, and
changes in sex steroid profiles in fish found near kraft-mill
outfalls (4).

Recently there has been concern about the
endocrine disruptive potential of a group of industrialy
produced non-ionic surfactants, alkylphenols (nonylphenol
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and octylphenol), which are present in surface waters and
sediments. These products have been shown to
bioaccumulate in several species (78), and may be related
to reproductive defects in fish (79, 80). Octylphenol (OP)
and nonylphenol are ER ligands but no clear causality has
yet been established between them and adverse effects in
humans. However, because of widespread industrial use of
OP, and potential for human exposure from water sources,
many laboratory studies are currently underway to
investigate the estrogenic mechanism of this environmental
contaminant. For similar reasons, the synthetic product
BPA, used in plastics and resins, is aso under close
scrutiny. Katsuda et al, noted several reproductive tract
defects in newborn female rats exposed to high doses of
OP, including early vaginal opening, uterine hyperplasia
and persistent estrous (81). Other estrogen-like actions have
been found for OP in developing hypothalamic neurons
(82). BPA was shown to cause reproductive effects in
rodents (83), and stimulation of MCF-7 human breast
cancer cell proliferation (84). However, as with other
environmental estrogens, more evidence is needed to
determine if BPA and OP impose any true risk to human
health.

6.2. Nervous System

Central nervous system development is acutely
sengitive to sex hormone levels, particularly in the perinatal
period just prior to and after birth (85). During this time,
hormonal regulation is responsible for sexual dimorphic
organization of the brain, i.e. feminization or
masculinization.  This process alows for sex-typical
activational effects (e.g. behavioral) by gonadal hormones
later on following puberty. Many of the developmental
endpoints related to sexual dimorphism in the CNS are
regulated by estrogen receptors. Thisis particularly true for
rodents, whereas in primates, androgens appear to play a
more critical role (86, 87). Furthermore, steroid hormones
are known to affect brain function after development
through typical activation of cognate receptors and
interactions with neurotransmitter pathways. ERa and b
show distinct expression patterns in the mammalian CNS
(88) with b showing a wider distribution and expression of
several splice variants whose relative functions are
currently unknown (89, 90). Although not substantiated,
there is suspicion that EDCs may pose a risk for
developmental neurotoxicity. Few studies have addressed
this issue, but epidemiologic associations have linked
perinatal exposure to PCBs, pesticides, and polychlorinated
dibenzofurans with cognitive and behaviora deficits (85).
Because of the prevalence and bioaccumulation of PCB
mixtures (e.g. in adipose tissue, blood and milk) these
compounds in particular are under suspicion (91, 92).
PCBs are known to activate estrogen receptors, alter
thyroid hormone status, and affect dopamine signaling and
related behaviors in rodents. Commercia mixtures of
PCBsaswell asindividual PCB cogeners are typically used
to study the neurologic effects of these compounds. The
PCB mixtures Aroclor 1221 and 1254 were shown to alter
female sex behaviors (93), however, other studies have
shown that bioaccumulated PCBs are more toxic than the
commercial mixtures. Therefore, mixtures that approximate
bioaccumulated PCBs may prove more informative.
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Several highly bioaccumulated forms of PCB were shown
to compete with E2 binding, and alter ER mediated gene
transcription in cell-based assays (94). In another study,
male monkeys were exposed for 20 weeks following birth
to a mixture of PCBs similar to that found in human breast
milk (50 parts per billion) (95). These animals showed
marked behavioral abnormalities 2.4 to 5 years after
exposure. Male rats exhibited permanent changes in motor
function and emotional behavior following exposure in-
utero to specific PCB cogener #77 (96). It should be
emphasized that PCBs, like many endocrine disruptors, can
affect severd signaling mechanisms, therefore the
phenotypic effects described above may not be attributed
just to the estrogen receptor perturbations. There is some
suspicion that xenoestrogens may play a role in
carcinogenesis in sex steroid sensitive tissues such as
breast, uterus and prostate. However, to date, no definitive
causal relationships have been established; therefore, this
discussion will be limited to the effects described above.

7. PERSPECTIVES

One of the most difficult problems related to
endocrine disrupting chemicals, is establishing risk
assessment  strategies for potential adverse effects on
human heath. Toxicologica assessments take into
consideration both the biologic potency of a chemica as
well as possible or known exposure scenarios (47). For
xenoestrogens, there are many complicating factors: gender
and age as related to periods of development with high
susceptibility to permanent damage, involvement of
multiple receptors and endocrine components, additional
exogenous burden from natural estrogens in foods, and
complicated pharmacokinetics. In addition, recently
described nongenomic effects of estrogen could provide
mechanisms for xenoestrogen action at concentrations
severa orders of magnitude lower than those required for
other modes of action. However, cause-effect relationships
between xenoestrogens and ill effects on human health
have not been established except in cases of occupational
exposure or the former use of DES. Furthermore, it must be
realized that the estrogenicity of a chemical should not
necessarily be equated to adverse health effects, which is
reflected by the significant dietary consumption of
phytoestrogens due to their presumed beneficia effects.
Nonetheless, because of the persistence of many
xenoestrogens in the environment, high potential for human
exposure, and accumulation in biological matrices, interest
should be maintained both in determining modes of action,
and establishing the true risks from these chemicals.

8. ACKNOWLEDGEMENTS

The authors wish to thank Y uxin Feng and Robin
Tharakan for critical review of this manuscript.

9. REFERENCES

1. Cooper RL, Kavlock RJ: Endocrine disruptors and
reproductive development: a weight-of-evidence overview.
J Endocrinol 152, 159-66.(1997)

2. Guillette LJ, Jr., Gross TS, Masson GR, Matter JM,
Percival HF, Woodward AR: Developmental abnormalities



Xenoestrogen Exposure and M echanisms

of the gonad and abnormal sex hormone concentrations in
juvenile aligators from contaminated and control lakes in
Florida. Environ Health Perspect 102, 680-8.(1994)

3. Hogan MD, Newbold RR, McLachlan JA. Extrapolation
of teratogenic reponses observed in laboratory animals to
humans. DES as an illustrative example. In; Banbury
Report 26: Developmental Toxicology: Mechanisms and
Risk.:Cold Spring Harbor Laboratory, 1987;257-269.

4. Kavlock RJ: Overview of endocrine disruptor research
activity in the United States. Chemosphere 39, 1227-
36.(1999)

5. Mangelsdorf DJ, Thummel C, Beato M, Herrlich P,
Schutz G, Umesono K, Blumberg B, Kastner P, Mark M,
Chambon P, et al.: The nuclear receptor superfamily: the
second decade. Cell 83, 835-9.(1995)

6. Klinge CM: Estrogen receptor interaction with estrogen
response elements. Nucleic Acids Res 29, 2905-19.(2001)

7. Klinge CM: Estrogen receptor interaction with co-
activators and co-repressors. Seroids 65, 227-51.(2000)

8. Kushner PJ, Agard D, Feng WJ, Lopez G, Schiau A,
uht R, Webb P, Grenne G: Oestrogen receptor function at
classical and alternative response elements. Novartis Found
Symp 230, 20-6(2000)

9. Gustafsson JA: Estrogen receptor beta-a new
dimension in estrogen mechanism of action. J Endocrinol
163, 379-83.(1999)

10. Couse JF, Lindzey J, Grandien K, Gustafsson JA,
Korach KS: Tissue distribution and quantitative analysis of
estrogen receptor- alpha (ERapha) and estrogen receptor-
beta (ERbeta) messenger ribonucleic acid in the wild-type
and ERalpha-knockout mouse. Endocrinology 138, 4613-
21.(1997)

11. Mitchner NA, Garlick C, Ben-Jonathan N: Cellular
distribution and gene regulation of estrogen receptors alpha
and beta in the rat pituitary gland. Endocrinology 139,
3976-83.(1998)

12. Sar M, Welsch F: Differential expression of estrogen
receptor-beta and estrogen receptor- aphain the rat ovary.
Endocrinology 140, 963-71.(1999)

13. Shughrue PJ, Lane MV, Scrimo PJ, Merchenthaler I:
Comparative distribution of estrogen receptor-alpha (ER-
alpha) and beta (ER-beta) mRNA in the rat pituitary,
gonad, and reproductive tract. Seroids 63, 498-504.(1998)

14.  Shughrue PJ, Komm B, Merchenthaler |: The
distribution of estrogen receptor-beta mRNA in the rat
hypothalamus. Seroids 61, 678-81.(1996)

15. Hall IM, McDonnell DP: The estrogen receptor beta-
isoform (ERbeta) of the human estrogen receptor
modulates ERalpha transcriptional activity and is a key

115

regulator of the cellular response to estrogens and
antiestrogens. Endocrinology 140, 5566-78.(1999)

16. Kuiper GG, Carlsson B, Grandien K, Enmark E,
Haggblad J, Nilsson S, Gustafsson JA: Comparison of the
ligand binding specificity and transcript tissue distribution
of estrogen receptors alpha and beta. Endocrinology 138,
863-70.(1997)

17. Kuiper GG, Lemmen JG, Carlsson B, Corton JC, Safe
SH, van der Saag PT, van der Burg B, Gustafsson JA:
Interaction of estrogenic chemicals and phytoestrogens
with estrogen receptor beta. Endocrinology 139, 4252-
63.(1998)

18. Gaido KW, Leonard LS, Maness SC, Hall JM,
McDonnell DP, Saville B, Safe S: Differential interaction
of the methoxychlor metabolite 2,2-bis-(p-
hydroxyphenyl)-1,1,1-trichloroethane ~ with estrogen
receptors apha and beta. Endocrinology 140, 5746-
53.(1999)

19. McDonnell DP: The Molecular Pharmacology of
SERMSs. Trends Endocrinol Metab 10, 301-311.(1999)

20. MatsubaraY, MurataM, Kawano K, ZamaT, Aoki N,
Yoshino H, Watanabe G, Ishikawa K, Ikeda Y: Genotype
distribution of estrogen receptor polymorphisms in men
and postmenopausal women from healthy and coronary
populations and its relation to serum lipid levels.
Arterioscler Thromb Vasc Biol 17, 3006-12.(1997)

21. Tonetti DA, Jordan VC: The role of estrogen receptor
mutations in tamoxifen-stimulated breast cancer. J Seroid
Biochem Mol Biol 62, 119-28.(1997)

22. Petersen DN, Tkalcevic GT, Koza-Taylor PH, Turi
TG, Brown TA: Identification of estrogen receptor beta2, a
functional variant of estrogen receptor beta expressed in
normal rat tissues. Endocrinology 139, 1082-92.(1998)

23. Maruyama K, Endoh H, Sasaki-lwaoka H, Kanou H,
Shimaya E, Hashimoto S, Kato S, Kawashima H: A novel
isoform of rat estrogen receptor beta with 18 amino acid
insertion in the ligand binding domain as a putative
dominant negative regular of estrogen action. Biochem
Biophys Res Commun 246, 142-7.(1998)

24. Fuqua SA, Wiltschke C, Zhang QX, Borg A, Castles
CG, Friedrichs WE, Hopp T, Hilsenbeck S, Mohsin S,
O'Connell P, Allred DC: A hypersensitive estrogen
receptor-alpha mutation in premalignant breast lesions.
Cancer Res 60, 4026-9.(2000)

25. Coleman KM, Smith CL: Intracellular signaling
pathways. nongenomic actions of estrogens and ligand-
independent activation of estrogen receptors. Front Biosci
6, D1379-91.(2001)

26. Callins P, Webb C: Estrogen hits the surface. Nat Med
5, 1130-1.(1999)

27. Levin ER: Céllular Functions of the Plasma Membrane
Estrogen Receptor. Trends Endocrinol Metab 10, 374-
377.(1999)



Xenoestrogen Exposure and M echanisms

28. Bi R, Broutman G, Foy MR, Thompson RF, Baudry
M: The tyrosine kinase and mitogen-activated protein
kinase pathways mediate multiple effects of estrogen in
hippocampus. Proc Natl Acad Sci U SA 97, 3602-7.(2000)

29. Singer CA, Figueroa-Masot XA, Batchelor RH, Dorsa
DM: The mitogen-activated protein kinase pathway
mediates estrogen neuroprotection after glutamate toxicity
in primary cortical neurons. J Neurosci 19, 2455-63.(1999)

30. Razandi M, Pedram A, Levin ER: Plasma membrane
estrogen receptors signal to antiapoptosis in breast cancer.
Mol Endocrinol 14, 1434-47.(2000)

31. Honda K, Sawada H, Kihara T, Urushitani M,
Nakamizo T, Akake A, Shimohama S
Phosphatidylinositol 3-kinase mediates neuroprotection by
estrogen in cultured cortical neurons. J Neurosci Res 60,
321-7.(2000)

32. Liggins J, Bluck LJ, Runswick S, Atkinson C, Coward
WA, Bingham SA: Daidzein and genistein contents of
vegetables. Br J Nutr 84, 717-25.(2000)

33. Bingham SA, Atkinson C, Liggins J, Bluck L, Coward
A: Phyto-oestrogens: where are we now? Br J Nutr 79,
393-406.(1998)

34. Adlercreutz H: Phytoestrogens: epidemiology and a
possible role in cancer protection. Environ Health Perspect
103 Suppl 7, 103-12.(1995)

35. Setchell KD, Zimmer-Nechemias L, Cai J, Heubi JE:
Isoflavone content of infant formulas and the metabolic fate
of these phytoestrogens in early life. Am J Clin Nutr 68,
1453S-1461S.(1998)

36. Hunter DJ, Hankinson SE, Laden F, Colditz GA,
Manson JE, Willett WC, Speizer FE, Wolff MS: Plasma
organochlorine levels and the risk of breast cancer. N Engl
J Med 337, 1253-8.(1997)

37. Makela S, Hyder SM, Stancel GM. Environmental
Estrogens. In: Estrogens and Antiestrogens, Hdbk Exp
Pharmacol, vol 135/ (Oettel M, Schillinger E, eds).
Berlin:Springer, 1999;613-663

38. Davidson NE: Environmental estrogens and breast
cancer risk. Curr Opin Oncol 10, 475-8.(1998)

39. Brotons JA, Olea-Serrano MF, Villalobos M, Pedraza
V, Olea N: Xenoestrogens released from lacquer coatings
in food cans. Environ Health Perspect 103, 608-12.(1995)

40. Olea N, Pulgar R, Perez P, Olea-Serrano F, Rivas A,
Novillo-Fertrell A, Pedraza V, Soto AM, Sonnenschein C:
Estrogenicity of resin-based composites and sealants used
in dentistry. Environ Health Perspect 104, 298-305.(1996)

41. Howe SR, Borodinsky L: Potential exposure to
bisphenol A from food-contact use of polycarbonate resins.
Food Addit Contam 15, 370-5.(1998)

116

42. Howe SR, Borodinsky L, Lyon RS: Potential exposure
to bisphenol A from food-contact use of expoy coated cans.
J Coat Technol 70, 69-74(1998)

43. Wingender RJ, Niketas P, Switcala CK: Development
of methods for the determination of bisphenol A in food
stimulants. J Coat Technol 70, 75-82(1998)

44. Knaak JB, Sullivan LJ: Metabolism of bisphenol A in
the rat. Toxicol Appl Pharmacol 8, 175-84.(1966)

45. Clark LB, Rosen RT, Hartman TG: Determination of
alkylphenol ethoxylates and their acetic acid derivatives in
drinking water by particle beam liquid
chromatography/mass spectometry. Intern J Environ Anal
Chem 47, 167-180(1992)

46. Mueller S, Schlatter J Oestrogenic potency of
nonylphenol in vivo - a case study to evaluate the relevance
of human non-occupational exposure. Pure Appl Chem 70,
1847-1853(1998)

47. Degen GH, Bolt HM: Endocrine disruptors: update on
xenoestrogens. Int Arch Occup Environ Health 73, 433-
41.(2000)

48. CertaH, Fedtke N, Wiegand HJ, Muller AM, Bolt HM:
Toxicokinetics of p-tert-octylphenol in male Wistar rats.
Arch Toxicol 71, 112-22(1996)

49. Upmeier A, Degen GH, Schuhmacher US, Certa H,
Bolt HM: Toxicokinetics of p-tert-octylphenol in femae
DA/Han rats after single i.v. and oral application. Arch
Toxicol 73, 217-22.(1999)

50. Singer PL: Occupationa oligospermia. J Am Med
Assoc 140, 1249(1949)

51. Safe SH: Endocrine disruptors and human health--is
there a problem? An update. Environ Health Perspect 108,
487-93.(2000)

52. Chia SE: Endocrine disruptors and male reproductive
function--a short review. Int J Androl 23, 45-6.(2000)

53. Bigsby RM, Caperel-Grant A, Madhukar BV:
Xenobiotics released from fat during fasting produce
estrogenic effects in ovariectomized mice. Cancer Res 57,
865-9.(1997)

54. Arnold SF, Klotz DM, Collins BM, Vonier PM,
Guillette LJ, Jr., McLachlan JA: Synergistic activation of
estrogen receptor with combinations of environmental
chemicals. Science 272, 1489-92.(1996)

55. Arnold SF, McLachlan JA: Synergistic signals in the
environment. Environ Health Perspect 104, 1020-3.(1996)

56. Arcaro KF, Gierthy JF: Estrogenic resonses of human
breast cancer cells to combinations of hydroxylated PCBs,
pesticicides, and 17beta-estradiol. Fundam Appl Toxicol
36, 295(1997)



Xenoestrogen Exposure and M echanisms

57. Ramamoorthy K, Wang F, Chen IC, Norris JD,
McDonnell DP, Leonard LS, Gaido KW, Bocchinfuso WP,
Korach KS, Sdafe S Estrogenic activity of a
dieldrin/toxaphene mixture in the mouse uterus, MCF-7
human breast cancer cells, and yeast-based estrogen
receptor assays. no apparent synergism. Endocrinology
138, 1520-7.(1997)

58. Safe S: Estrogenic activity of a dieldrin/toxaphene
mixture in the mouse uterus, MCF-7 human breast cancer
cells and yeast-based estrogen receptor assays:. No apparent
synergism. Fundam Appl Toxicol 36, (1997)

59. Wiese TE, Lambright CR, Kelce WR: Lack of
synergistic estrogen effects of dieldrin and endosulfan
mixtures on MCF-7 and MVLN cells. Fundam Appl
Toxicol 36, (1997)

60. Paige LA, Christensen DJ, Gron H, Norris JD, Gottlin
EB, Padilla KM, Chang CY, Badlas LM, Hamilton PT,
McDonnell DP, Fowlkes DM: Estrogen receptor (ER)
modulators each induce distinct conformational changes in
ER aphaand ER beta. Proc Natl Acad Sci U SA 96, 3999-
4004.(1999

)

61. Shedler CQ, Dudley MW, Khan SA: Environmental
estrogens induce transcriptionally active estrogen receptor
dimers in yeast: activity potentiated by the coactivator
RIP140. Environ Health Perspect 108, 97-103.(2000)

62. Routledge EJ, White R, Parker MG, Sumpter JP:
Differential effects of xenoestrogens on coactivator
recruitment by estrogen receptor (ER) alpha and ERbeta. J
Biol Chem 275, 35986-93.(2000)

63. Matthews JB, Twomey K, Zacharewski TR: In vitro
and in vivo interactions of bisphenol A and its metabolite,
bisphenol A glucuronide, with estrogen receptors apha and
beta. Chem Res Toxicol 14, 149-57.(2001)

64. Kester MH, Bulduk S, Tibboel D, Meinl W, Glatt H,
Falany CN, Coughtrie MW, Bergman A, Safe SH, Kuiper
GG, Schuur AG, Brouwer A, Visser TJ: Potent inhibition
of estrogen sulfotransferase by hydroxylated PCB
metabolites: a novel pathway explaining the estrogenic
activity of PCBs. Endocrinology 141, 1897-900.(2000)

65. Adlercreutz H, Bannwart C, Wahaa K, Makela T,
Brunow G, Hase T, Arosemena PJ, Kellis JT, Jr., Vickery
LE: Inhibition of human aromatase by mammalian lignans
and isoflavonoid phytoestrogens. J Steroid Biochem Mol
Biol 44, 147-53.(1993)

66. Brouwer A, Morse DC, Lans MC, Schuur AG, Murk
AJ, Klasson-Wehler E, Bergman A, Visser TJ: Interactions
of persistent environmental organohalogens with the
thyroid hormone system: mechanisms and possible
consequences for anima and human health. Toxicol Ind
Health 14, 59-84.(1998)

67. Divi RL, Chang HC, Doerge DR: Anti-thyroid
isoflavones from soybean: isolation, characterization, and
mechanisms of action. Biochem Pharmacol 54, 1087-
96.(1997)

117

68. Gray LE, Jr., Ostby J, Cooper RL, Kelce WR: The
estrogenic and antiandrogenic pesticide methoxychlor
alters the reproductive tract and behavior without affecting
pituitary size or LH and prolactin secretion in male rats.
Toxicol Ind Health 15, 37-47.(1999)

69. Kece WR, Stone CR, Laws SC, Gray LE,
Kemppainen JA, Wilson EM: Persistent DDT metabolite
p.p'-DDE is a potent androgen receptor antagonist. Nature
375, 581-5.(1995)

70. Bigsby R, Chapin RE, Daston GP, Davis BJ, Gorski J,
Gray LE, Howdeshell KL, Zoeller RT, vom Saa FS:
Evaluating the effects of endocrine disruptors on endocrine
function during development. Environ Health Perspect 107
Suppl 4, 613-8.(1999)

71. Newbold R: Cellular and molecular effects of
developmental exposure to diethylstilbestrol: implications
for other environmental estrogens. Environ Health Perspect
103 Suppl 7, 83-7.(1995)

72. Golden RJ, Noller KL, Titus-Ernstoff L, Kaufman RH,
Mittendorf R, Stillman R, Reese EA: Environmental
endocrine modulators and human health: an assessment of
the biologica evidence. Crit Rev Toxicol 28, 109-
227.(1998)

73. Sonnenschein C, Soto AM: An updated review of
environmental estrogen and androgen mimics and
antagonists. J Steroid Biochem Mol Biol 65, 143-50.(1998)

74. Gray LE, J.: Xenoendocrine disrupters: laboratory
studies on male reproductive effects. Toxicol Lett 102-103,
331-5.(1998)

75. Herbst AL: Clear cell adenocarcinoma and the current
status of DES-exposed females. Cancer 48, 484-8.(1981)
76. Guillette LJ, Jr., Gross TS, Gross DA, Rooney AA,
Percival HF: Gonadal steroidogenesisin vitro from juvenile
aligators obtained from contaminated or control lakes.
Environ Health Perspect 103 Suppl 4, 31-6.(1995)

77. Guillette LJ, Jr., Crain DA, Rooney AA, Pickford DB:
Organization versus activation: the role of endocrine-
disrupting contaminants (EDCs) during embryonic
development in wildlife. Environ Health Perspect 103
Suppl 7, 157-64.(1995)

78. Ekelund R, Bergman A, Granmo A, Bergren M:
Bioaccumulation of 4-nonylphenol in marine animals, are-
evaluation. Environmental Pollution 64, 107-120(1990)

79. Purdom CE, Hardiman PA, Bye VJ, Eno NC, Tyler
CR, Sumpter JP: Estrogenic effects of effluents from
sewage treatment works. Chemistry and Ecology 4, 275-
285(1994)

80. Sumpter JP: Feminized responses in fish to
environmental estrogens. Toxicol Lett 82-83, 737-42.(1995)

81. Katsuda S, Yoshida M, Watanabe G, Taya K,
Maekawa A: Irreversible effects of neonatal exposure to p-



Xenoestrogen Exposure and M echanisms

tert-octylphenol on the reproductive tract in female rats.
Toxicol Appl Pharmacol 165, 217-26.(2000)

82. Christian M, Gillies G: Developing hypothalamic
dopaminergic neurones as potential targets for
environmental estrogens. J Endocrinol 160, R1-6.(1999)

83. Morrissey RE, George JD, Price CJ, Tyl RW, Marr
MC, Kimmel CA: The developmental toxicity of bisphenol
A inrats and mice. Fundam Appl Toxicol 8, 571-82.(1987)

84. Krishnan AV, Stathis P, Permuth SF, Tokes L,
Feldman D: Bisphenol-A: an estrogenic substance is
released from polycarbonate flasks during autoclaving.
Endocrinology 132, 2279-86.(1993)

85. Laessig SA, McCarthy MM, Silbergeld EK:
Neurotoxic effects of endocrine disruptors. Curr Opin
Neurol 12, 745-51.(1999)

86. Dohler KD: Influence of hormones and hormone
antagonists on sexua differentiation of the brain. Arch
Toxicol Suppl 20, 131-41(1998)

87. Meisd RL, Sachs BD. The physiology of male sexua
behavior. In: The Physiology of Reproduction (Knobil E,
Neill D, eds). New Y ork:Raven Press, 1994;3-106.

88. Laflamme N, Nappi RE, Drolet G, Labrie C, Rivest S:
Expression and neuropeptidergic characterization of
estrogen receptors (ERalpha and ERbeta) throughout the rat
brain: anatomical evidence of distinct roles of each
subtype. J Neurobiol 36, 357-78.(1998)

89. Price RH, Jr., Lorenzon N, Handa RJ:. Differential
expression of estrogen receptor beta splice variants in rat
brain: identification and characterization of a novel variant
missing exon 4. Brain Res Mol Brain Res 80, 260-8.(2000)

90. Hileman SM, Handa RJ, Jackson GL: Distribution of
estrogen receptor-beta messenger ribonucleic acid in the
mal e sheep hypothalamus. Biol Reprod 60, 1279-84.(1999)

91. Asplund L, Svensson BG, Nilsson A, Eriksson U,
Jansson B, Jensen S, Widegvist U, Skerfving S
Polychlorinated  biphenyls,  1,1,1-trichloro-2,2-bis(p-
chlorophenyl)ethane (p,p-DDT) and 1,1-dichloro-2,2-
bis(p-chlorophenyl)- ethylene (p,p'-DDE) in human plasma
related to fish consumption. Arch Environ Health 49, 477-
86.(1994)

92. Bates MN, Hannah DJ, Buckland SJ, Taucher JA, van
Maanen T: Chlorinated organic contaminants in breast milk
of New Zealand women. Environ Health Perspect 102
Suppl 1, 211-7.(1994)

93. Chung YW, Clemens LG: Effects of perinatal exposure
to polychlorinated biphenyls on development of female
sexua behavior. Bull Environ Contam Toxicol 62, 664-
70.(1999)

118

94. Bonefeld-Jorgensen EC, Andersen HR, Rasmussen
TH, Vinggaard AM: Effect of highly bioaccumulated
polychlorinated biphenyl congeners on estrogen and
androgen receptor activity. Toxicology 158, 141-53.(2001)
95. Rice DC: Behavioral impairment produced by low-
level postnatal PCB exposure in monkeys. Environ Res 80,
S113-S121.(1999)

96. Hany J, Lilienthal H, Roth-Harer A, Ostendorp G,
Heinzow B, Winneke G: Behaviora effects following
single and combined maternal exposure to PCB 77
(3,4,3 4'-tetrachlorobiphenyl) and PCB 47 (2,4,2',4-
tetrachlorobiphenyl) in rats. Neurotoxicol Teratol 21, 147-
56.(1999)

Key Words: Xenoestrogen, Review, Mechanism, Estrogen
Receptor, Endocrine Disruptor, Phytoestrogen, Review

Send Correspondence To: Sohaib Khan, University of
Cincinnati, Department of Cell Biology, Neurobiology and
Anatomy, Vontz Center for Molecular Studies, 3125 Eden
Avenue, Cincinnati, OH 45267-0521, USA, Tel: 513-558-
7224, Fax: 513-558-4454, E-mail: sohaib.khan@uc.edu



