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Chemicals

Andrea C. Gore, PHD
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1 What is an Endocrine-Disrupting Chemical?

2 EDC Effects on Individuals and Populations

Across the Life Cycle

3 Mechanisms of EDCs

4 Endocrine Disruption: A Translational

Approach

1. WHAT IS AN ENDOCRINE-DISRUPTING CHEMICAL?

The United States Environmental Protection Agency (USEPA) defined endocrine-
disrupting chemicals (EDCs) as “exogenous agents that interfere with the synthesis,
secretion, transport, binding, action, or elimination of natural hormones in the body that
are responsible for the maintenance of homeostasis, reproduction, development, and/or
behavior.” Although this definition may seem all-encompassing, it is becoming clear
that it needs to be extended. The USEPA specifies “exogenous agents,” implying that
in order for a substance to be deemed an EDC, it must come from an external source.
However, an organism’s environment consists of not only external factors but also an
organism’s internal hormonal milieu. For example, if an organism’s own endogenous
hormonal systems are activated or inactivated at inappropriate times, it may disrupt
endocrine processes. Another example is that of the mammalian fetus, in which the
intrauterine environment may alter endocrine and homeostatic processes. Thus, the
environment needs to be redefined to include not only exogenous environmental factors,
as specified by the USEPA above, but also internal secretions such as inappropriate
endogenous and maternal hormones.

As you will learn from the chapters in this book, EDCs comprise natural substances
(phytoestrogens such as soy, alfalfa, and clover), pesticides [dichlorodiphenyl-
trichloroethane (DDT)], fungicides (vinclozolin), substances used in production of
plastics or as plasticizers (bisphenol A and phthalates), industrial chemicals [polychlo-
rinated biphenyls (PCBs)], and metals (cadmium, lead, mercury, and uranium and
arsenic, a metalloid; Chapter 5) (1). The components of this list seem to have nothing
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4 Part I / The Basic Biology of Endocrine Disruption

in common, yet all are documented as endocrine disruptors. For a more comprehensive
list of EDCs, and more details on their structures, functions, and mechanisms, I refer
you to several chapters in this book. The chemical structures of specific EDCs are
shown in Chapter 4, Fig. 2 (2). Within Chapter 9, Table 1 presents a helpful list of
EDC categorization and their effects on female reproductive health in humans (3), and
readers should note that one of those EDCs, bisphenol A, is discussed for its low-dose
effects on female reproductive health in animal models (Chapter 2) (4). The same
EDCs in Table 1 of Chapter 9 are also discussed in the context of male reproductive
health (Chapters 3 and 10) (5,6) and neuroendocrine systems (Chapter 4) (2). Chapter 5
discusses how metals may act as EDCs (1). Finally, the end of Chapter 13 (7) provides
an important list of references and resources for additional information on EDCs that
falls beyond the scope of this book.

2. EDC EFFECTS ON INDIVIDUALS AND POPULATIONS ACROSS
THE LIFE CYCLE

Endocrine disruption needs to be considered in the context of both individuals
and populations (8). The importance of populations is made clear from epidemio-
logic studies demonstrating clear evidence for environmental endocrine disruption in
humans. As an example, Chapter 10 of this book (6) provides a careful discussion
of the epidemiologic evidence for a link between exposure to EDCs and male repro-
ductive dysfunction. In addition, populations of wildlife are impacted by endocrine
disruption (9). However, not every individual within a population may be similarly
affected (10). Some may experience overt toxicity, others may experience more subtle
dysfunctions, and still others will not have any evident phenotype. These differences
in responsiveness among individuals are due to differences in genomes, in combi-
nation with an organism’s entire life history of experiences. With the rare exception
of monozygotic twins (humans) or identical littermates (animals), each organism has
unique sequences of DNA, which may undergo mutations such as point mutations
or deletions that compromise the gene product (protein) to result in disease and
dysfunction. Moreover, even identical twins are uniquely and differentially affected
by their environments, beginning in the uterus and throughout the rest of life (11).
The embryonic period is particularly important in this regard, as it is a developmental
window when DNA becomes modified through methylation, demethylation, and/or
remethylation, a process that is thought to play a key role in cellular differentiation.
The final methylation patterns are not fixed until late in embryonic development and
possibly into early neonatal life (12). Differences among organisms in epigenetic
modifications to the DNA, such as DNA methylation or acetylation, result in differ-
ential gene functions and potentially, differential vulnerability to EDCs. New evidence
indicates that this is a biologically plausible mechanism of action for EDCs in the
developing embryo (8,13,14).

Although the developing fetus may be the most vulnerable to endocrine disruption
(see Chapters 2–5 for specific examples) (1,2,4,5), effects of EDCs may be exerted
in other phases of the life cycle. Moreover, as EDCs themselves exert epigenetic
effects that may be passed to subsequent generations, if expressed in the germ line,
this may create a “vicious cycle” by which an organism’s epigenome may predispose
it to vulnerability to endocrine disruption, which in turn creates additional epigenetic
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modifications that are passed on to the offspring. This concept is discussed most
extensively in Chapter 7 of this book (11). Such a situation is further magnified if
the descendants continue to live in contaminated environments. Thus, the genome, the
epigenome, and the environment interact throughout the entire life cycle to influence
the impact of EDCs. These life experiences, from the embryo through aging, are
not only unique to each of us but need to be taken into account when considering
cumulative effects of EDCs across the life cycle.

3. MECHANISMS OF EDCS

The potential mechanisms underlying the effects of EDCs are incredibly diverse,
making studies on their biological effects daunting (for a review of traditional and non-
traditional mechanisms of EDCs, see Chapter 6) (15). Indeed, in the case of humans,
the latency between early exposures to EDCs and adult dysfunction may be 60 years.

The first important challenge is the nature of hormonal systems. Endogenous
hormones act through several mechanisms. The classical mechanism of action for
hormones such as estrogens, androgens, thyroid, and progesterone involves the binding
of the hormone to its receptor, the interaction of this hormone–receptor complex
with other cofactors in a cell, and the activation or inactivation of transcription of a
target gene. More recently, membrane steroid hormone receptors have been identified,
and these appear to use different intracellular signaling pathways for activation of
subcellular processes (16). An important consideration is that the same ligand, for
example, estradiol, activates a diversity of target receptors, signaling mechanisms,
and may interact with completely different complements of cofactors depending upon
the phenotype of the target cell. In addition, hormone signaling also involves the
synthesis, degradation, or inactivation of hormones by specific enzymes, any or all of
which may be targeted by EDCs. Another consideration is that endogenous hormones,
particularly estrogens, androgens, and thyroid, bind to proteins in blood that reduce
their bioavailability (i.e., their ability to act upon their receptors). EDCs may not
bind to the same binding proteins, thereby increasing their bioavailability relative to
endogenous hormones. This concept also applies to the enzymes that synthesize or
degrade endogenous hormones. If EDCs are not as rapidly metabolized as endogenous
steroid hormones, they may remain bioavailable far longer and get incorporated into
the body burden, generally fat stores, as most EDCs are lipophilic. There are numerous
other mechanisms for the regulation of steroid hormone actions that are beyond the
scope of this introduction, but it is clear that the complexity is enormous. A specific
example of the activation of diverse signaling pathways by EDCs is presented for the
thyroid system in Chapter 8 of this book (17). When put into the context of how an
EDC may cause an effect on an endocrine system, all of these potential targets and
pathways need to be considered.

The second and third challenges for endocrine disruption are, respectively, trying to
reconcile and understand how extremely low doses of EDCs can exert potent effects on
endocrine and homeostatic systems, and related to this, why EDCs exert non-traditional
dose–response curves (14,18). Although it is unclear how EDCs can act at such low
levels, the implications are extremely clear, that low-dose EDC exposure, particularly at
vulnerable developmental windows, can have long-term consequences on later health.
Furthermore, the biological evidence for such low-dose effects is extremely strong
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from basic science studies (Chapter 2) (4). In addition, the finding that EDCs, act in
non-linear dose–response curves, often U or inverted U in shape, was initially puzzling
to toxicologists. However, these findings were not a surprise to endocrinologists, as
hormones often act in non-linear manners because of the diversity of target receptors,
cofactors, and other signaling pathways that may not all be activated or inactivated
at the same range of dosages. The overall shape of the dose–response curve thus
reflects the cumulative action of EDCs upon a range of targets. As a whole, the
non-monotonic dose–response curves emphasize the need for communication among
basic scientists across disciplines, from toxicology to endocrinology (14). Related to
the low-dose phenomenon is the question of whether thresholds for different EDCs
actually exist. Environmental toxicological protocols continue to use single doses of
a single chemical at different concentrations, seeking the lowest dose at which no
adverse effects are observed in the animal subject (the no-observed-adverse-effect level
or NOAEL). The NOAEL for the chemical in question is then used as a threshold dose
in risk assessments for human exposure. However, a power-analysis study revealed
that thresholds may not exist for estrogenic EDCs, as any amount of the exogenous
steroidal agent automatically exceeds the organism’s threshold (19).

A fourth challenge is that exposure to EDCs rarely occurs for a single substance, with
the rare exception of toxic spills. For the most part, an environment that is contaminated
by one industrial waste product will be contaminated by a complex mixture (10). Again,
this makes the design of experiments difficult, because there is no “typical” exposure.
Studying the body burdens of humans, as discussed in Chapter 11 (20), has proven to
be very important in informing researchers about what we may be exposed to, but it is
not possible to be absolutely comprehensive in analyzing these exposures. Thus, some
animal studies are designed using single toxicants or phytoestrogens; others use more
complex mixtures. There is rationale but also criticism for both of these approaches,
making the perfect experiment elusive.

4. ENDOCRINE DISRUPTION: A TRANSLATIONAL APPROACH

Although the complexity of endocrine disruption makes understanding and
mitigating exposures seem impossible, the chapters in this book help to clarify many
of the key issues about endocrine disruption. Part I of this book focuses on the basic
biology of EDCs, with greatest emphasis on animal models. The science of endocrine
disruption depends on basic scientists to provide the fundamental and strong science
that first identifies the EDCs; second, characterizes their effects; third, elucidates
the mechanisms; and fourth, understands their functional implications. Chapters 2
through 7 provide such a basis by reviewing the scientific literature and demonstrating
that there is conclusive evidence for biological and physiological effects of EDCs upon
endocrine systems. In Part II, the biology of EDCs in humans is discussed in Chapters 8
through 11. These chapters discuss the evidence that humans are indeed exposed to
EDCs, the mechanisms and implications for these effects, and how exposures are
ascertained and measured. Finally, Part III of the book discusses the human health
implications and provides information for actually dealing with the problem of EDCs.
EDCs are already in our world, and we need to be able to talk about them with
not only scientists and physicians but also industrialists, manufacturers, end users,
and the community. Thus, this section of the book has chapters on public policy
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(Chapter 12) (21), on practical advice about what to do to avoid EDCs and provides
resources on where to get more scientific information (Chapter 13) (7). Importantly,
Chapter 14 (22) talks about a community intervention to reduce exposure to some
EDCs, and Chapter 15 (23) poses some potential solutions to the problem.

In the field of endocrine disruption, it is necessary to draw parallels between basic
science in animal models and clinical implications in humans. Such a translational
approach is the goal of this book, which synthesizes the field for readers such that basic
scientists will learn about clinical relevance and clinicians may better understand the
basic biology of EDCs for their practice or clinical research laboratories. As a whole,
this book addresses the key themes in understanding the mechanisms of endocrine
disruption, their relevance to humans, and how we may deal with a problem that is
already widespread in our world.
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1. THE WINGSPREAD CONFERENCE AND THE CONCEPT
OF “ENDOCRINE DISRUPTOR”

The production and release of synthetic chemicals into the environment have been
a hallmark of the “Second Industrial Revolution” and the “Green Revolution.” Soon
after the inception of these chemicals, evidence emerged linking environmental exposure
with a variety of developmental and reproductive abnormalities in wildlife species.
Laboratory studies revealed that some of these compounds had estrogenic activity.
Although the agricultural and industrial use of dichlorodiphenyltrichloroethane (DDT)
and polychlorinated biphenyls (PCBs) was banned in the USA in 1973 and 1977,
respectively, new and different cases of wildlife disturbances were reported over
the next few decades due to biopersistence of the banned chemicals and the uninter-
rupted introductionofnewchemicals.Themountingevidencesuggested that thehormonal
activity of these synthetic chemicals was detrimental to wildlife, and potentially humans,
and led to theendocrinedisruptorhypothesisat theWingspreadConferenceheld inRacine,
Wisconsin, in 1991. The term “endocrine disruptor” was coined there as the participants
proposed that the developmental alterations observed in diverse wildlife species were due
to exposure to multiple chemicals that, through different modes of action, disrupted the
endocrine systems of developing metazoan organisms (1).

From: Endocrine-Disrupting Chemicals: From Basic Research to Clinical Practice
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Although exposures during adulthood were considered potentially deleterious, the
main concern of the conferees was the developing organism because some effects
documented in the genital tract of wildlife were comparable to those seen in the
daughters and sons of women who had been exposed during pregnancy to the synthetic
estrogen diethylstilbestrol (DES) (2). The conference participants recognized that the
human DES syndrome was an extreme expression of the plasticity of the fetus in
response to environmental cues, and furthermore, it provided a template for the potential
effects that other hormonally active chemicals could have on human health. Ever
since, experimental and epidemiological data have shown that exposure of the devel-
oping fetus or neonate to environmentally relevant concentrations of certain synthetic
chemicals causes morphological, biochemical, physiological, and behavioral anomalies
in both vertebrate and invertebrate species.

1.1. The Complexity of Endocrine Disruptors: From One Chemical
Displaying Multiple Actions to Non-Monotonic Dose–Response Curves
Environmental “endocrine disruptors” are defined by the US Environmental

Protection Agency as “exogenous agents that interfere with the synthesis, secretion,
transport, binding, action, or elimination of natural hormones in the body that are
responsible for the maintenance of homeostasis, reproduction, development, and/or
behavior.” This definition evokes a diversity of targets and pathways that may be
affected by exogenous agents and implies that endocrine disruptors are heterogeneous
agents encompassing diverse chemical structures. This initial complexity increased as
some of these compounds were found to have diverse hormonal activities. For example,
the pesticide DDT is an estrogen agonist, whereas one of its metabolites is antian-
drogenic (3); bisphenol A (BPA) is a full estrogen agonist, which also binds to the
thyroid hormone receptor (4). Furthermore, a mixture of diverse endocrine disruptors
is present in both human and wildlife tissues. This complexity suggests that wildlife
and humans, who are exposed to mixtures at all developmental ages, will display more
florid and diverse syndromes than laboratory animals exposed to a single chemical at
a well-defined developmental stage. To begin to understand the health problems posed
by endocrine disruptors, however, it is useful and desirable to examine single agents
during specific developmental periods.

Historically, the first environmental endocrine disruptors identified were those with
estrogenic activity. Still today, the vast majority of these chemicals are estrogen mimics;
hence, this chapter will focus on the effects of xenoestrogens on the developing female
genital tract and mammary gland. Endogenous estrogens are involved in the development
and maintenance of the female reproductive tract and secondary sexual characteristics
and the regulation of the menstrual/estrous cycle, pregnancy, and lactation. At the
cellular level, these endogenous hormones mediate cell proliferation and the synthesis
and secretion of cell type-specific proteins in reproductive tissues such as the ovary,
oviduct, uterus, vagina, hypothalamus, pituitary, and mammary gland. These effects
are mediated, for the most part, by estrogen receptors (ER-� and ER-�) in the female,
although the expression of the same receptors in the male reproductive tract and in
the non-reproductive organs such as the thyroid, cardiovascular system, and bone
indicates the potentially vast reach of these synthetic estrogenic chemicals (5).

Although xenoestrogens are usually less potent than estradiol regarding their binding
affinity toward classical nuclear ERs, it is now clear that they act additively with
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endogenous estrogens. This may explain how low, seemingly insignificant levels
of xenoestrogens have an impact when added to the already significant levels of
endogenous steroidal hormones (6). In addition, xenoestrogens bind to plasma carrier
proteins with significantly lower affinities than those of natural estrogens and thus are
more readily available to target cells than their endogenous counterparts (7). The same
xenoestrogens that seem to be weak agonists for nuclear ER are strong agonists when
acting through membrane ERs; this may explain their ability to produce biological
effects at low doses (8).

Until recently, the issue of whether hormonally active agents at environmentally
relevant doses could alter development was highly controversial. At the request of the
US Environmental Protection Agency, the National Toxicology Program (NTP) met
to consider this issue, and a final NTP Endocrine Disruptors Low-Dose Peer Review
was published in 2001 (9). This report stated that there was “credible evidence for
low-dose effects.” Another controversy identified by the NTP was the shape of the
dose–response curve, which was reported to be non-monotonic for some of the effects
of prenatal exposure to xenoestrogens. For example, prenatal exposure to methoxychlor
altered the response of the adult uterus to estradiol; low doses increased the response
and higher doses reduced it (10). This type of response has also been observed in other
end points with other estrogenic chemicals (11–13).

Toxicologists typically assume a monotonic curve in response to an environmental
exposure; however, hormones display diverse types of response curves, including those
that have an inverted U-shape. For example, at low physiological levels, androgens
increase the proliferation rate of prostate cell lines, whereas at high physiological
levels, they induce proliferative quiescence (14,15). In the mammary gland of ovariec-
tomized prepubescent mice, estrogens also invoke a non-monotonic, inverted U-shaped
response in a variety of morphometric parameters (16). The frequent occurrence of
non-monotonic dose–response curves in biological phenomena underlies the impor-
tance of understanding how these complex biological phenomena are regulated (17).
These patterns ultimately highlight the infeasibility of using the response to high doses
of a natural or environmental hormone or other toxicant to extrapolate or predict the
effects of exposure to low doses of the compound (10,17–19).

1.2. Endocrine Disruptors Within a Developmental Context
The deleterious effects of endocrine-disrupting chemicals vary according to the age

at which an organism is exposed. The developing organism is critically sensitive to
both endogenous and exogenous hormones, a phenomenon that led Dr. Howard Bern
to coin the phrase the “fragile fetus” (20). The “critical window” of exposure differs
depending upon the time at which specific developmental events occur in particular
tissues or organs. For example, although it was later found to be ineffective, high DES
doses were administered to pregnant women to prevent miscarriages. Clear cell adeno-
carcinomas of the vagina were observed in daughters of pregnant women exposed in
utero to DES, but only if exposure occurred before the 13th week of gestation (21,22).
In addition to vaginal cancers, women exposed in utero to DES experienced diverse
malformations of the genital tract and functional deficits including infertility. Parenthet-
ically, DES produced a similar syndrome in mice (23,24), thus establishing the mouse
as a useful model for assessing the developmental toxicity of xenoestrogens and the
mechanisms underlying these effects.
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Studies in rodents revealed that the fetus is exquisitely sensitive to estrogen at
doses much lower than those of DES to which human fetuses were exposed (25)
or doses that produce estrogenic effects in adults (26). For example, in mice, fetal
exposure to doses of BPA that are four million fold lower than those required to induce
an uterotropic effect in the prepubertal animal resulted in morphological alterations
affecting the hypothalamus, the reproductive tract, and the mammary gland and altered
estrous cyclicity and behaviors (27–29).

Within this developmental context, in addition to the timing of exposure, other
factors also impinge on the observed outcome. As mentioned previously, some xenoe-
strogens have additional hormonal activities. For example, the active metabolites of the
pesticide methoxychlor are both antiandrogenic and estrogenic (30), BPA is both an
estrogen agonist and a thyroid hormone antagonist (4), and dioxin has both agonistic
and antagonistic estrogenic effects, although these actions do not involve dioxin binding
directly to the ER (31). Also discussed above, the shape of the dose–response curve
influences the outcome, so that the same molecule may produce opposite results
depending on the dose administered. Together, these factors limit a comprehensive
synthesis of the available data. To circumvent these problems, we have chosen to
focus this review on the effects of environmentally relevant levels of the xenoestrogen
BPA during development of the female reproductive tract and mammary gland. BPA
provides one pertinent model for study, because the chemical is ubiquitous in our
environment, has high potential for fetal exposure, and the literature contains multiple
examples of developmental effects.

2. BPA: A UBIQUITOUS XENOESTROGEN

BPA is widely used in the manufacture of polycarbonate plastics and epoxy resins.
BPA is present in a multitude of products including the interior coating of food cans, wine
storage vats, water carboys, milk containers, food storage vessels, baby formula bottles,
water pipes, and dental materials, automotive lenses, optical lenses, protective coatings,
adhesives, protective window glazing, compact disks, thermal paper, paper coatings, and
asadeveloper indyes.HalogenatedderivativesofBPA, tetrabromobisphenolA(TBBPA),
and tetrachlorobisphenol A (TCBPA) are widely used as flame retardants for building
materials, paints, synthetic textiles, and plastic products including epoxy resin electronic
circuit boards and other electronic equipment (32). In 2003, the worldwide production
of BPA exceeded 6 million pounds (33). About 100 tons of BPA are released into the
atmosphere each year during production (32). BPA (4,4′-isopropylidenediphenol) is a
diphenyl compound that contains two hydroxyl groups in the “para” position making it
remarkably similar to the synthetic estrogen DES.

Although since 1936 BPA has been known to be estrogenic (34), it was in the 1990s
that this chemical was serendipitously discovered to leach from polycarbonate plastics in
concentrations that were sufficient to up-regulate the expression of progesterone receptor
(PR) and induce cell proliferation in estrogen-target, serum-sensitive MCF-7 breast
cancer cell lines through binding to the ER (35). In fact, studies have shown that incom-
plete polymerization of BPA during manufacture and/or depolymerization because of
increased temperatures (induced either intentionally for sterilization/heating purposes or
unintentionally during storage in warehouses) causes BPA and its derivatives to leach
into foods (36), beverages (37), infant formula (37), and saliva after application of dental
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sealants (38). BPA has been found in aerosols and dust particles (39,40) including such
far-reaching locales as in air and dust samples from certain residential and commercial
environments in Massachusetts (41), in leachates from waste water treatment plants and
river water in Japan (42), and in surface and drinking water in Spain (43).

2.1. Human Exposure to BPA
The ubiquitous use of BPA provides great potential for exposure of both the devel-

oping fetus indirectly through maternal exposure and the neonate directly through
ingestion of tinned food, infant formula, or maternal milk (44). Indeed, BPA has been
measured in maternal and fetal plasma and placental tissue at birth in humans (45,46).
The BPA concentrations in fetal plasma ranged from 0.2 to 9.2 ng/ml. A recently
published study, the first using a reference human population (394 samples), reported
that BPA was found in 95% of urine samples in the USA (47). From these data,
the mean exposure was estimated to be 30–40 ng/kg/day, and the 95th percentile was
180–230 ng/kg/day. In a smaller study, Arakawa et al. (48) reported a median daily
urinary excretion of BPA of 1.2 �g/day and a maximum daily intake of BPA per
body weight (bw) to be 0.23 �g/kg bw/day. BPA has also been measured in the milk
of lactating mothers (49). These data indicate that the developing human fetus and
neonate are readily exposed to this chemical.

In rodents, BPA has been shown to readily cross the placenta (50,51) and bind
�-fetoprotein (a binding protein that reduces the bioavailability of estrogens) with
negligible affinity relative to estradiol; this results in enhanced bioavailability during
neonatal development (7). BPA is present in the mouse fetus and amniotic fluid during
maternal exposure in higher concentrations than that of maternal blood. These results
suggest that the pharmacokinetics and pharmacodynamics of BPA may exacerbate the
impact of this chemical on the developing fetus and neonate (51).

3. ER EXPRESSION DURING DEVELOPMENT

It is reasonable to assume that the presence of ERs during embryogenesis is crucial
for the manifestation of toxic effects mediated by xenoestrogens. Hence, the expression
of ER-� and ER-� during development in the female genital tract and mammary gland
will be reviewed.

3.1. Development of the Female Genital Tract and ER Expression
Fetal developmental patterns are similar in the mouse and rat, the two animal models

used most extensively for the study of endocrine disruption. ER-� mRNA was found in
oocytes and fertilized eggs, although message concentration declined with successive
cell divisions and became undetectable at the morula stage before reappearing at the
blastocyst stage. There is little information available about ER expression prior to
the period of organogenesis. In the mouse and rat, primordial germ cells enter the
genital ridges at E11, and sexual differentiation of gonads occurs at E12.5 (52). In the
indifferent/undifferentiated gonad, expression of ER-� mRNA starts at E12.5, whereas
ER-� becomes detectable at E16.5 in both sexes (53).

In the developing fetus, the urogenital system originates from the intermediate
mesoderm. The precursors of both the male and female genital tract are situated within
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the genital ridge. The Wolffian duct, from which the male reproductive tract derives, is
first observed at E9.5. The Müllerian duct, from which the female reproductive tract is
formed, is first observed at E11.5. Both ducts grow caudally and fuse with the cloaca
wall. In genetic males, regression of the Müllerian duct is mediated by Müllerian
inhibiting substance, produced by the fetal testes. In genetic females, regression of the
Wolffian duct is due to the absence of androgens (54) (Fig. 1).

Expression of ER-� mRNA in the mesenchyme surrounding the Wolffian ducts in
both sexes is first observed at E10.5. ER-� becomes detectable at E12.5. ER-� is
still present at E16.5 in males, but it becomes undetectable at E14.5 in females (53),
coincident with regression of the Wolffian ducts. Beginning at E12.5, ER-� is expressed
in the mesenchyme of the Müllerian ducts. In females, expression continues to be
detected at E16.5 but ceases to be detected at E14.5 (53) in males, coincident with the
regression of the Müllerian ducts.

In the oviduct of rats, expression of ER-� begins at E15 in the epithelial tissue
compartment and at E19 in the tissue stroma. During neonatal development, the oviduct
coils and its epithelium differentiates into two main cell types, that is, the ciliated and
the secretory cells. ER-� is expressed mostly in the secretory cells of the epithelium but
is also expressed in the lamina propria and the muscularis. ER-� is not detected in any
compartment of the oviduct. At birth, ER-� is expressed in the epithelial compartment
in the oviduct, cervix, and vagina, but not in the uterus, whereas it is expressed in the
stroma of all these organs. In the uterus, epithelial expression of ER-� is observed at
postnatal day four (PND4) in mice and PND5 in rats (55).

3.2. Development of the Mammary Gland and Expression of the ER
In the mouse, the presumptive mammary lines, running between forelimbs and

hindlimbs on each flank of the embryo, appear at E10.5. At E11.5, five placodes appear
along each presumptive mammary line as lens-shaped ectodermal structures. One day
later, the mammary buds appear as protruding structures that are apparent until E13.5,
when they gradually invaginate into the dermis. During this period of invagination,
the mammary epithelium displays an almost complete arrest of proliferation. At the

Fig. 1. Schematic representation of the development of the female genital tract in the mouse.
(A) At E9.5, the Wolffian ducts (WD) are first visualized and grow toward the urogenital sinus
(UGS). At this stage, the gonad is sexually undifferentiated. (B) The Müllerian ducts (MD) are first
detectable at E11.5 and grow toward the UGS. (C) At E13.5, the WD starts to degenerate as the
gonad differentiates into the ovary (O). The Müllerian ducts differentiate forming the oviduct (OVI),
the uterus (U), the cervix (Cx), and the upper part of the vagina (V), whereas the lower part of the
vagina originates from the UGS.
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Fig. 2. Prenatal development of the mouse mammary gland. (A) The epithelial bud is surrounded
by dermal mesenchyme (E12.5). (B) The bud invaginates into the surrounding stroma the fat pad
precursor (FPP) starts to differentiate (E14.5). (C) The epithelial compartment elongates, forming
the sprout (E16.5). (D) The fat pad (FP) has now differentiated, a prerequisite for ductal growth
and branching. The epithelial compartment has now branched forming solid epithelial cords. Lumen
formation starts at this point (E18.5).

same time, the mesenchyme abutting the mammary epithelium becomes denser than
the surrounding mesenchyme with several concentric layers of fibroblasts aligning
themselves around the epithelial compartment (56). At E15.5, the bud elongates to
become a cord, the mammary sprout, which invades the underlying fat pad precursor.
Branching of the epithelial cord commences at E16 (57). By E18, branching is apparent
and the ductal lumen starts to form (58). Growth continues at the same rate as the rest
of the body until puberty (57) (Fig. 2).

ER-� and ER-� are first expressed at E12.5 in the mesenchyme surrounding the
bud (53). Autoradiographic experiments also revealed specific 3H-DES binding at E16,
suggesting the presence of functional receptors only in the mesenchyme surrounding
the epithelial anlagen at that time (59). However, ER-� expression is mainly localized
to the epithelium at postnatal time points (60).

4. BPA: A MODEL OF CHEMICALLY INDUCED
DEVELOPMENTAL DISRUPTION

Numerous studies have described the effects of BPA exposure in rodents. We will
concentrate on those studies that reported low, presumably environmentally relevant
exposures during fetal or neonatal development; however, we will also include a few
examples of high exposures to BPA and other xenoestrogens during fetal and neonatal
life and in adulthood to illustrate specific points.
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4.1. The Ovaries and the Oocytes
Perinatal exposure to 25 and 250 ng BPA/kg bw/day for 2 weeks, through osmotic

pumps implanted into pregnant dams at gestational day 9, induced changes in the
gross anatomy of the mouse ovaries (61). A significant increase of either unilateral
or bilateral blood-filled ovarian bursae, a sign of reproductive aging, was observed in
the perinatally exposed mice at 6 months of age. There was also a significant increase
in the percentage of ovarian tissue occupied by antral follicles and a trend toward
a decrease in the percentage of tissue occupied by corpora lutea in the 3-month-old
BPA-treated groups compared with the controls. These data are suggestive of a reduced
number of ovulated oocytes in BPA-exposed females. Prenatal exposure of CD-1 mice
to significantly higher BPA doses (0.5 to 10 mg BPA/kg bw/day) resulted in a frank
reduction of the percentage of animals with corpora lutea at 30 days of age (62,63),
a phenomenon also observed after exposure to 6.7 and 67 �g DES/kg bw/day (62).
Polyovular follicles, a frequent finding in DES-exposed animals, were also found in
animals exposed neonatally (PND1–5) to 100 mg BPA/kg bw/day (62).

After an accidental exposure to BPA, Hunt et al. (64) reported a dramatic increase
in meiotic disturbances including aneuploidy in oocytes collected from mice in their
colony. They traced the source of the BPA exposure to cages that housed the animals
as well as plastic water bottles. Both had been damaged after being washed with a
detergent. The dose of BPA these juvenile female mice were exposed to was estimated
to be in the range of 14–72 ng/gram of body weight. When the experiment was repeated
using BPA exposures of 20, 40, or 100 ng BPA/g for 6–8 days, the congression failure
(gross disturbances in chromosome alignment on the meiotic spindle) increased, and
a dose-related increase in the level of abnormalities was observed among the treated
animals (64). These findings are of significant concern, because average levels of
2.4 ng BPA/ml have been reported in human follicular fluid (46).

Aneuploidy is considered as one of the leading causes of miscarriages in
humans (65). Recently, a link has been suggested between BPA exposure and recurrent
miscarriages (66). BPA levels in the blood of women who miscarried were higher than
in women who carried their pregnancies to term. Moreover, examination of tissues
from women who had miscarriages revealed abnormal karyotypes that appeared to
coincide with exposure to the highest BPA levels in these embryos.

4.2. The Uterus and the Vagina
Exposure of pregnant dams to 25 and 250 ng BPA/kg bw/day for 2 weeks, beginning

on gestational day 9, induced alterations in the genital tract of female offspring that were
revealed during adulthood (3 months of age). At the tissue level, the absolute volume
of the lamina propria of the endometrium was significantly decreased in the animals
exposed in utero to 250 ng BPA/kg bw/day, whereas the remaining compartments of
the uterus showed a decreasing trend that was not statistically significant. At the
organ level, the wet weight of the vagina was significantly decreased. Other studies
have reported morphological changes in reproductive tract tissues after exposure to
significantly higher doses of estrogenic substances. For example, in rats, prenatal
treatment with 100 �g BPA/kg bw/day resulted in decreased thickness and reduced
cornification of the vaginal epithelium (67). In mice, neonatal exposure to 2 �g DES/day
(PND1–5) has been shown to induce hypertrophy of luminal epithelial cells, a decrease



Chapter 2 / Endocrine Disruption and the Female 17

in endometrial glands, and a disorganization of the stroma and muscularis, associated
with an overall decrease in the size of the uterus (68).

At the cellular level, perinatal exposure to 25 and 250 ng BPA/kg bw/day resulted in a
significant increase in DNA synthesis within the glandular epithelium of the uterus that
manifested at 3 months of age. The lack of concomitant apoptotic changes suggests an
accrual of new cells. Additionally, increased expression of ER-� and PR was observed
in the luminal epithelium of the endometrium and subepithelial stroma (Fig. 3). BPA-
induced changes in the expression of sex steroid receptors may exacerbate the response
of the uterus to subsequent hormonal administration, such as that imposed by hormonal
replacement therapy or the contraceptive pill. For example, neonatal hamsters that
were exposed to DES and then subsequently exposed to estradiol later in adulthood
exhibit hyperplasia and increased apoptosis of the uterine luminal epithelium, which
subsequently developed into neoplasms (69). Neonatal exposure of mice (PND1–5)
to 2 �g DES/pup/day induced ovary-dependent uterine adenocarcinoma in 18-month-
old mice, a pathology that did not occur in unexposed controls (70). Remarkably,
transgenic mouse models in which ER-� expression is up-regulated in the uterus
by approximately 25 % exhibited an earlier onset and a higher incidence of uterine
adenocarcinoma following exposure to DES at PND1–5 than wild-type mice (71).
The finding that BPA induced a subepithelial clustering of ER-�-intense stromal cells
within the uterus is also of interest because expression of ER-� in the stroma is a
prerequisite for estradiol-mediated cell proliferation of the epithelium (72).

4.3. Puberty and Cyclicity
A sharp decrease in the age of puberty has occurred over the last 150 years primarily

due to changes in nutrition. Although the timing of puberty seemed to have reached a
plateau in the 1960s, an advance in the age of both thelarche and menarche has been
reported in recent years (73). Current publications suggest that exposure to endocrine
disruptors may be one of the factors underlying this trend (74).

In female mice, puberty encompasses vaginal opening caused by the rise of estrogen
levels and first ovulation caused by ovarian cyclic activity due to a gonadotropin surge.
It is useful to relate vaginal opening to human thelarche, because they are both signs
of estrogen stimulation, and first estrus with menarche, because both reflect central
activity of the hypothalamic–pituitary–gonadal (HPG) axis. In rodents, programming of
the central mechanisms that control ovulation occur between the last week of prenatal

Fig. 3. Prenatal bisphenol A (BPA) exposure alters, the expression of sex steroid receptors in the
endometrium of 3-month-old mice. Vehicle-treated (A and C) and BPA-treated (B and D) animals.
Estrogen receptor alpha expression is depicted in panel A and B. Note the increased percentage
of ER-positive cells in the luminal epithelium (LE) and the lamina propria (LP) right beneath the
luminal epithelium in BPA-treated animals. Progesterone receptor expression is depicted in panels
C and D. Notice the increased percentage of PR-positive cells both in the LE and the LP of
BPA-treated animals.
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life and the first week of postnatal life (75). This maturation process can be influenced
by exposure to exogenous sex steroids.

Exposure of pregnant mice to 20 �g BPA/kg bw/day from gestational day 11 through
17 has been shown to induce both vaginal opening and first vaginal estrus at a
significantly earlier age in female offspring (76). Exposure to 2.4 �g BPA/kg/day
reduced the number of days between vaginal opening and first vaginal estrus in female
offspring placed in utero between two females (0M), but not in those situated between
two males (2M) (77). This developmental precociousness of the pups was associated,
not surprisingly, with an increased body weight at the time of weaning (day 22). The
weight of those BPA-exposed females situated between two females (0M) increased
by 22 % relative to controls, the body weight of 1M females increased by 9%, and that
of 2M females remained unaffected (77).

Mice exposed in utero to 25 and 250 ng BPA/kg bw/day (through the pregnant
mother) exhibited an increased number of consecutive days in estrus or metestrus at
3 months of age (61), and exposure of pregnant mouse dams to 2 and 20 �g BPA/kg
bw/day on gestational days 11 through 17 increased the duration of the estrous cycle
of the offspring. The lengthened cycles were due to an increase in the number of days
showing predominantly cornified cells in the vaginal smears (76).

Exposure of pregnant rats from gestational day 6 through lactation to
100 �g BPA/kg bw/day in drinking water significantly increased the body weight in
female offspring from birth through 110 days of age and in male offspring from birth
to 54 days of age. In the same study, exposure to 1.2 mg BPA/kg bw/day also disrupted
the regularity of estrous cyclicity in females aged 4 and 6 months (11). In addition,
these animals showed reduced hypersecretion of plasma luteinizing hormone (LH) in
response to long-term ovariectomy relative to vehicle-treated controls.

4.4. The Mammary Gland
During prenatal and neonatal development, the mouse mammary gland grows

isometrically with respect to body growth until plasma estrogen levels rise during the
3rd week of postnatal life (78). Estrogens then drive massive peripubertal ductal growth.
The terminal end buds (TEBs) become bulbous and show both high-proliferative
and high-apoptotic activity. Death of the body cells in the TEBs is essential for the
formation of the lumen on the proximal side of the TEBs and to the growth of the
subtending duct (79). Thus, the ductal tree migrates into the stroma, led by a front of
large TEBs. The ductal tree then reaches the edge of the fat pad and eventually estab-
lishes a network of ducts, terminal ducts, and a few alveolar buds (80). Once again, this
morphology remains relatively quiescent; minor fluctuations occur with each estrous
cycle, adding and removing alveolar buds, until pregnancy. During pregnancy, the
entire epithelial compartment undergoes dramatic proliferation resulting in a plethora
of alveolar buds and lobuloalveolar units in preparation for lactation. Once the period of
lactation is over, the mammary gland undergoes rapid involution, a process associated
with widespread apoptosis, to return to its prepregnancy state (81,82).

Exposure of the pregnant mouse dams to 25 and 250 ng BPA/kg bw/day for 14 days
beginningonday8ofgestationhasbeenshownto impactcertainaspectsofdevelopment in
their female offspring. When examined on embryonic day 18, fetuses of mothers exposed
to the higher dose of BPA exhibited altered growth parameters of the mammary gland
anlagen. Changes in the appearance of the mammary epithelium were observed such
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as decreased cell size and delayed lumen formation, as well as increased ductal area.
In the stroma, BPA exposure promoted advanced maturation of the fat pad and altered
localization of fibrous collagen (58). Because maturation of the fat pad is the driving event
for ductal growth and branching, it is likely that the increased ductal area in BPA-exposed
animals is due to the accelerated formation of their fat pads.

By PND10, in the offspring born to mothers exposed to either dose of BPA, the
percentage of epithelial cells undergoing incorporation of bromodeoxyuridine into
DNA was significantly decreased relative to those exposed to vehicle. At 30 days of
age, the area and number of TEBs relative to the gland ductal area increased, whereas
apoptotic activity in these structures decreased in BPA-exposed offspring compared
with controls. There was a positive correlation between ductal length and the age
of first proestrus in control females. This correlation was reduced as the BPA dose
increased, suggesting that BPA exposure slows down ductal invasion of the stroma. It
is likely that the reduced apoptotic index in the TEBs of BPA-exposed females may be
the cause of this ductal growth delay, as apoptosis is essential for both the hollowing
and the outward growth of the subtending duct. Collectively, these effects observed at
puberty may be attributed to an increased sensitivity to estradiol that has been observed
in the BPA-exposed animals (28).

In animals exposed perinatally to BPA, there was also a significant increase of
ductal epithelial cells that were positive for PR at puberty. These positive cells were
localized in clusters, suggesting future branching points. Indeed, lateral branching
was significantly enhanced at 4 months of age in offspring born to mothers exposed
to 25 ng BPA/kg bw/day (28). These results are compatible with the notion that
increased sensitivity to estrogens drives the induction of PRs in epithelial cells,
leading to an increase in lateral branching. By 6 months of age, perinatally exposed
virgin mice exhibit mammary glands that resemble those of a pregnant mouse.
This is reflected by a significant increase in the percentage of ducts, terminal ends,
terminal ducts, and alveolar buds (27). In conclusion, these results indicate that
perinatal exposure to environmentally relevant doses of BPA results in persistent
alterations in mammary gland morphogenesis (Fig. 4). Moreover, the altered growth
parameters noted in the developing mammary gland on embryonic day 18 suggest
that the fetal gland is a direct target of BPA and that these alterations cause the
mammary gland phenotypes observed in perinatally exposed mice at puberty and
adulthood.

4.4.1. Perinatal Xenoestrogen Exposure: Relevance

to Breast Cancer

Estrogen exposure throughout a woman’s life is a major risk factor for the devel-
opment of breast cancer, as has been demonstrated by the increased risk associated with
early age of menarche and late age of menopause. The positive correlation between
increased intrauterine levels of estrogens (a phenomenon observed in twin births) and
breast cancer in daughters born from such pregnancies also supports this link (83–85).
The aforementioned studies describing how fetal exposure to low doses of BPA induces
modulations in cell proliferation, apoptosis, and the timing of developmental events
fits the notion that this chemical can predispose the mammary gland to carcinogenesis.
In the mouse model, increased sensitivity to estrogens may represent a functional
equivalent to this known risk factor. Moreover, increased ductal density in the mice
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Fig. 4. Perinatal exposure to environmentally relevant doses of bisphenol A (BPA) alters the
mammary gland histoarchitecture. Whole mounts of the 4th (inguinal) mammary gland reveal an
increased ductal area at E18, delayed ductal growth at puberty [postnatal day (PND) 30], increased
lateral branching at 4 months of age, and increased ductal density and lobuloalveolar development
at 6 months of age in BPA-exposed animals.

exposed perinatally to BPA may be considered equivalent to another acknowledged
risk factor in humans, namely, increased mammographic density (86).

Various epidemiological case–control and cohort North American and European
studies have revealed a positive correlation between blood serum levels of other
endocrine disruptors in women, such as dieldrin, DDT, and PCBs, and breast cancer
incidence (87–89). Controversy abounds on the interpretation of this data, mainly because
none of these chemicals can be construed to be a marker of a total xenoestrogen
exposure (90). Additional assessments of total xenoestrogen bioactivity in the adipose
tissuecorrelatedpositivelywithbreast cancer incidence (91). It isworthnoting thatwomen
who were exposed therapeutically to DES while pregnant between the years 1948 and
1971 now show a higher incidence of breast cancer (92). Their daughters, the cohort
of women exposed to DES in utero, are now reaching the age at which breast cancer is
diagnosed. A recent publication reported that the rate ratio for the incidence of breast
cancer inDES-exposedversusunexposedwomennowage40andolderwas2.5, indicating
astatisticallysignificant increase in theDES-exposedwomen.This result “raisesaconcern
calling for continued investigation” (93). The multitude of environmental chemicals to
which we are all exposed involuntarily, in addition to medically used hormones (hormonal
contraceptives or hormone replacement therapy), may be a cumulative cause for the
increase in breast cancer incidence that has been observed during the last 50 years.
At present, epidemiological studies have shown that, at all stages of development, the
human breast and the rodent mammary gland are vulnerable to carcinogenic stimuli.
However, in humans, the impact of exposure to radiation is maximal during puberty
when compared with adult age (94), and in rats, sensitivity to chemical carcinogens
also peaks at puberty (95). To date, the vulnerability of the prenatal stage in humans
to carcinogenic stimuli remains to be studied. Given the current evidence of exposure of
the human fetus to BPA and the alterations in mammary gland development documented
in rodents following in utero and neonatal exposure to BPA, the need for further study of
prenatal vulnerability and breast cancer risk is apparent.
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5. WHAT MECHANISMS UNDERLYING THE FETAL/NEONATAL
ORIGIN OF BPA-INDUCED ALTERATIONS DURING ADULT?

All of the morphological and functional changes described above suggest both direct
action of BPA on the target reproductive organ and BPA-induced alterations in the
HPG axis that would in turn affect the peripheral organs.

5.1. Direct Effects of BPA on the Genital Tract and Mammary Gland
Direct effects on target reproductive organs and the mammary gland are believed to

be mediated by regulation of the expression of estrogen-target genes involved in tissue
patterning, histodifferentiation, and cytodifferentiation (Fig. 5). For example, neonatal
exposure to DES or PCBs exerts an estrogenic effect through repression of the Wnt7a-
signaling pathway in the female reproductive tract (96,97). Prenatal exposure to DES
as well as neonatal exposure to methoxychlor altered the expression of several Hox
genes in the mouse Müllerian duct and uterus (98,99). The uterine phenotype observed
in mice carrying null mutations of these genes is similar to that resulting from fetal
exposure to DES that alters the expression of these genes (97). In the words of Block
et al. (99), “Estrogens are novel morphogens that directly regulate the expression pattern
of posterior Hox genes in a manner analogous to retinoic acid regulation of anterior Hox

Fig. 5. Schematic representation of the effects of perinatal bisphenol A (BPA) exposure. BPA
would act through the estrogen receptor alpha (ER-�) and ER-� present in the different target
tissues. This activation of gene expression would lead to altered cell–cell and cell–extracellular
matrix interactions and thus altered histogenesis and tissue sculpting and remodeling. The list of
effects is compartmentalized according to the organ where BPA is thought to act primarily and
directly to generate these effects.
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genes.” Additionally, some effects of xenoestrogen exposure may involve epigenetic
modifications such as DNA methylation and chromatin reorganization (100,101).

5.2. HPG Axis Function
As mentioned previously, there is evidence that perinatal BPA exposure may alter

HPG axis function later in life. Initial evidence of this possibility came from the
observation that estrous cyclicity was disrupted in females exposed perinatally to BPA
relative to offspring exposed to vehicle alone. Studies in rats revealed that dams
exposed orally to 100 �g/kg bw/day exhibited fewer regular estrous cycles than control
offspring when they reached 6 months of age. Significant disruption of estrous cycles
was noted even earlier in the offspring of dams exposed to a 10-fold higher dose of
BPA in their drinking water (11). Estrous cycles of mice born to dams exposed to 25
or 250 ng BPA/kg bw/day were also altered relative to controls; at 3 months of age,
daily vaginal smear records revealed an increase in the number of consecutive days of
estrus or metestrus in BPA-exposed offspring (61).

Further evidence of the ability of BPA to exert lasting alterations at the
hypothalamic–pituitary level was suggested by observations that female rats born
to BPA-exposed dams exhibited decreased plasma LH levels following long-term
ovariectomy relative to control offspring (11). The exposure of male rats to far higher
doses of BPA, that is, 500 �g/rat, from PND2 to 12 resulted in increased levels of
plasma FSH by PND25 (102) further suggesting that BPA may affect regulation of
gonadotropin levels. Additional evidence of the ability of BPA to act at the hypotha-
lamus and/or pituitary is provided by the finding that both male and female rats injected
with 100 and 500 �g BPA/rat from PND1 to 5 showed a progressive increase in serum
prolactin levels that reached 3-fold that of the controls by PND30 (103). This latter
finding may be relevant to the previously discussed alterations in the BPA-exposed
mammary gland, as the striking increase in alveolar development in BPA-exposed
females is suggestive of a hyperprolactinemic state.

Prenatal and neonatal exposure to BPA can alter the expression of sex steroid
receptors in the hypothalamus and pituitary. The study described above, in which
increased prolactin levels were observed following neonatal exposure to 100 and
500 �g/rat during PND1–5, also documented a concomitant increase in the expression
of ER-� and ER-� mRNA in the anterior pituitary of male, but not female, rats at
PND30. In addition, female rats in this study exhibited an increase in ER-� mRNA in
the medial basal hypothalamus at this same time point (103). Changes in the expression
of sex steroid receptors in the pituitary as well as in brain regions important for the
regulation of LH release reveal how developmental exposure to BPA might impact
steroidogenesis and estrous cyclicity.

5.3. Direct Effects of BPA in the Developing Brain
The developing brain appears be a primary target for BPA action. In addition to altering

ER-� mRNA levels in the female hypothalamus as discussed above, BPA has other
effects on the brain that may influence the function of the female reproductive axis.

The rostral periventricular preoptic area, and in particular the antero-ventral periven-
tricular nucleus (AVPV), is essential for estrous cyclicity and estrogen positive feedback
for the induction of the preovulatory LH surge. The volume of this nucleus is sexually
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dimorphic, with increased volume in females relative to males. Neurons in this region
also exhibit sexually dimorphic patterns of steroid receptor distribution (104) and peptide
expression in rats (105–107). One robust sex difference that has been observed in the
AVPV of both rats and mice is the sexually dimorphic population of tyrosine hydroxylase
(TH) neurons (108–110). TH is the rate-limiting enzyme for dopamine synthesis. The
numberofTH-positiveneurons in theAVPVis significantlyhigher in female rats andmice
relative to males, and the sexual dimorphism of this population of neurons appears to be
dependent on perinatal levels of gonadal steroids. Studies of estrogen receptor knockout
(ERKO) mice indicate that the significant decline in TH neuron number in the male AVPV
is dependent upon the presence of ER-� (110). Studies of mice born to mothers exposed
to 25 or 250 ng BPA/kg bw/day indicate that these low levels of BPA can obliterate sex
differences in AVPV volume and TH neuron number in this nucleus. Consistent with
its potential actions as an estrogen, the number of TH neurons in the AVPV of BPA-
exposed females is decreased relative to control females (29). Although the role of the TH
neurons in the AVPV is not yet known, there is evidence that TH neurons in this region
may project to gonadotropin-releasing hormone (GnRH) neurons in the rostral preoptic
area and therefore could play a role in the regulation of GnRH/LH release (111,112).

In other studies, offspring born to rats treated with BPA in doses ranging from 30 �g
to 1.5 mg/kg bw/day throughout pregnancy and lactation exhibited measurable alter-
ations in the volume and number of cells in the locus coeruleus, a major noradrenergic
nucleus of the brainstem (113,114) that is important for LH surge induction (115,116).
The volume of this nucleus and the number of cells in this nucleus are sexually
dimorphic. Therefore, it is conceivable that the ability of perinatal BPA exposure to
permanently alter the sexual differentiation of this nucleus may have an impact on
cyclic gonadotropin release in adulthood.

It is clear that developmental exposure to BPA can exert direct effects on the repro-
ductive tract and other estrogen-target tissues in the periphery, it is also clear that BPA
can exert direct effects on the developing brain and, in particular, in regions of the brain
known to be involved in the regulation of cyclical gonadotropin release. Therefore,
both peripheral and central actions of BPA during development may contribute to the
alterations documented in the uterus and the mammary glands of females long after
the period of BPA exposure has ended.

Additional information on endocrine-disrupting chemical effects on the brain,
including the neuroendocrine HPG axis, is provided in Chapter 4 of this book by
Walker and Gore.

5.4. Mechanisms Underlying the Developmental Origin of Neoplasia
A majority of researchers support the idea that cancer is due to the accumulation of

mutations in a cell (somatic mutation theory) (117). In contrast, supporters of the novel
theory of fetal origins of adult disease are proposing that changes in the epigenome
play a central role in carcinogenesis. A recent study revealed that neonatal exposure of
rats to estradiol benzoate or BPA increased the propensity for development of prostate
neoplastic lesions following subsequent exposure to a carcinogen (118). The authors
postulate that the permanent alterations in the DNA methylation patterns of multiple
cell-signaling genes identified in the estrogen and BPA-exposed prostates may be the
underlying cause of later neoplastic development.
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Both the genetic and epigenetic theories of carcinogenesis imply that cancer origi-
nates in a cell that has undergone genetic and/or epigenetic changes, which ultimately
result in dysregulated cell proliferation (119). Alternatively, the tissue organization
field theory postulates that carcinogenesis represents a problem of tissue organization,
comparable to organogenesis gone awry, and that proliferation is the default state of
all cells (120,121). According to this theory, carcinogens, as well as teratogens, would
disrupt the normal dynamic interaction of neighboring cells and tissues during early
development and throughout adulthood (122,123).

During postnatal life, the mammary gland and uterine endometrium undergo massive
architectural changes, comparable with those usually associated with organogenesis.
These changes occur in response to alterations in endogenous hormone levels such
as those associated with puberty and pregnancy and can be induced experimentally
by endocrine manipulation. Many studies of endocrine disruptors have illustrated that
developmental exposure to these exogenous hormone mimics can alter normal patterns
of tissue organization and hence disrupt stromal–epithelial interactions (28,124). These
changes may disturb important regulatory mechanisms and enhance the potential for
neoplastic lesions.

6. CONCLUSIONS

The organizational and functional changes reported to date provide important pieces
of evidence for the understanding of how xenoestrogen exposures, and BPA exposure
in particular, affect fetal development and adult function of the female reproductive
system in mammals. Although low-level exposure to BPA or other xenoestrogens
during adulthood may not have dramatic effects in females, it is clear that when
exposure occurs in utero or during the perinatal period, they can exert significant and
lasting effects on the development of the female reproductive tract, estrogen-sensitive
targets, and reproductive axis function.

The findings reviewed above have both practical and theoretical implications. From
a practical perspective, it is now evident that wildlife and humans are affected by
environmental exposure to hormonally active chemicals at levels previously considered
to be irrelevant. The data that has been collected in the field of environmental
toxicology are sufficient to raise concerns about the potential deleterious impact
of endocrine-disrupting chemicals on human development. Extrapolating data from
animal studies to humans should be done cautiously, as differences among strains
and species have been reported regarding a variety of parameters, yet the mouse has
been shown to be an excellent model for the understanding of the DES syndrome.
Thus, it would be derelict to ignore the increasing evidence coming from controlled
experiments in the laboratory and from chemically exposed wildlife, alongside the
increasing incidence of comparable issues in human populations exposed to the
same chemicals during different developmental stages. All of this evidence should
encourage us to apply the precautionary principle and thus ban or substitute those
chemicals that are likely to be harmful to the normal development of humans and
wildlife.

One impediment to achieving the aforementioned goal is the general belief
that environmental endocrine disruptors, particularly those that are steroid hormone
agonists and antagonists, are less potent than their natural counterparts, that is,
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endogenous sex steroids, and therefore do not have the capacity to cause health-
threatening effects. However, there is convincing evidence that endocrine-disrupting
chemicals, acting through the same receptor pathways as endogenous sex steroids,
act additively. In addition, recent research has shown that xenoestrogens, previ-
ously considered to be weak agonists of the classical nuclear ERs, are strong
agonists when acting through ERs localized in the plasma membrane. Furthermore,
environmental estrogens that bind poorly to plasma steroid binding proteins may
gain access to tissues normally protected from estrogen exposure during critical
periods of development. Moreover, both endogenous hormones and their environ-
mental mimics show non-monotonic dose–response curves, which result in unpre-
dictable and different effects at low and high doses. Finally, it is now irrefutable
that the susceptibility and sensitivity of the organism varies depending on the
developmental stage at the time of exposure. Although environmentally relevant
doses of xenoestrogens may be insufficient to evoke an uterotropic effect in
prepubescent animals, they are certainly capable of inducing dramatic morphological,
biochemical, physiological, and behavioral changes in laboratory animals exposed in
utero.

From a theoretical perspective, these results suggest that the prevalent view of devel-
opment as the mere unfolding of a genetically determined program is incorrect. The
contamination of our environment with endocrine-disrupting chemicals is providing
evidence that mammalian development is far more malleable than previously thought,
as estrogen exposure during development results in morphological and functional
effects that persist into adulthood. The emerging field of environmental endocrine
disruption is poised to contribute to the understanding of the mechanisms that underlie
the development of hormone-target organs. This quest will require the use of both
bottom-up approaches (from genes to organisms) and top-down approaches (from
organisms to genes), as well as a new conceptual framework that would take into
account the existence of emergent properties (125)—that is, properties that cannot
be explained from the properties of their components. The properties at one level
of complexity (for instance, tissues) cannot be ascribed directly to their component
parts (cells, extracellular matrix) but arise only because of the interactions among
the parts. Developmental biology, guided by this integrative thinking, now has the
tools to successfully revisit the old tradition of ecological regulation of development
(phenotype plasticity) (61,125,126).
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1. INTRODUCTION

Men and women are different, and the saying “Men are from Mars and Women are
from Venus” is often used in reference to the mysterious disparities between the sexes.
Nevertheless, it is well known that sex steroid hormones, particularly androgens and
estrogens, play a significant role in defining some of these differences. Androgens are
commonly considered “male hormones” and estrogens “female hormones,” but both
men and women produce androgens and estrogens, and it is the mix of the “hormonal
cocktail” that is critical in defining the differences between the sexes. This differing
cocktail means that whilst men and women both produce androgens and estrogens, they
do so in differing amounts and ratios. Furthermore, during an individual’s lifetime,
the ratio of androgens to estrogens is not static, changing from development to death.
It is this changing balance of hormones that is critical during early development
and throughout life and, if disrupted, has the potential to lead to aberrant health
outcomes.

This review examines environmental endocrine-disrupting chemicals (EDCs) and
their effects on male health, specifically reproductive tract abnormalities, male fertility,
and prostate health. EDCs are defined by the World Health Organization as “exogenous
substances or mixtures that alter function(s) of the endocrine system and consequently
cause adverse health effects in an intact organism, or its progeny, or (sub) populations.”
During fetal or neonatal life, some environmental pollutants or industrial chemicals
disrupt and have the potential to alter the action of gonadal steroid hormones by
virtue of their anti-androgenic or estrogenic properties and in doing so, alter the
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hormonal balance. Their actions are particularly profound, because development of
the gonads and urogenital tract in fetal and neonatal life is hormonally regulated.
The reproductive tract during development is in an undifferentiated state and lacks
compensatory homeostatic mechanisms to prevent adverse effects of EDCs. During
early development, and before establishment of the hypothalamo–pituitary–gonadal
(HPG) axis, the effects of EDCs on the developing tract are direct and can be permanent
and irreversible. This chapter will focus on the basic biology of the effects of EDCs on
male reproduction. We refer readers to Chapter 10 by Hauser, Barthold, and Meeker
for an epidemiologic consideration of testicular dysgenesis syndrome in men.

2. SEX DETERMINATION, DEVELOPMENT, AND DIFFERENTIATION

2.1. Male Reproductive Tract Development and the Essential Role of Sex
Steroids

Mammalian sex is genetically determined at the time of fertilization. During early
human development, there is a short period immediately prior to sexual differentiation
when the gonad is sexually indifferent, and it is not until the 7th week of gestation that
male and female morphological characteristics begin to develop (1). In rodents, the
embryo remains sexually indifferent and possesses both male and female reproductive
tract primordia until embryonic day 13.5 regardless of its genetic sex.

Gonadogenesis begins with proliferation of the mesodermal (coelomic) epithelium
that invades the underlying mesenchyme, resulting in a longitudinal thickening on
the medial side of the mesonephros, known as the gonadal ridge (2,3). The invading
epithelium begins to form primitive sex cords in the gonadal ridge, which are
surrounded by undifferentiated mesenchyme (4). Primordial germ cells, or primitive
sex cells, are first visible in the 4th week in the caudal region of the yolk sac near the
origin of the allantois and migrate along the hindgut, up the dorsal mesentery and into
the gonadal ridges (5,6). The primordial germ cells divide mitotically during migration
and continue to proliferate as they migrate under the underlying mesenchyme and are
incorporated into the primary sex cords (1). As the primitive cords begin to form, the
mesenchyme is invaded by capillaries. The indifferent gonad now consists of an outer
cortex and an inner medulla. In the rodent, formation of the gonadal cords is a rapid
process that occurs at gestational day 13 through transitory epithelial cell aggregates
along the length of the gonadal ridge (7).

Gonadal differentiation is dependent on signals from the Y chromosome, which
contain the genes necessary to induce testicular morphogenesis. One of these signals is
the SRY gene (the sex-determining region on the short arm of the Y chromosome (8))
and acts as a “switch” to initiate transcription of other genes that contribute to testicular
organogenesis. In the absence of the SRY protein, the gonad remains indifferent for a
short period of time before differentiating into an ovary.

The first morphological sign of testis formation is the aggregation of primordial
germ cells and somatic cells (primitive Sertoli cells) (9). These aggregates develop
from the gonadal blastema into plate-like structures that then develop into simple
arches of elongated testicular cords (7,10). Throughout differentiation, the testicular
cords remain connected to the basal portion of the mesonephric cell mass. The cords
gradually transform and extend into the medulla of the gonad, where they branch and
anastomose to form a network of cords, known as the rete testis (1). A characteristic
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and diagnostic feature of testicular development is the development of a thick fibrous
capsule, the tunica albuginea. As this capsule develops, the connection between the
prominent testicular (seminiferous) cords and the surface epithelium is disrupted.
Gradually, the testis separates from the regressing mesonephros, becoming suspended
by its own mesentery. Concurrent with testicular cord formation, fetal Leydig cells
differentiate from loosely packed, undifferentiated mesenchymal cells in the inter-
stitium (4). These interstitial Leydig cells produce the male sex hormone testosterone,
which induces masculine differentiation of the Wolffian duct and external genitalia.
Intratesticular vasculature differentiates in the gonadal mesenchyme along with the
growth of epithelial components. A testis-specific distribution of blood vessels is
obvious from an early phase of testicular development (4).

The fetal testis is composed of testicular cords containing supporting immature
Sertoli cells and centrally placed spermatogonia, derived from the surface epithelium
and primordial germ cells, respectively. These cords are surrounded by a highly vascu-
larized interstitium containing fetal Leydig cells and mesenchyme (11). The testicular
cords remain without a lumen throughout the fetal period. The seminiferous cords turn
into tubules when the Sertoli cells undergo terminal differentiation. This occurs after
birth when they finish dividing (roughly at the onset of puberty). They develop tight
junctions between adjacent cells, and apical secretion of fluid begins as these cells become
highly polarized. Thus, the lumen forms as Sertoli cells develop their mature phenotype.

In the rodent and human species, fetal testicular androgen production is not only
necessary for proper testicular development and normal male sexual differentiation but
also necessary for differentiation of the Wolffian ducts into the epididymides, vasa
deferentia, and seminal vesicles (12–19). Androgens derived from the Leydig interstitial
cells stimulate the mesonephric (or Wolffian) ducts to form the male genital ducts,
whereas Sertoli cells produce Müllerian inhibiting substance [MIS or anti-Müllerian
hormone (AMH)] that suppresses the development of paramesonephric (Müllerian)
ducts or female genital ducts.

There is differential maturation of the mesonephric ducts depending on location.
Near the testis, some tubules persist and are transformed into efferent ductules,
which open into the mesonephric duct, forming the ductus epididymis. Distal to the
epididymis, the mesonephric ducts acquire a thickening of smooth muscle to become
the ductus deferens or vas deferens (1).

Development of the external genitalia is similar in the two sexes. In the human, the
external genitalia are indistinguishable until the 9th week of gestation and not fully
differentiated until the 12th week of development. Development of the external genitalia
coincides with gonadal differentiation. Early in the 4th week of gestation, the sexually
undifferentiated fetus develops a genital tubercle at the cranial end of the cloacal
membrane. Labioscrotal (genital) swellings and urogenital (urethral) folds then develop
on each side of the cloacal membrane. The genital tubercle then elongates forming
a phallus. In response to testicular androgens, the phallus enlarges and elongates
forming the penis, whereas the labioscrotal swellings ultimately form the scrotum.
At the end of the 6th week of gestation, the urorectal septum fuses with the cloacal
membrane dividing the membrane into a dorsal anal and a ventral urogenital membrane.
Approximately a week following, these membranes rupture forming the anus and
urogenital orifice, respectively (1).
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Fetal testicular androgens are responsible for the induction of masculinization of the
indifferent external genitalia. The testis remains caudally positioned during the 10–15th
week until entry into the inguinal canal and transabdominal descent. Testicular descent
through the inguinal canal begins in the 28th week, and the testes enter the scrotum
by the 32nd week. At birth, the testes reach the bottom of the scrotum (1,20). There
are two critical phases of testis descent, transabdominal and inguinoscrotal, essential
to move the testes into the scrotum. Although the precise mechanisms of testicular
descent, and causes of cryptorchidism, remain unclear, the insulin-like peptide hormone
INSL3 and fetal testicular androgens are known to play a critical role (21) (Fig. 1).
Cryptorchidism or undescended testes occurs in about 3 % of full term and 30 %
of preterm males making it the most common human birth defect (20). However, a
study comparing the prevalence of cryptorchidism in cohorts of children in Denmark
and Finland observed a higher prevalence of cryptorchidism in Denmark, with a
9 % incidence rate reported at birth (22). These data add further evidence to the
concept that there is a significant geographical difference in male reproductive health
in two neighboring countries and therefore potential exposure to similar environmental
effects. As the major difference was found in the milder forms of cryptorchidism,
an environmental rather than a genetic basis for effect is favored. If this is indeed
the case, then there is a need to determine the nature of the environmental agents
responsible, because similar agents may well be implicated in the trends noted in other
geographically diverse countries where an increasing frequency of cryptorchidism and
testicular cancer has been found (23,24).

Fig. 1. Testicular descent is an essential developmental step in male reproduction. Two critical
phases of testis descent transabdominal (left) and inguinoscrotal (right) travel are essential to move
the testes into the scrotum. The intermediate stage is shown in the middle. Adapted from (21).
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Fig. 2. Sexual differentiation and determination in the human. Female development is largely
hormone independent and considered the “default” pathway. Formation of the testes and the resultant
hormone production are responsible for diversion from this pathway and masculinization of the
fetus. Male development is thus totally hormone dependent. This hormone-dependent masulinization
continues into postnatal life, and as such, the male fetus is inherently more susceptible to endocrine
disruption. Modified from (25).

In summary, male, but not female, reproductive tract development is hormonally
dependent and thus inherently more susceptible to endocrine disruption (Fig. 2).

2.2. Evidence that Environmental Endocrine Disruptors Alter Male
Reproductive Tract Developmental Processes

A majority of the focus on EDCs in the past has been directed to study chemicals
with estrogen-like activity. However, based on our summary of the basic biology of
male reproductive tract development in mammals, it is evident that chemicals with
anti-androgenic activity will also constitute a mechanism of equal, if not greater,
importance, because androgens are fundamental and critical to establishing the male
phenotype.

The first environmental anti-androgen pp-DDE, the metabolite of op-DDT, was
reported in 1995 (26). Since then, there have been numerous other androgen receptor
(AR) antagonists reported, such as linuron (27–29), vinclozolin, procymidone (30,31),
and prochloraz (32,33). The Endocrine Disruptor Screening and Testing Advisory
Committee (EDSTAC) was established as an independent committee to advice the
US Environment Protection Agency (EPA) on how it should fulfill its mandate to
screen and test for EDCs. It realized that it was possible to modify androgen signaling
by modes of action other than blocking the AR, including blocking fetal androgen
production. From the environmental standpoint, there are anti-androgens that are
insecticides (DDE from DDT and fenitrothion), fungicides (vinclozolin, procymidone,
and prochloraz), and herbicides (linuron) plus potent drugs that may get into the
environment (such as finasteride, a 5� reductase inhibitor). There are also a multitude
of chemicals that can interfere with androgen action, such as phthalates.

Phthalates are a ubiquitous group of environmental EDCs. Certain phthalate esters
have been shown to produce reproductive toxicity in male rodents with age-dependent



38 Part I / The Basic Biology of Endocrine Disruption

Fig. 3. Schematic diagrammatic representation of the experimental design commonly employed
in the investigation of anti-androgen action on male reproductive tract development. Modified
from (34).

sensitivity in effects. Fetal animals are more sensitive than neonates who are in turn
more sensitive than pubertal and adult animals. Although the testicular effects of phtha-
lates in rodents have been known for more than 30 years, recent attention has focused
on the ability of these chemicals to produce effects on reproductive tract development
in male offspring following in utero exposure. The common experimental model
employed in the study of anti-androgen action on male reproductive tract development
in rats is indicated in Fig. 3.

Briefly, pregnant rats are exposed to chemicals of interest by oral gavage during the
critical period of male reproductive tract development (gestational days 12–21). On the
day of delivery, pups are examined for signs of clinical toxicity. Anogenital distance
(AGD) is recorded, and definitive sex of offspring is not determined until weaning. At
puberty, male pups are examined for malformations of the external genitalia, testicular
descent, and preputial separation. Gross pathology of sexually mature animals is
examined, as well as histopathology and immunohistochemistry analysis (34).

2.2.1. Phenotypic Effects Following in Utero Exposure

In the rat, exposure to anti-androgenic compounds during late gestation alters
androgen-dependent reproductive tract development (29,35–40). Importantly, agents
that interfere with androgen signaling all give the same spectrum of reproductive
tract malformations such as cryptorchidism, hypospadias, and effects on the Wolffian
ducts, seminal vesicles, and prostate. However, a critical difference is that they show
remarkable tissue selectivity in response depending upon whether it is T-mediated
or dihydrotestosterone (DHT)-mediated reproductive developmental parameter. For
example, the fungicide vinclozolin drastically affects the development of the prostate
and induces hypospadias but does little to the normal development of the epididymis.
However, almost the opposite effect is observed following phthalate exposure, with
the development of the epididymis being most sensitive to adverse effects, with effects
on the prostate and induction of hypospadias only seen at low incidence in the highest
dose levels examined that do not induce fetal loss. Thus, considerable interest has
focused on the developmental and reproductive toxicities of a number of important
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phthalate esters with anti-androgenic properties: di-(2-ethylhexyl) phthalate (DEHP),
di-n-butyl phthalate (DBP), and butylbenzyl phthalate (BBP). The general potency of
response on male reproductive tract development is DEHP > DBP > BBP (39).

The disturbance of androgen-mediated development is characterized by malforma-
tions of the epididymis, vas deferens, seminal vesicles, prostate, external genitalia
(hypospadias), cryptorchidism, and testicular injury. In addition, permanent changes in
sexually dimorphic structures, such as AGD and aereola/nipple retention, are observed.
Although human data linking EDC exposure to reproductive malformations are limited,
a recent epidemiological study demonstrated that certain phthalates are associated with
a reduced AGD in human male infancies exposed prenatally to phthalates (41).

2.2.1.1. Testicular Injury and Malformations of the Epididymis and Vas Deferens.
Disturbance of normal fetal testicular Leydig function and/or development is one of
the earliest effects observed following in utero phthalate exposure (42–45). In the
developing testes, fetal Leydig cell hyperplasia or the formation of large aggregates of
fetal Leydig cells is commonly observed after in utero phthalate exposure (Fig. 4). A
significant reduction in fetal testicular testosterone production precedes these morpho-
logical changes. Studies demonstrate that DBP at doses ≥50 mg/kg/day reduces mean
fetal testicular testosterone levels to as low as 10 % of control levels at gestational day
19 at the peak of fetal testicular testosterone synthesis (43,44,47).

A failure of normal Wolffian duct development into the vas deferens, epididymis,
and seminal vesicles is also observed and is likely due to the reduction in fetal
testicular testosterone production during the critical time of male reproductive tract
development (48). Following exposure to the anti-androgen DBP, epididymal lesions
are not apparent until after development of the testicular lesions (Fig. 5). This implicates
a direct effect of DBP on the fetal testes, and it is likely that the epididymal lesions
are secondary to decreased testicular testosterone synthesis (48). However, the adult
testicular manifestations of in utero phthalate exposure are also indirectly induced
because of the high incidence of epididymal effects and the induction of pressure
atrophy in the testis, consequently the fluid produced has nowhere to go. Although
testosterone levels were sufficient to initiate early differentiation of the Wolffian ducts,
at late, gestation testosterone levels were insufficient to complete differentiation and
development of the reproductive tract (48).

Fig. 4. Photomicrographs of testes obtained on GD21 of fetuses from control (A) or di-n-butyl
phthalate (DBP)-treated dam (B). Normal small clusters of Leydig cells are observed in control
testes (arrows), whereas large aggregates of Leydig cells are observed in the DBP offspring (∗).
Insets: (A) Normal seminiferous cord from control animal compared with (B) a DBP-treated animal
with a multi-nucleate gonocyte. Modified from (46).
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Fig. 5. Gross photographs of GD21 and PND 70 testes and epididymis from fetuses or pups of
dams dosed by oral gavage with corn oil or 500 mg/kg/day DBP from GD12–21. (A) Control testis
and epididymis on GD21. Note prominent coiling in the head and tail regions of the epididymis.
(B) DBP-exposed testis and epididymis on GD21. Note decreased coiling of the epididymal duct
in both the head and tail regions. The testis size is slightly decreased. Bar = 0.5 mm. (C) Control
and (D) DBP-treated testis and epididymis on PND 70. Note the epididymal malformations and
testicular atrophy in the DBP-exposed animal. Bar = 0.5 cm. H, epididymal head and T, epididymal
tail. Modified from (48).

2.2.1.2. Hypospadias and Nipple Development. In utero exposure to anti-androgens
results in permanent phenotypic changes in external genitalia in addition to the internal
male reproductive tract malformations. However, it is important to note that while
the effects are similar, phthalates such as DBP are inhibitors of fetal testosterone
biosynthesis, whereas other anti-androgens such as vinclozolin are competitive AR
antagonists.

Testosterone is converted to the more potent androgen DHT, which acts to
induce prostate development and also development of sexually dimorphic external
genitalia structures. In utero exposure to AR antagonists induces alterations of DHT-
mediated development with minimal affects on T-mediated development. Compara-
tively, phthalate in utero exposure induces malformations in T-dependent tissues, thus
the incidence of hypospadias with phthalates is very low compared with the induction
ability of AR antagonists. Thus, hypospadias and effects on the prostate are most
prevalent following AR antagonist exposure.

Mammary gland development begins similarly in both male and female rodents;
however, development of the rodent nipple is sexually dimorphic (49,50). Female
rodents have nipples but male rodents do not, because locally produced DHT causes
regression of the nipple anlagen (51–53). However, fetal exposure to anti-androgens
blocks this process, and subsequently, these male offspring display nipples similar
to female littermates (Fig. 6). DHT is also responsible for the growth of the
perineum to produce the normal male AGD (approximately twice that of the female).
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Fig. 6. A vehicle-exposed male rat on postnatal day 13 with no areolae nipples (A) and a male rat
exposed to 100 mg/kg/day finasteride demonstrating prominent areolae-nipple retention (B). Adapted
from (54).

Demasculinization, or feminization, of the perineum resulting in a reduced AGD is
observed following fetal exposure to anti-androgenic compounds (29,31,36,39,40,51,
55,56).

2.2.1.3. Cryptorchidism. Normal androgen levels are also required for testicular
descent into the scrotum; failure to descend results in cryptorchidism (14,57).
Cryptorchid or undescended testes are unable to produce mature sperm and are conse-
quently infertile, presumably because of the higher temperatures in the abdominal
cavity or inguinal canal. The initial stages of testicular descent require the actions of
insulin-like factor 3 (insl3), a product of the Leydig cells. Insl3 knockout mice demon-
strate complete cryptorchidism. Following in utero DEHP, DBP, and BBP exposure, a
significant reduction in insl3 gene expression is noted (58–60). The increased incidence
of cryptorchidism following fetal phthalate exposure may therefore be related to the
decreased expression of insl3, as well as a reduction in androgen levels.

Although the male reproductive tract is sensitive to altered androgen status, it is
unclear how androgen-mediated gene disruption does in fact alter male reproductive
tissue development. Preliminary studies are suggestive of altered paracrine interactions
between ductal epithelial cells and the surrounding mesenchyme during differentiation
due to lowered testosterone production, indicating critical growth factors and receptors
that are involved in these interactions (61,62).

3. PROSTATE GLAND AS A TARGET FOR EDCS

Although testosterone is necessary for maintaining the primordial structure of the
male reproductive tract and directing its differentiation into adult reproductive struc-
tures (63,64), androgens are also critical for specifying prostate development.

3.1. Prostate Gland Development
Growth and development of the prostate gland begins in fetal life and is complete

at sexual maturity. The prostate, in both the rodent and human, arises from the
urogenital sinus (UGS), a subdivision of the caudal terminus of the hindgut called
the cloaca. Located just caudal to the neck of the developing bladder, the UGS is a
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midline structure comprising an endodermal-derived epithelial layer surrounded by a
mesodermal-derived mesenchymal layer (Fig. 7). In humans, the UGS arises at around
the 7th week of gestation (65) and approximately 13 days postcoitum in the rodent.
The male and female UGS are morphologically indistinguishable until about 10–12
weeks in humans and 17.5 days postcoitum in rodents, at which time prostate morpho-
genesis begins. Prostate development begins with the outgrowth of five solid buds of
urogenital sinus epithelium (UGE) into the surrounding urogenital sinus mesenchyme
(UGM) (66). The solid buds of UGE emanate from the urethral portion of the UGS, as
bilateral ventral buds, above and below the entrance of the mesonephric (or Wolffian)
ducts. The five pairs of epithelial buds (anterior, posterior, medial, and two lateral)
undergo extensive branching to form a lobular arrangement of tubuloalveolar glands
surrounded by developing stroma that encircle the developing urethra and ejaculatory
ducts (67,68). The precise spatial patterning of the epithelial outgrowths establishes
the lobar subdivisions of the prostate (66,69,70). The top pairs of buds composed
of epithelia believed to be mesodermal in origin form the inner zones of the mature
prostate; the lower buds, that form the outer zones of the mature prostate, are endoder-
mally derived (71).

The process by which these initial solid buds of UGE elongate, bifurcate at branch
points, and form branches with terminal branch tips is collectively termed “branching
morphogenesis,” a process that also occurs in many other organs within the body,
including kidney, lung, mammary gland, and pancreas (72–75). Initiated in the solid
epithelial buds, branching morphogenesis involves elongation of the UGE into the
surrounding mesenchyme from the urethral terminus distally toward the ductal tips, as
a result of intense proliferative activity at their tips (76) (Fig. 8). Concurrent with this
process, epithelial and mesenchymal/stromal cytodifferentiation occurs. Basal epithelial
cells become localized along the basement membrane forming a continuous layer of
cells, whereas tall columnar luminal cells differentiate lining the ductal lumina. At
the same time, ductal invagination and mesenchymal differentiation occur resulting in
the formation of a glandular organ composed of tubuloalveolar glands surrounded by

Fig. 7. Schematic illustration of a new-born rodent prostate. Note the growth of prostatic buds into
the urogenital sinus mesenchyme. Adapted from (67).
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Fig. 8. Human male fetal reproductive tract demonstrating growth of prostatic epithelial buds
(indicated by arrows) into the surrounding urogenital sinus mesenchyme. Modified from (77).

mesenchyme containing fibrous tissue and differentiating smooth muscle (78,79). At
the organ’s periphery, the mesenchyme thickens to encapsulate the gland (80). These
branching events are dependent on, and directed by, testicular androgens. The initial
outgrowth of the epithelial buds is an androgen-driven process requiring AR expression
in the surrounding UGM to facilitate the reciprocal interactions between the epithelia
and the mesenchyme (37,81). In the prostate, branching morphogenesis occurs early in
development, during gestation or early neonatal life; this process determines the final
volume, length, and morphological patterns of the arborized prostatic epithelial ducts
that are present (82).

At mid-gestational age, the glands consist of small ducts lined by undifferentiated
epithelial cells, and as well as androgens these glands are exposed to increasing levels of
maternal estrogens. Maternal estrogens cause squamous metaplasia of the epithelium—
that is, multi-layering of the epithelial cells—and at birth, the epithelial cells lining
the immature glands vary in both the incidence and extent of squamous metaplasia.
However, at birth when the influence of maternal estrogens is no longer evident,
this histology is reversed within 4 weeks (83,84), and the neonatal gland consists of
differentiated pseudostratified epithelia. Thus, during gestation, there is substantive
evidence in human and rodent species that prostate development is responsive to
androgens as well as estrogens.

The prostate in humans is well differentiated by the 4th month of fetal growth,
and ongoing smooth muscle–epithelial cell interactions play a homeostatic role in
maintaining prostatic structure and function (85). Secretory activity detected during
fetal life (86) is thought to be due to the actions of fetal testicular androgens.

At puberty, prostate maturation and growth proceed. Growth of the pubertal prostate
gland is regulated by androgens, but more complex regulatory mechanisms also
contribute to growth at this, and other, time of a man’s life. The prostate is composed
of increasingly complex tubuloaveolar glands arranged in lobules and surrounded by
stroma containing fibroblasts, smooth muscle cells, vasculature, nerves, and lymphatics.

Prostate growth is exponential at puberty, in contrast to the mature human prostate
gland that is a relatively growth-quiescent organ. At sexual maturity, the human
prostate is a compact organ commonly described in three zones: central, transition, and
peripheral, each reflecting a distinct ductal organization (87) (Fig. 9A). The different
origins may be of significance, because the zones are susceptible to different disease
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Fig. 9. Anatomy of the human and rodent prostate glands. (A) Sagittal view of the adult human
prostate that is divided into zones including central zone, peripheral zone, and transitional zone.
(B) Lateral view of the multi-lobular rodent prostate. Lobes include ventral prostate (VP), anterior
prostate (AP), dorsal prostate (DP), lateral prostate (LP), and seminal vesicles (SV). Part A modified
from (88); part B modified from (67).

processes; benign prostatic hyperplasia (BPH) disease arises mainly in the inner zone
and prostate cancer in the outer zone (87). By comparison, the rodent prostate is
multi-lobular (ventral, anterior, and dorso-lateral), with each lobe exhibiting distinct
branching and histological features (Fig. 9B). Although the ventral prostate lobe is
commonly used in rodent studies, the consensus opinion from the Bar Harbor Meeting
of the Mouse Models of Human Cancer Consortium Prostate Pathology Committee (89)
is that there is no existing supporting evidence for a direct relationship between the
specific rodent prostate lobes and the specific zones in the human prostate. No data
currently exist that permit the assumption that one lobe of the rodent prostate is more
relevant to human prostate disease than any other lobe (89).

3.2. Essential Role of Sex Steroid Hormones on Normal Prostate
Development Across the Life Cycle

3.2.1. Androgens

Testosterone is necessary for specifying development of the UGS along the prostatic
lineage. This absolute requirement of androgens for prostate development is evident
from the observations that the homologous embryonic region of the female UGS, which
normally forms the vagina, undergoes differentiation into prostate if appropriately
exposed to testosterone (90,91). Thus, androgens over-ride the influence of genetic sex
during development of the prostate gland.

Testosterone may exert its effects on androgen-responsive tissues by binding directly
to ARs or alternatively, it may be enzymatically converted by the microsomal enzyme
5�-reductase into the more potent androgen, 5�-DHT (92). For normal masculin-
ization of the UGS, mesenchymal tissue associated with the UGS must express 5�-
reductase, as a deficiency in the capacity to normally produce 5�-DHT prevents normal
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development of the prostate and male external genitalia (93). Furthermore, rodents
or humans that lack functional ARs due to inactivating mutations do not develop a
prostate gland (94–98), emphasizing the need for androgens in initiating and estab-
lishing prostate identity in the UGS.

In the prostate, 5�-DHT is the biologically active androgen with a higher affinity
for ARs relative to testosterone. Prostate development and the process of branching
morphogenesis are controlled by androgenic effects mediated through ARs located
solely in the UGM prior to, and during, prostatic bud formation. Under the influence
of androgens, mesenchymally derived paracrine signals induce epithelial budding,
proliferation, and cell differentiation (99); direct androgen binding to epithelial ARs is
not required for initial epithelial development (91,100).

Large transient surges of serum levels of androgens and estrogens normally occur
very early in life in both human and rodent males. During postnatal life, androgen levels
in the human male aged 2–3 months reach levels that are within the adult range and are
60-fold higher than normal prepubertal levels (101,102). Known as the postnatal surge
of testosterone, many rodent studies demonstrate the importance of postnatal hormone
imprinting, as it is an important determinant of the long-term growth regulation of the
gland, because the effects are permanent and long ranging (103–105).

At puberty, the prostate undergoes a rapid phase of exponential growth corre-
sponding to the rise in serum testosterone to adult levels. As a result of the increased
testicular androgen secretion, the prostate gland grows to full size with prostatic
glandular ducts forming patent lumens within the terminal acini and the epithelial
lining becoming highly differentiated and beginning secretory activity (68).

At maturity, androgen levels are maintained, prostate size remains fairly constant,
and the organ is considered to be relatively growth quiescent until the fourth decade
of life when growth is reinitiated. As rising serum androgens levels stimulate prostate
growth in the pubertal male, how and in what way is the response to the same level of
serum androgens modified in the mature adult male, so that no further growth occurs
and prostate size is maintained? This is a critical question for which there is currently
no clear explanation.

The majority of men over 50 years of age experience a decline in androgen levels.
This reduction is referred to as “androgen decline in ageing males” (ADAM) or
“andropause.” Unlike menopause in women, this hormonal change is gradual and
results in a decrease in androgen levels of approximately 35 % (106). Although the
testicular and adrenal production of androgens declines with aging, levels of total
plasma estradiol do not decline and may even increase with increased adiposity,
resulting in a reduction in the testosterone : estrogen ratio. These age-dependent changes
in the ratio of serum steroid concentrations may play a role in the onset of benign
BPH, and it is well known that the incidence of BPH increases with aging (107). The
critical question that remains unanswered is whether and how the gradual decline in
androgen levels upon aging causes reactivation of the growth processes resulting in
prostatic enlargement and often disease?

3.2.2. Estrogens

In addition to androgens, prostate development is very sensitive to estrogens.
Estrogens have dual actions in the prostate gland because of direct and indirect
effects on epithelial cell differentiation and proliferation (108–110). Maintaining the
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appropriate androgen–estrogen balance is required for normal regulation of the structure
and function of male reproductive tract development, including the prostate gland (111).

Indirectly, estrogens act systemically on the HPG axis to suppress release of
pituitary luteinizing hormone (LH), reducing testicular androgen synthesis and conse-
quently lowering systemic androgen levels that induces apoptosis and prostatic
epithelial atrophy, in addition to reducing secretory activity (112–115). Direct action
of estrogens is evident from the presence of two estrogen receptor (ER) subtypes
(ER-� and ER-�) predominantly expressed within the prostate stroma and epithelia,
respectively (116). Acting locally through ER-� in the prostatic stroma, estrogens
stimulate aberrant epithelial cell differentiation and proliferation leading to squamous
metaplasia (112,117). An anti-proliferative action of estrogen is suggested to be
mediated through activation of epithelial ER-� (118–120) and was recently proven
using selective estrogen receptor modulators (SERMS) (121).

Prostate tissue itself also has the ability to locally synthesize estrogens. The prostate
gland expresses the aromatase enzyme in the prostatic stroma, with endogenously
synthesized estrogens acting directly on the prostate (122). The aromatase knockout
(ArKO) mouse has been a useful model to investigate the effects of endogenous
estrogens. The ArKO mouse was generated by targeted disruption of the Cyp19 gene,
and ArKO mice do not synthesize endogenous estrogens, yet remain responsive to the
action of estrogen through both ER subtypes (123,124). Aromatase deficiency results in
hypertrophy and hyperplasia of the prostate gland at maturity, making it a useful model
to investigate the effects of SERMS (125). SERMs are estrogenic-like compounds
displaying estrogen agonistic and antagonistic effects in different tissues (126,127).
SERMs have the ability to bind both ERs and also compete with and block estradiol
(and other estrogenic) activity.

Systemic (serum) or locally (tissue) derived estrogens may target the prostate.
Although serum estradiol levels are very high at birth in males, they fall to very low
levels in the first few days after birth. In adult male serum, low levels of estrogens
are detected and rise upon aging. Serum estrogens in the male are predominantly
the products of peripheral aromatization of testicular and adrenal androgens. Estrogen
levels in the ageing male are maintained due to the common increase in fat mass
with aging (the source of peripheral aromatization), thus there is increased aromatase
activity and conversion of testosterone to estrogen with aging (128,129).

Therefore, the relationship between serum and tissue hormone levels is important.
The serum hormone balance does not accurately reflect what occurs at the tissue level.
This is particularly important in the prostate, because testicular androgens reach the
prostate tissue through the serum but are metabolized into the more potent reduced
androgen (5�-DHT) or estrogens through the actions of 5�-reductase and aromatase
enzymes, respectively.

Despite systemic androgens being essential for coordinated growth the prostate,
local hormones, and importantly estrogen, activity is equally essential to regulate the
proliferative and anti-proliferative changes that occur during normal prostate devel-
opment and differentiation. There is, therefore, considerable speculation regarding
the potential for environmental chemicals with estrogenic or anti-androgenic activity
to alter male reproductive tract development and function, specifically the prostate
gland.
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3.2.3. Steroid Hormones and Reciprocal Epithelial–Mesenchymal

Interactions During Development

Epithelial–mesenchymal cell–cell communication is critical for appropriate action
of androgens during prostate development and normal function. The classic work of
Franks (130), together with tissue recombination studies of Cunha and colleagues (131,
132), emphasizes the important role played by the mesenchymal elements in controlling
prostate growth and differentiation during the developmental period. These studies
showed that prostatic morphogenesis and differentiation are the result of the localized
instructive potential of the mesenchyme and the receptive epithelia in the UGE (67,
81,100).

Briefly, UGM specifies prostatic epithelial identity, induces epithelial bud formation,
elicits prostatic bud growth and regulates ductal branching, promotes differentiation of a
secretory epithelium, and specifies the types of secretory proteins expressed (132–134).
In turn, differentiation of the UGM relies on interactions and reciprocal signaling from
the adjacent epithelia to specify the morphological and spatial patterning of the smooth
muscle (132). For example, when human prostate epithelium was recombined with rat
mesenchyme from UGM, thick sheaths of smooth muscle were formed, characteristic of
human smooth muscle (135). Therefore, in addition to the stroma controlling epithelial
differentiation, the epithelium is critical in directing spatial patterning of the stroma, and
these data highlighted the intimate relationship between the epithelium and surrounding
stromal cells. The bidirectional nature of the relationship between epithelium and
stroma is not restricted to development and continues, albeit in different ways, during
normal and abnormal function of the gland (85).

3.3. Evidence that Environmental Endocrine Disruptors Alter Prostate
Developmental Processes

The synergistic actions of androgens and estrogens are essential in regulating normal
proliferative and anti-proliferative changes that occur during prostate development
and differentiation. However, during development, the fetal prostate is very sensitive
to altered hormone levels and compounds that exhibit estrogenic or anti-androgenic
properties. Environmental pollutants and industrial chemicals have the capacity to
disrupt either by binding to endogenous hormone receptors, interfering with enzyme
activity, or through other mechanisms including interfering with plasma transport of
hormones (136,137).

During development, the prostate undergoes DHT-mediated development and as
such is sensitive to anti-androgens with AR antagonist actions, such as vinclozolin and
flutamide. The fetal prostate lacks the necessary compensatory homeostatic mechanisms
to prevent adverse effects of EDCs, and disruption of normal hormone levels ultimately
alters the inductive and instructive properties of the neonatal prostatic stroma leading to
perturbation of stromal–epithelial cell signaling and aberrant prostatic growth.

3.3.1. Endocrine Disruptive Chemicals with Estrogenic Activity

In recent years, there has been growing concern that the increases in human
male reproductive disorders (testicular cancer, cryptorchidism, hypospadias, and low
sperm counts) may arise from increased fetal (or neonatal) exposure of the devel-
oping male to estrogens and EDCs with estrogenic activity (138,139). Exposure to
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man-made estrogen-mimicking chemicals can occur through many sources including
industrial chemical components of plasticizers [bisphenol A (BPA)] and oral contra-
ceptives (ethinylestradiol). It has been shown that numerous, ubiquitous environmental
chemicals possess weak estrogenic activity when measured in both in vivo and in vitro
test systems (139). Despite these chemicals being only very weakly estrogenic (10,000-
fold → 100,000-fold less potent than estradiol itself) (139), studies have demonstrated
that extremely low concentrations of weak environmental estrogens, such as BPA,
are able to induce significant increases in prostate size in adulthood (140,141). This,
understandably, raises concern about the possible effects in humans.

During prenatal development, the Wolffian duct and UGS express ERs (137,142),
and thus, chemicals such as BPA that have the capacity to bind to ERs may directly
affect the development and function of these organs. Estrogen exposure during the
developmental neonatal period elicits both acute and long-term effects (104,143–146),
has been termed “developmental estrogenization” or “neonatal imprinting” (147), and
has become a popular model in rodents to investigate the actions of estrogens in the
prostate gland. Along with direct actions on prostatic tissues, estrogens in males exert
indirect effects through the suppression of pituitary gonadotropin levels and hence
testicular testosterone levels. This centrally mediated effect of estrogen action causes
changes in prostatic development.

Pharmacological doses of diethylstil bestrol (DES) given during neonatal imprinting
lead to permanent, irreversible aberrations in the prostate gland, characterized by a
reduction in prostate size and permanent alterations in prostatic growth, morphology,
cellular organization, and secretory functions, leading to an increased incidence of
prostatic lesions upon aging, including hyperplasia, inflammation, and dysplasia similar
to prostatic intraepithelial neoplasia (103,104,143,146,148–153). Similar observations
have been reported in the mouse prostate (105,154). Developmental estrogenization
permanently reduces the levels of AR protein leading to reduced responsiveness to
androgens (103,104,145,147,151,155). Interestingly, the decreased expression of AR
protein following neonatal estrogenization was not the result of transcriptional alter-
ations but proteolytic degradation of the AR protein itself (156).

It appears that the induction of reproductive tract abnormalities coincides with, and
is completely dependent on, the suppression of androgen action through suppression of
expression of AR. The observed estrogen-induced reproductive abnormalities cannot
be reproduced by administration of an anti-androgen (such as flutamide) (157) or by
suppressing androgen production through administration of a GnRH antagonist. Thus,
to induce the major reproductive abnormalities observed following DES and other
estrogenic EDC administration, there must not only be a suppression of androgen
action (through a reduction in AR expression) but a coincident elevation of estrogen
action (157).

3.3.2. Endocrine-Disruptive Chemicals with Anti-Androgenic

Activity

Environmental EDCs with anti-androgenic activity, such as the agricultural fungi-
cides vinclozolin and procymidone, have the capacity to inhibit androgen-mediated
male sexual development. Exposure to such substances during sexual differentiation
may induce atrophy of the male reproductive organs while inducing hyperplasia of
Leydig cells due to disruption of pituitary-testicular feedback mechanisms. Although
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the exposure may be transient, the effects are permanent and irreversible, with the
absence of testosterone exposure resulting in the expression of the female phenotype,
independently of the presence of the ovaries and male pseudohermaphroditism (incom-
plete masculinization of the male fetus). These functional alterations are not, however,
discovered until puberty.

Not only is neonatal exposure to such chemicals is of concern but so too is maternal
transfer of EDCs and the consequential transgenerational effects (Section 4.3.4.). The
fungicide vinclozolin, commonly used on fruits, vegetables, ornamental plants, and
vines, was one of the first reported chemicals to possess anti-androgenic activity (35,
158). However, since then, other pesticides and fungicides have been shown to exhibit
anti-androgen effects in vitro (31,159,160) and in vivo (27,31,161–163).

Most commonly, anti-androgenic EDCs act to alter sexual differentiation in male
rats by inhibition of AR-mediated gene activation (158,164). Administration of vinclo-
zolin to adult male rats induces Leydig cell hyperplasia and atrophy of the prostate and
seminal vesicles, whereas administration to pregnant rats resulted in incomplete devel-
opment of the male reproductive tract in male offspring (35). Following developmental
exposure (gestational day 14 to postnatal day 3), concentrations of vinclozolin as low
as 3 mg/kg/day permanently reduce weights of androgen-dependent tissues, including
the prostate (27), emphasizing the sensitivity of the developing fetus to the activity of
anti-androgenic chemicals.

3.3.3. EDCs with Estrogenic and Anti-Androgenic Activity

To further complicate the investigation of the impact of estrogenic and anti-
androgenic toxic compounds on reproductive and gonadal development is the existence
of EDCs with mixed estrogenic and anti-androgenic activity. One such compound
is methoxychlor, a chlorinated hydrocarbon pesticide (165) currently used as a
replacement for DDT in the USA. Methoxychlor is metabolized in the liver into two
demethylated compounds: estrogenic metabolites that stimulate expression of ERs and
metabolites that have anti-androgenic activity (161,166–169). However, it has recently
been demonstrated that the estrogenic metabolite possesses differential effects on ER-�
and ER-�, namely, agonistic and antagonistic activity, respectively (170,171). Thus,
in examining the effects of such a compound, consideration must be given to the
differential estrogenic and anti-androgenic activities.

3.4. Transgenerational Epigenetic Effects of EDCs
Transgenerational toxicological studies have been widely conducted in rodents

to assess the adverse effects of chemicals, such as pesticides and fungicides, on
reproductive function. Generally, these assessments are concerned with the effects
on mating and fertility; however, it is becoming increasingly apparent that other
endpoints are required to monitor additional effects (172). Reproductive alterations
in wildlife, decreases in human sperm counts, morphological anomalies in genitalia,
and an increasing trend in testicular and prostatic cancers are all putative effects in
response to EDC exposure.

Many transgenerational studies of EDCs observe effects on gestating mothers
and subsequent actions on the offspring associated with the first filial (F1) gener-
ation (173–175). However, the transgenerational effects on subsequent generations,
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whereby transmission occurs minimally to the F2 generation through the germline,
have not been as thoroughly studied. There is the potential for EDCs to induce trans-
generational effects through epigenetic alterations involving DNA methylations or
stable chromosomal alterations (176–178). The transgenerational effects of irradiation
were the first to be identified by transmission of DNA mutations in the germline
(176,177,179).

Epigenetic alterations leading to transgenerational transmission of specific genetic
traits or molecular events (imprinting) have been recently identified (180–182). These
observations are of considerable importance for human health as reprogramming
through an altered methylation state of the germline is responsible (183). Thus, EDCs
have the potential to induce either a chromosomal or epigenetic alteration in the
germline, resulting in permanent reprogramming and potentially a transgenerational
phenotype that may promote or predispose a disease state. Further details are provided
in Chapter 7 by Guerrero-Bosagna and Valladares.

There are numerous reports that the EDC vinclozin, which has anti-androgenic activ-
ities, affects subsequent generations of males (31,158,162,184,185). Most recently, a
study identified a transgenerational effect of vinclozolin and methoxychlor on rodent
testis development and adult spermatogenic cells (186). Despite the importance of this
study, it is also highly controversial the administration method but and its mechanism
of action. In this study, vinclozolin was administered through intraperitoneal injection
as opposed to oral gavage. This is an important detail, because vinclozolin is metab-
olized to several metabolites, two of which (butenoic acid and enanilide, termed
M1 and M2, respectively) have a far greater affinity for the AR (10–15 times)
than the parent compound (158,187). These metabolites can competitively inhibit the
AR in vitro (158,164) and AR-dependent gene expression in vivo (161). Despite
this, the fact that the germline can be reprogrammed and induce transgenerational
effects is critical and may have significant implications on human biology and disease
etiology.

Notably, the effects observed in this study were the opposite of what might be
expected for an AR antagonist with regard to sensitive exposure windows during
pregnancy. In this study, exposure late in gestation, when peak androgen levels are
required for normal reproductive tract development, did not produce a phenotype in the
F1 despite the fact that the dose level was high enough to induce 100 % hypospadias
as observed in previous studies. However, exposure early in gestation, during a period
when it is highly debatable that a functioning AR is present, a distinct phenotype was
observed to be transmitted to the fourth (F4) generation (186). The critical question is
if these effects are real then they may have nothing to do with AR biology and be the
result of altered DNA methylation of several identified genes.

3.5. Additional Controversies
3.5.1. Limitations to the Use of Animal Models to Study the Effects

of EDCs on Target Organs

A great deal of the work that has suggested an effect of EDCs on prostate health
outcomes arose from studies using rodents. There are, however, a number of limitations
to the utilization of animal models that create controversy that remains unresolved.
Firstly, there are distinct anatomical differences between rodent and human prostate
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glands. As outlined in Section 3 above, compared anatomically to the human prostate
that is a unilobular zonal structure (66), rodent prostates are composed of several lobes
that have a specific three-dimensional (3D) ductal network (76,188). Yet the different
origins of the human prostate may be of significance, because each zone is susceptible
to different disease processes; benign BPH disease arises mainly in the inner zone and
prostate cancer in the peripheral zone (87). The rodent prostate, however, does not
spontaneously develop prostate carcinogenesis or benign disease.

The variety of interspecies differences observed in the structure of the adult prostate
gland emphasizes the difficulty associated with locating suitable animal models for
the study of human prostate disease (68). However, advances in computer technology
now allow organ structure to be visualized by several 3D reconstruction techniques,
providing a powerful tool for examining prostate anatomy.

Using a computer-assisted 3D approach to visualize the microanatomy of prostate
development, Timms and colleagues compared the ductal budding patterns during
prostate morphogenesis of the rat, mouse, and human (66). This 3D reconstruction
involves computer-assisted analysis of histological serial sections, requiring tracing,
digitizing, and axial alignments of anatomical structures within each section. Albeit a
labor-intensive process, this 3D reconstruction technique provides a basis for making
quantitative comparisons of the developing glands (66,189).

Despite the temporal and anatomical differences between the rodent and human,
the prostate gland arises as a result of the same branching process. Recently, a
newer computer-based method to detect and quantify early changes in prostate
branching morphogenesis in normal and transgenic mice was developed (82). This
image analysis process uses binary images of confocal stacks (190) and involves fully
automated measurements of the length of individual epithelial branches, ducts, and
lobes and also the accumulative surface areas of the individual ducts. This allows
temporal and spatial alterations in branching morphogenesis as a result of experimental
manipulations.

These computer-assisted techniques have been particularly useful in understanding
descriptive anatomy as well as the complex patterning of ductal morphogenesis—
something that has previously been difficult to grasp when viewing 2D histological
sections down a microscope (66,68).

Using this method of prostate skeletonization and the ArKO mouse, the effects
of removing estrogen on neonatal prostate development were examined (Almahbobi
et al., 2006, unpublished data). It is predicted that estrogen has an important role
in the regulation of prostate branching morphogenesis in rodent during the neonatal
period and that alterations in branching morphogenesis may be identifiable well before
the emergence of the phenotype in older animals. As such, this methodology may be
suitable to investigate the role of estrogen or EDCs in the etiology of prostate disease
well before it is evident in adulthood.

Another limitation of rodent studies relates to reproducibility, with conflicting and
often opposing results being reported because of strain differences in mice and apparent
differences between rats and mice. There is the question of low-dose effects and no
effect level (191), especially during pregnancy. This issue is particularly important as
it is not known whether the human prostate has the same degree of sensitivity to EDCs
as the rodent prostate.
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3.5.2. Dose–Response Relationships

The dose–response relationship issue is one of the most controversial areas with
regards to EDCs and reproductive health. As EDCs act directly on the endocrine system
to mimic or antagonize naturally occurring hormones, the dose–response relationship
is generally different than for other environmental chemicals, which do not directly
act on the system. However, these relationships are also variable for different EDCs
as well as different species endocrine mechanisms.

More controversial, however, are the numerous studies demonstrating the low-dose
effects of EDCs. The prostate gland is also sensitive to low doses of estrogens and
EDCs during development, with recent studies demonstrating that the differentiating
male UGS is sensitive to low doses of EDCs (192). vom Saal and coworkers proposed
that an increase in reproductive organ disorders was linked to in utero exposure to
EDCs in the environment (138). Investigating the effects of fetal exposure to a full
range of doses, vom Saal showed an inverted-U dose–response relationship, whereby
low doses of EDCs were as effective as very high doses (189). The implications of
these studies are significant, because most toxicological testing does not reach into the
lower dose range and will not detect these adverse effects of estrogenic compounds,
natural or synthetic. However, these conclusions remain particularly controversial. The
pioneering work of vom Saal was confirmed by Nagel and coworkers who showed similar
effects, including prostate enlargement in 6-month-old CF1 mice after in utero exposure
to low doses of BPA (189). In contrast, at least two independent groups of investi-
gators (193,194) were unable to confirm the effects of prenatal exposure to DES and
BPA (189) on male CF1 mice. A recent study conducted in F344 and Sprague–Dawley
rats, administering low and high doses of EB (�-estradiol-3-benzoate), demonstrated a
similar inverted U-shaped response curve for prostate sizes during puberty, as previously
described (189), but this effect was not permanent and was absent from adult animals,
suggesting that a “transient” effect was induced by low-dose estrogen treatment (195).

The conflicting data regarding low-dose estrogens and estrogenic EDCs remain
unresolved, but these reports generate a great deal of interest in the prostate biology
field as it seeks to evaluate the potential effects of low-dose estrogen exposure that
alter androgen action, particularly by EDCs. As hormones play a role in imprinting
of the prostate gland during postnatal development, it is important to resolve these
controversies to understand the permanent nature of early life events that may influence
the onset of late life disease. Thus, it is imperative that dose–response issues should
be considered during study design for risk evaluation for health effects. Ideally, doses
should identify both toxic and mechanistic endpoints.

3.5.3. Long Latency and Environmental Effects During Lifetime

Before Diseases Emerge upon Aging

One of the main complications associated with studying the effects of fetal EDC
exposure and late life outcome in humans is the long latency of disease and conse-
quently a long lead time to the identification of the effects of prenatal exposure on
such reproductive indices as prostate disease, infertility, decreased sperm counts, and
testicular cancer. In men, the process from fetal or neonatal development to late life,
when adverse outcomes become evident, takes decades: 50–60 years or more. Thus,
there is significant variation in environmental conditions during the intervening period
when additional factors may impact on prostate health. This time line does not permit



Chapter 3 / Endocrine Disruption in the Male 53

in vivo studies to be completed or causal relationships to be drawn and provides further
justification for the development of more appropriate systems modeling human disease.

The critical question remains as to whether or not a pathological condition with long
latency can be predicted by assessing earlier outcomes. A classic example of the delayed
manifestation of the perinatal effect of an environmental agent is Young’s syndrome,
in which there is an obstructive lesion in the epididymis leading to azoospermia with
significant bronchiectasis. This syndrome is associated with Pink’s disease, a condition
linked to the presence of mercury in teething powders. Removal of mercury from
teething powders in the early 1960s led to the disappearance of Pink’s disease and,
30–40 years later, Young’s syndrome is no longer seen. Thus, the accurate diagnosis
of earlier outcomes may represent a useful early sentinel marker of reproductive health
in men. However, it will require serious consideration of the threat of exposure of the
developing reproductive system to damaging environmental agents.

4. CONCLUSIONS AND THE WAY FORWARD

Analysis of human data is limited, and to date, there is no firm evidence demon-
strating a direct causal association between EDC exposure and adverse reproductive
health outcomes. Currently, the majority of evidence is correlative and associative
with the incidence of late life disease. Nevertheless, there is general agreement that
the critical role of hormones on reproductive development renders this process suscep-
tible to disruption by factors that interfere with hormone production, bioavailability,
metabolism, or action.

Animal models have been useful at highlighting important biological issues,
including the identification of environmental agents with activities that may impact
on the developing reproductive tract and potential mechanisms of action. Currently,
the plausibility of the responses in animals versus the likelihood of occurrence in man
and the relative sensitivity of our models versus human disease are still being assessed
and determined. These studies are useful in directing where appropriate epidemio-
logical studies need to be undertaken. This may ultimately mean that we can minimize
exposures (by bans or reductions) to reduce risks.

A useful adjunct to rodent models is human cell and tissue models. However, human
fetal and normal human prostate tissue from young adult men is difficult to obtain.
Animal models have limited utility when extrapolating finding to humans because of
their anatomical and developmental differences. Thus, it is imperative to establish a
robust source of human prostate that accurately models normal prostate development,
because this will enable researchers to study the effects of EDCs during development
and their impact on normal maturation. One approach has been to develop an in vivo
technique for the differentiation of human embryonic stem cells into immature and
mature human prostate tissue by tissue recombination (196). This is a novel, reliable,
and reproducible model system that can be used to study human prostate development
and maturation over 8–12 weeks and is comparable to the process that takes decades
in the human male (Fig. 10). As the in vivo system uses rodent mesenchyme and grafts
are hosted in mice, both the mesenchyme and host environment may be manipulated
to identify critical systemic or local (stromal–epithelial) factors that influence prostate
development and maturation. This model would be very useful in establishing that
EDCs affect normal fetal and mature prostate tissue in a controlled experimental
system.
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Fig. 10. Schematic illustration of the human prostate stem cell model. Neonatal prostatic rodent
mesenchyme is recombined with human embryonic stem cells (hES cells). The resultant tissue graft
is placed under the kidney capsule of adult male immuno-deficient mice and left to grow for up to
12 weeks. Maturation is evident by secretion of prostate-specific antigen (PSA). This process takes
decades in the human males.
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1. INTRODUCTION

Vertebrates have two systems responsible for communication in the body: the
nervous system and the endocrine system. The brain is not only the major regulatory
element for both but also a mediator between the two systems. The brain coordinates
inputs from the environment with hormonal outputs from the endocrine system through
the autonomic nervous system. Endocrine glands in the body are innervated by the
autonomic nervous system, which controls glandular function in two ways: (i) by
regulating blood flow into the gland and (ii) by regulating the release of hormones from
the gland. The hypothalamus, located at the base of the brain, is especially important
for regulation of endocrine function as it serves as an interface between the nervous
system and endocrine systems, and these endocrine functions that receive a driving
input from the brain are called “neuroendocrine” (Fig. 1). There are two types of
neuroendocrine outputs that are involved in the control of homeostatic processes. One
of these outputs involves the release of peptide hormones, specifically vasopressin or
oxytocin, from neurons that originate in the hypothalamus and terminate at a blood-
stream located in the posterior pituitary gland. The second neuroendocrine output
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Fig. 1. Diagram of the reproductive neuroendocrine axis, consisting of the hypothalamus (HYP),
pituitary (PIT) and gonads, the ovary in females, and the testis in males. Arrows indicate feedforward
and feedback regulation by hormones.

involves the release of peptide hormones collectively called hypothalamic releasing or
inhibiting hormones into a blood system at the base of the hypothalamus. This vascu-
lature, called the portal capillary system, transports the hypothalamic peptides to the
anterior pituitary gland, where they bind to specific pituitary receptors, a process that in
turn results in the synthesis and release of secondary hormones. The anterior pituitary
hormones then act at peripheral endocrine target glands to cause the release of tertiary
hormones that affect various functions throughout the body. Along with these actions,
tertiary endocrine hormones can exert negative feedback onto hypothalamic neurons
or their inputs to suppress or modify the release of the initial hypothalamic hormones
(Fig. 1). Although all neuroendocrine systems exhibit negative feedback regulation, the
reproductive hypothalamic–pituitary–gonadal (HPG) system of females has the unique
ability to exert a positive feedback signal just prior to the time of ovulation (1).

Endocrine hormones are essential for the normal development and function of the
central nervous system (CNS). The prenatal and early postnatal period is particularly
important in this regard as exposure to hormones during early development results in
the normal organization and facilitation of many behaviors in the adult organism. For
example, glucocorticoids released from the neonatal adrenals are important for prolif-
eration of neurons in the hippocampus during development and maturation, whereas
removal of the adrenals leads to apoptosis of hippocampal dentate gyrus granule cells,
a decrease in synaptic plasticity, and deficits in learning in rats (2,3). In the mammalian
brain, thyroid hormone is essential for neuronal proliferation in the adult hippocampus
and dentate gyrus (4) as well as normal cerebellar development and differentiation (5).
It is also important for cellular metabolism. Disruptions to the thyroid gland that
negatively affect the release or production of thyroid hormone have been implicated
in causing cognitive deficits [reviewed in (6)]. In the case of the HPG axis, neonatal
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exposure to the sex steroid hormones, estradiol (E2) and testosterone, is crucial for
normal sex-typical sexual differentiation of the brain and behavior (7).

The role of the brain as the primary regulator of neuroendocrine functions, together
with the brain’s responsiveness to hormonal feedback, makes it an important organ to
consider when studying endocrine-disrupting chemicals (EDCs).

EDCs are compounds in the environment that imitate, block, alter, or otherwise
modify endogenous hormonal activity. Alterations of hormone levels, receptors, or
actions in the brain through exposure to EDCs are not only disruptive to the structure
and function of the brain itself but also to the regulation of hormones downstream
from the brain. The mechanisms of endocrine disruption are diverse and complex;
in the nervous system, they probably involve actions through hormone receptors,
the enzymes involved in the biosynthesis and degradation of hormones, and other
aspects of hormone regulation. In addition, EDCs can be overtly neurotoxic through
actions independent (or in addition to) hormone receptors, such as through actions on
neurotransmitter receptors, transporters, and biosynthesis.

The discovery that the synthetic estrogen diethylstilbesterol (DES) can cause
gynecological cancers and reproductive tract abnormalities in the daughters of mothers
who took the drug during pregnancy was a landmark finding that demonstrated
endocrine disruption in humans. It is now recognized that along with effects on the
reproductive system, EDCs can disrupt numerous hormonal systems in the body,
including stress, thyroid, growth, and other metabolic hormones. This chapter will
focus primarily on estrogenic EDCs and their effects on the mammalian brain in vivo.
For information regarding other hormonal systems refer to the following reviews on
thyroid [(8) and Chapter 12 of this book by David Armstrong]; glucocorticoids [(6,9)];
and androgens [(10) and Chapter 3 of this book by Prue Cowin et al.] As discussed
in greater detail throughout this chapter, the mediation of estrogenic effects of EDCs
occurs through the two nuclear estrogen receptors, estrogen receptor-alpha (ER-�) and
ER-�, both of which are abundant in brain but which may be differentially affected
by EDCs. There are also non-nuclear estrogen receptors that may be affected by
EDCs. For illustrative purposes, this review will discuss three families of extensively
studied estrogenic endocrine disruptors: phytoestrogens, organochlorine pesticides, and
polychlorinated biphenyls (PCBs).

2. OVERVIEW OF THREE TYPES OF EDCS AND THEIR ACTIONS
IN THE BRAIN

2.1. Phytoestrogens
Phytoestrogens are non-steroidal plant compounds that act as weak estrogens or

antiestrogens in the body. They are found in many plant species, including soy
(isoflavones genistein and daidzen), alfafa (coumestrol), and grapes (resveratrol)
(Fig. 2). These compounds have been touted in the popular press for their potential
usage in the prevention and/or treatment of cancers (especially cancers in reproductive
tissues) as well as for non-pharmacologic postmenopausal hormone treatment and
hence are drawing attention from the scientific community. However, careful clinical
studies on phytoestrogens are lacking. Because of their potential activity as estrogens,
they may have much broader effects on target organs, including the CNS in which the
estrogen receptor is abundantly expressed.
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Fig. 2. Structures of representative endocrine-disrupting chemicals.

The actions of phytoestrogens appear to be limited to those mediated by estrogen
receptors. This is an important point because other EDCs tend to act through multiple
hormonal and neurotransmitter systems, not just estrogenic systems. This relative speci-
ficity of phytoestrogens provides valuable information regarding the estrogenic actions
of EDCs as opposed to the endocrine effects that may be the result of system-wide
alterations. Recent evidence suggests that phytoestrogens may have greater affinity
and more pronounced actions on the ER-� than the ER-� (11), and this highlights the
point that different classes of EDCs, while estrogenic, may have differential actions
because of diverse effects upon target receptors.

2.2. Organochlorine Pesticides
Organochlorine pesticides are synthetic compounds, such as dichlorodiphenyl-

trichloroethane (DDT) (Fig. 2), DDE (a metabolite of DDT), dieldrin, endosulfan,
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lindane, chlopyrifos, and methoxychlor (Fig. 2). They are persistent in the environment
and owing to their hydrophobic/lipophilic properties have the potential to bioaccu-
mulate in fatty tissues. Although many of these compounds (e.g., DDT, heptachlor, and
dieldren) have been banned for decades or more recently (e.g., chlopyrifos) in the USA
and Western Europe, they are still widely used in other parts of the world, and human
contamination continues through food consumption. Most organochlorine pesticides
are weakly estrogenic; some alter thyroid function, interfere with immune function, or
act upon neurotransmitter synthesis, degradation, and/or receptors. It is not surprising
that organochlorine pesticides affect the mammalian CNS as studies focusing on their
mechanism of action have found that the pesticidic nature of these compounds is
through neurotoxic, specifically neurostimulatory, effects (12). Regarding their actions
on neurotransmitter receptors and transporters, there is evidence for disruption of
cholinergic, dopaminergic, and GABAergic systems. For example, some of these
EDCs are gamma-aminobutyrate acid receptor subtype A (GABAA) antagonists and
disruptors of dopamine transporters (DATs), DAT and vesicular monoamine trans-
porter 2 (VMAT2) (13,14). Although the relationship between these neurotransmitters
and neuroendocrine functions may not be immediately obvious, it is important to point
out that acetylcholine, dopamine, GABA, and other neurotransmitters can influence
hypothalamic neurons through CNS connections. Thus, by disrupting central neuro-
transmission, these pesticides can exert severe indirect effects on an organism’s
neuroendocrine function (15).

2.3. Polychlorinated Biphenyls
PCBs are synthetic compounds that were manufactured in the USA from the 1930s

through 1970s. They are categorized into two groups, coplanar and non-coplanar, as per
their molecular structure, and they exist in various states of chlorination (Fig. 2). These
structural features affect the ability of PCBs to bind to various hormone and neuro-
transmitter receptors and to act as agonists, antagonists, or mixed agonists/antagonists.
Although banned in the 1970s, PCBs are environmentally persistent and widely
dispersed throughout the globe, including in regions where PCBs were never used
(e.g., the Arctic) due to populations of animals exposed to PCBs in industrial regions
that migrate to non-industrial regions and enter the food chain. Additionally, PCBs are
promiscuous compounds in that they exert actions on multiple classes of neurotrans-
mitter and hormonal targets that are not always predictable. Some non-coplanar PCBs
affect neurotransmitter systems (dopamine, serotonin, and acetylcholine). In this way,
they may indirectly affect neuroendocrine functions. Other PCBs (usually coplanar)
interact directly with endocrine systems to exert effects on thyroid hormone, glucocor-
ticoids [reviewed in (16,17)], and sex steroid hormone levels. To make matters even
more complicated, PCBs are both estrogenic and antiestrogenic as well antiandrogenic,
an effect that is usually based on the structure of the specific congener [reviewed
in (17)]. Finally, some “dioxin-like” PCBs may interact with orphan receptors such as
the aryl hydrocarbon receptor (AhR) [reviewed in (18)]; this makes an understanding of
PCB actions even more difficult as the endogenous ligand of the AhR is not currently
known. It is this diversity of interactions that makes the PCB compounds such an
interesting subject for endocrine studies and a potentially dangerous compound for
human exposure.
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3. EDC ACTIONS IN THE BRAIN DURING FETAL AND EARLY
POSTNATAL DEVELOPMENT

The development of the brain begins in embryonic life and continues through puberty
and into adulthood. Neural development is a carefully regulated sequence of events
that is controlled by several factors including genes, neurotransmitters, growth factors,
hormones, and their interactions. Disruption of any one of these events by EDCs can
have permanent effects on brain morphology and function, resulting in changes to
physiology and behavior. To follow is a brief summary of the importance of normal
prenatal and early postnatal exposures to steroid hormones to be followed by how early
exposures to EDCs can disrupt these processes.

3.1. Brain Development, Sexual Differentiation, and the Role
of Steroid Hormones

The brain is sexually dimorphic, meaning that there are distinct differences in
structure and morphology of regions between males and females. These differences
are permanent and determined during a critical period of sexual differentiation, largely
through exposures to sex steroid hormones in fetal development or shortly after
birth. In male mammals, much of sexual differentiation of the brain occurs through
activation of the fetal testis to release the testicular hormone testosterone. Testos-
terone and its metabolite, E2, are responsible for sexual differentiation of the male
brain. This is surprising to many people who mistakenly believe that E2 is a “female”
hormone. In fact, the male testis produces appreciable levels of E2, the major estrogen
in mammals, because of the aromatization of testosterone in the testis. In addition,
testicular androgens may be aromatized to E2 at target tissues that contain the aromatase
enzyme. The brain is an organ that has particularly high levels of aromatase, and
together with the brain’s high expression of both androgen and estrogen receptors,
both endogenous and exogenous hormones may significantly impact neural function.
Under normal developmental circumstances, early exposure to gonadal steroids lays
the groundwork for the male physiology and behavior in the organism; the absence
of such exposure results in a female phenotype [reviewed in (19); see Chapter 3 by
Cowin et al. for additional details].

The mechanisms for these effects of steroids in the nervous system are beginning
to be understood. Steroid hormones, acting as transcription factors, determine which
genes will be expressed in certain areas of the brain. Additionally, hormones may
affect sexual differentiation at the cellular level by determining the brain’s capacity to
express sex steroid hormone receptors in a region-specific and sex-specific manner (20).
They may also cause other neurobiological changes such as dendrite outgrowth and
synaptogenesis [reviewed in (21,22)]. In addition, structural effects of steroids, through
programmed cell death (apoptosis), have been observed in some areas of the brain.
This is known to be a factor in the development of several sexually dimorphic nuclei
in which hormones play an important role in both cell survival and apoptosis. The
balance of these processes determines whether a brain region is masculinized, de-
masculinized, feminized, or de-feminized depending upon the sex and the type of
exposure. For example, testosterone decreases cell death in three sexually dimorphic
regions: the spinal nucleus of the bulbocavernosus (SNB) in male rats involved in
penile erection (23); the sexually dimorphic nucleus of the preoptic area (SDN-POA)
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thought to be involved in masculine sexual behavior in rats (24); and the bed nucleus
of the stria terminalis (BNST) involved in reproductive physiology and behavior and
in affective behavior pathways [reviewed in (20)]. On the other hand, testosterone
increases cell death in the anteroventral periventricular nucleus (AVPV) [reviewed
in (25)] thought to regulate preovulatory gonadotropin-releasing hormone (GnRH)
release (26). Several of these aforementioned processes are not mediated by testosterone
acting on its androgen receptor but rather by the metabolism of testosterone to E2 and
subsequent actions on estrogen receptors. Several relevant points need to be addressed
in this regard. First, these early “organizational” effects of sex steroid hormones are
necessary for the appropriate expression of sex-typical dimorphic behaviors later in
life including reproductive behaviors such as the lordosis reflex in female rodents and
mounting behavior in males. These latter behaviors require appropriate exposure to
steroid hormones not only prenatally in the organizational period, but also pubertally,
and the manifestation of these behaviors after puberty is referred to as the “activa-
tional” effects of steroid hormones. Second, early sex hormone exposure organizes
other dimorphic non-reproductive behaviors such as infant play, aggression, learning,
exploration, and activity level [reviewed in (21)]. Finally, recent evidence suggests
that the perinatal period is not the only one during which sexually dimorphic circuits
are organized. For example, the pubertal period is associated with dramatic changes in
sex steroid hormones that may exert novel organizational effects upon the brain that
may be sexually dimorphic in nature [reviewed in (27)].

The fact that sex steroid hormones play a large role in the normal sexual differ-
entiation of the brain makes early exposure to estrogenic/antiestrogenic and andro-
genic EDCs a potent dysregulator of brain function from genes to behavior. Notably,
hormonal levels involved in controlling such events are extremely low (1 part
per trillion), and the fetus is exceptionally sensitive to even the slightest shift in
the hormonal milieu. Therefore, even the slightest imbalance can have exponential
effects (28). Because the events of early development are relatively well understood
and the developing fetus/neonate is especially sensitive to alterations in hormonal
concentrations, it is not surprising that many of the studies focusing on effects of EDCs
on the brain examine their role in early development. To follow is such a discussion
of effects of EDC exposure in this period, a field often referred to as the “fetal (or
developmental) basis of adult disease” [reviewed in (29)].

3.2. Phytoestrogens and Early Brain Development
The finding that plant compounds could act like estrogens in animals was first

published in 1946 (28). Since this early discovery, phytoestrogens have been studied as
potential treatments for symptoms of menopause and reproductive cancers. However, it
should not be overlooked that while they may have therapeutic potential they may also
be disruptive to developing organisms. The literature on phytoestrogens’ effects on the
brain is not as expansive as that of other EDCs, such as PCBs, discussed in section 3.4.
Nevertheless, there is increasing evidence that the brain may be an important target
of these compounds, and therefore early exposure, particularly through consumption
of soy formula, may be relevant to neurodevelopment. To follow is a review of the
literature examining the effects of phytoestrogens on the neonate and adult when
exposure is limited to early development. For specific information regarding age of
treatment, age of examination, mode of exposure, and dosage, refer to Table 1A.
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3.2.1. Gene Expression, Protein Expression, and Brain Morphology

Phytoestrogens may act through both ER-� and ER-�. As discussed in section 3.1,
activation of the estrogen receptor (or other steroid hormone receptors) can cause
alterations at various levels of cellular structure and function from genes through
behavior. However, there are few experiments that have sought to identify specific
genes that are transcriptionally activated or repressed by phytoestrogens. A study
by Ren et al. (30) reported that ER-� gene expression was downregulated in the
hypothalamus of neonate male piglets that had been exposed to daidzen in utero. Many
other studies have focused on the effects of neonatal phytoestrogen exposure on adult
protein levels in the brain. When rats were treated with genistein throughout embryonic
and early development, increased levels of the peptide vasopressin were detected in
the hypothalamus (31). Vasopressin is a neuropeptide that influences physiological
events, such as water absorption in the kidneys (32), and it is also a neuromodulator
in the CNS (33). Recently, Patisaul et al. (19) showed that neonatal exposure to
genistein resulted in long-term effects on both tyrosine hydroxylase (TH), the enzyme
important for dopamine production, and ER-� expression in the AVPV. Sex differences
were observed: specifically, in genistein-treated males, a significant increase above
controls was observed in the number of TH immunoreactive (ir) cells, whereas no
effect was detected in treated females. However, when genistein-treated females were
compared with estrogen-treated females, a significant increase in TH-ir cells was
seen. Additionally, a significant decrease in cells co-expressing ER-� and TH in
the medial AVPV was observed. These results suggest that ER-� is important for
the masculinization of the brain and that genistein acts as an antiestrogen in the
AVPV (19). In addition to the regulation of gene and protein expression, phytoestrogens
are implicated in altering brain structure by decreasing or increasing apoptosis in some
areas of the brain. Male rats fed with a high phytoestrogen diet (mainly soy isoflavones)
throughout their lifetime display an increase in BAD, a proapototic protein, in the
amygdala and a significant decrease in the frontal cortex and medial basal hypothalamus
(MBH) when compared with their control counterparts. Bu and Lephart (34) also
observed an increase in the expression of neuron-specific beta III tubulin, a protein
important for neuronal diffentiation and survival, in the amygdala, frontal cortex,
hippocampus, and MBH. Taken together, these data suggest that a high phytoestrogen
diet may be neuroprotective (34).

Apoptosis is believed to be one pathway that leads to the development of morpho-
logic sexual dimorphisms in the size of brain nuclei, as discussed in section 3.1. As
estrogens play an important role in the induction of these dimorphisms, it has been
hypothesized that estrogen-like compounds may affect the development and mainte-
nance of these nuclei. Several studies have sought to determine the role of phytoe-
strogens in this process. However, these studies have produced inconsistent results. For
a detailed review of the effect of phytoestrogens on the SDN-POA volume, refer to
Table 1A. Briefly, perinatal exposure to various phytoestrogens can increase or decrease
the volume of the SDN-POA depending on timing of exposure, dose, and compound
(35–39).

Studies focusing on resveratrol show similar effects on sexually dimorphic nuclei. In
untreated rats, the locus coeruleus (LC), a key noradrenergic releasing region located
in the brainstem, is larger in female than male rats, and this sex difference is abolished
when female rats are exposed to resveratrol in utero. The LC is important for the stress
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response and expresses both ER-� and ER-� (39). In addition, projections from the
LC to the hypothalamus are believed to be involved in other neuroendocrine functions
including the regulation of HPG function (40). However, there were no effects of
resveratrol noted in the SDN-POA in either sex, demonstrating region specificity of
the effect to the LC (39).

3.2.2. Reproductive Function and Behavior

The size of sexually dimorphic areas of the brain correlates strongly with dimorphic
brain function and behavior, suggesting that perturbations of these nuclei by phyto-
estrogens have functional consequences. Several studies have looked at how develop-
mental exposure to phytoestrogens can affect these endpoints. For example, Faber and
Hughes demonstrated that neonatal exposure to genistein alters adult pituitary function
[through luteinizing hormone (LH) release] in a dose-dependent manner. High levels
of genistein caused a decrease in pituitary response to GnRH and a larger SDN-POA
in females, whereas exposure to a low level of genistein caused a hypersensitivity of
the pituitary with no effect on the volume of the SDN-POA. In males, the effect on
pituitary responsiveness was identical; however, no effect on SDN-POA volume was
observed (37,41).

In addition to altering adult brain morphology and reproductive physiology, develop-
mental exposure to phytoestrogens can modify adult reproductive behavior, including
masculine sexual behavior (Table 1A). Male-typical sexual behavior in rats is charac-
terized by a series of behaviors beginning with the male mounting the female, followed
by mounts with intromissions of the penis, and finally ejaculation. Limited exposure
during the postnatal period to phytoestrogens reduces mounting behavior (38,42);
however, when exposure includes prenatal exposure, a significant decrease in the
number of intromissions is observed with no effect on mounting behavior (39).
Seemingly, these differences are due to timing of exposure although one cannot rule out
the effects of other variables in these experiments. Early phytoestrogen exposure can
disrupt feminine reproductive behavior as well. Briefly, perinatal exposure to phytoe-
strogens can advance or delay puberty (39,43), result in irregular estrous cycles (42,43),
and may reduce lordosis behavior (a marker for sexual receptivity) when exposure
is limited to the postnatal period (38,39,43). However, it should be noted that these
results seem to depend greatly on timing of exposure, dosage, experimental compound,
and so on, and further studies are needed to verify the effects of phytoestrogen on
adult female reproductive behavior.

3.2.3. Conclusions

Experiments focusing on the effects of early exposure to phytoestrogens are
intriguing in that these compounds alter the adult brain at several morphologic and
behavioral levels. Any inconsistencies in these studies are more than likely because
of differences in experimental design, and further studies are needed to determine the
mechanism by which these compounds are exerting their effects.

3.3. Organochlorine Pesticides and Early Brain Development
DDT, probably the most well known organochlorine pesticide, was first found to be

weakly estrogenic in chickens in 1960 (28). Since then, DDT and other organochlorine
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pesticides have been extensively studied as endocrine disruptors in several species.
Although results of experiments analyzing neonatal exposure to these substances have
sometimes varied in the details, as a whole, the literature supports the likelihood that
exposure during the critical period of brain sexual differentiation to organochlorine
pesticides can affect all aspects of brain physiology. To follow is a general review of
such literature. For details of methodology used in these experiments, including time
of exposure, age of examination, mode of exposure and dosage, see Table 1B.

3.3.1. Gene Expression, Protein Expression, and Brain Morphology

As with other EDCs, organochlorine pesticide exposure during the critical period
of brain sexual differentiation can alter gene expression later in life. Methoxychlor, a
substitute for DDT, was shown to alter gene expression of several estrogen-responsive
genes in the juvenile rat. When mothers were fed high doses of methoxychlor, proges-
terone receptor (PR) expression in the medial preoptic area (MPOA) decreased in males
and increased in females when compared with controls. Normally, this expression is
sexually dimorphic with expression being higher in the male MPOA, suggesting that
high doses of methoxychlor can have demasculinizing effects in males and masculin-
izing effects on females. Interestingly, lower doses had no effect on PR expression
but resulted in a decrease in ER-� and steroid receptor co-activator 1 (SRC-1) gene
expression in females (44). SRC-1 plays an important role in the hypothalamus
during development by aiding in the determination of sexual-specific behavior in
females (45,46). Additionally, reducing SRC-1 protein levels in the hypothalamus
results in dysfunctional male reproductive behavior [reviewed in (47)]. The lowest dose
of methoxychlor had no effect on gene expression in either male or the female pups (44).
These data suggest that varying doses of methoxychlor can alter the transcription of
estrogen-responsive genes differently.

Another mechanism for the effects of organochlorine pesticides is through actions
on the transcription of genes in an estrogen receptor-independent manner. For example,
GABAA receptor subunit mRNA expression is decreased by dieldrin exposure in
the brainstem of embryonic mice (14). Although these effects were observed in the
brainstem, it is worth investigating whether dieldrin and other organochlorine pesticides
have similar effects in other brain regions, as GABAA receptors are important for many
functions including the regulation of the hypothalamic GnRH system that drives HPG
function (48).

By altering the expression of numerous neuronal genes, organochlorine pesticides
can alter protein levels in the brain thereby profoundly impacting cellular function. For
example, rats exposed to methoxychlor in utero and lactationally showed significant
alterations in pituitary protein levels. Specifically, in 3-week old males, a high dose of
methoxychlor increased LH, FSH, and prolactin but only increased LH in comparable
females. At 11 weeks of age, females treated with low levels of methoxychlor had
an increase in the number of prolactin ir cells, whereas those exposed to a high dose
showed only an increase in FSH (49). These data suggest that perinatal exposure
to methoxychlor can have significant long-term effects on protein translation in the
pituitary.

In another study, Caudle et al. (13) found that gestational and lactational exposure
to heptachlor increased DAT, VMAT2, and TH in the striatum of mice. The trans-
porters, DAT and VMAT2, are important for normal dopamine neurotransmission.
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DAT is responsible for the reuptake of dopamine into the presynaptic terminal, whereas
VMAT2 in the presynaptic terminal is responsible for transporting dopamine into
vesicles (both small and dense core) thereby preparing dopamine for release into the
synapse (50,51). Additionally, the ratio of DAT : VMAT2 was increased by 29 % by
heptachlor. The striatum is an area of the brain that controls movement, balance, and
walking, requiring dopamine to function and is compromised in Parkinson’s disease.
The authors speculate that the ratio of DAT : VMAT2 is important for predicting
susceptibility to Parkinson’s disease (13). Interestingly, E2 can modulate both DAT
and VMAT2 in the rat striatum (52) and can be neuroprotective in adult animals (53).
Together, these results suggest that early exposure to the weakly estrogenic compound
heptachlor may increase susceptibility to neurodegeneration and potentially play a role
in Parkinson’s disease.

In addition to these previously discussed actions on the GABAergic and dopamin-
ergic systems, organochlorine pesticides are strongly implicated in modulating
the synthesis and degradation of neurotransmitter acetylcholine. Specifically, DDT
decreases expression of muscarinic cholinergic receptors, which are inhibitory acetyl-
choline receptors found throughout the body. Eriksson et al. found that a single dose of
DDT on P10 decreased muscarinic acetylcholine receptor density in the cerebral cortex
of 4-month-old male mice. A decrease in receptor density appears to translate into an
increase in spontaneous locomotor activity, a behavior that is sexually dimorphic. This
effect is seemingly time dependent as it was not observed when mice were treated on
P3 or P19 (54).

As discussed previously (Section 3.2.1.), gene expression and protein levels directly
affect cellular differentiation, cell survival, and brain morphology and function. To our
knowledge, the only study examining effects of early methoxychlor exposure on the
volume of the SDN-POA did not detect any effect (55).

3.3.2. Reproductive Function and Behavior

Although there is little evidence that organochlorine pesticides change brain
morphology, there is substantial evidence that exposure during development to these
compounds alters both brain function and behavior. In males, organochlorine pesticides
are detrimental to several reproductive parameters (Table 1B). First, methoxychlor
delays the onset of puberty (56) and decreases serum LH and FSH, but not testosterone
levels or copulatory behavior (57). However, when exposure is limited to the time of
blastocyst implantation, a profound effect on male reproductive behavior is observed.
Specifically, male sexual motivation and arousal is virtually ablated. Amstislavsky et
al. (58) demonstrated that treated males avoid a receptive female and show no change
in basal testosterone levels when placed in close proximity to them. Normally, serum
testosterone levels will rise in response to a receptive female (58,59). Organochlorine
pesticides also have significant affects on the reproductive function and behavior of
adult females. Several studies have demonstrated that perinatal exposure to methoxy-
chlor and DDT advances puberty (56,60–63), increases persistent vaginal cornification,
increases the percentage of animals with irregular estrous cycles (56,57,60), accelerates
the loss of fertility (61–63), dampens the preovulatory LH surge, and suppresses the
lordosis reflex (57). Recently, Rasier et al. suggested that the possible mechanism for
the induction of precocious puberty by demonstrating that infantile exposure to DDT
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not only resulted in precocious puberty but also accelerated pulsatile GnRH release in
the female hypothalamus [review in (64)].

3.3.3. Non-Reproductive Sexually Dimorphic Behavior

Recently, evidence has been published that embryonic exposure to methoxychlor
can alter the reward circuitry in the female rat. This circuitry is known to be sexually
dimorphic. For example, female mice are more sensitive to amphetamine-induced
place conditioning than males. However, when treated with methoxychlor, females
did not display preference for the amphetamine-paired chamber. These results suggest
that embryonic exposure to methoxychlor impairs the female brain reward pathways.
Interestingly, methoxychlor-treated males did not display this impairment suggesting a
potential link to the estrogenic properties of methoxychlor. Additionally, the dopamine
system, the main system associated with the reward system, is modulated by estrogen,
suggesting that these data may be the result of an altered dopaminergic system (65).

Several studies have observed altered wheel running and open field exploration
behaviors, both of which are sexually dimorphic, in response organochlorine pesticides.
Eriksson et al. demonstrated that spontaneous locomotor activity and rearing were
significantly increased in males treated with 0.5 mg/kg DDT on P10. This increase
in activity is thought to be the result of a long-term decrease in muscarinic acetyl-
choline receptors in the cerebral cortex (Section 3.3.1.) (54). In females, running wheel
activity was not altered when exposure was limited to gestation (66), but locomotor
activity was increased when treatment of a low dose of methoxychlor was extended
through weaning (56). Interestingly, continuous exposure to high doses of methoxy-
chlor did not alter other basal or amphetamine-induced locomotor activity in females
or males (60).

Still another sexually dimorphic behavior that is altered by organochlorine pesticides
is that of sodium chloride solution intake. Under control conditions, females drink more
than males; however, treatment with high levels of methoxychlor increased sodium
chloride solution intake in both females and males (66). These data are interesting
because intake was increased in both sexes suggesting males to be feminized and the
females to be hyperfeminized.

Exposure to organochlorine pesticides during development affects other dimorphic
behaviors such as aggression and territorial marking. Palanza et al. showed that prenatal
exposure to low doses of o�p′-DDT and methoxychlor increased the rate of territorial
urine marking but had no significant effects on intrasex aggression in males regarding
the number of attacks observed and the latency to attack. However, the intensity of
attacks by males treated with o�p′-DDT decreased significantly (bite frequency, tail
rattling, and total number of attacks) (67) [reviewed in (21)]. Additionally, the onset
of intrasex aggression is significantly delayed in pubertal male mice exposed to low
doses of methoxychlor but did not alter adult aggressive behavior (68). Interestingly,
o�p′-DDT had no effect on intrasex aggression in females (67,69) [reviewed in (21)].

Finally, although it is beyond the scope of this article to discuss non-sexually
dimorphic behaviors, readers are referred to published studies in this area (70,71).

3.3.4. Conclusions

As a whole, studies focusing on early developmental exposure to organochlorine
pesticides suggest that their effects can be observed throughout the brain. Notably,
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these compounds seem to have their most profound (and reproducible) effects on the
reproductive system. For example, methoxychlor and DDT have repeatedly been shown
to advance puberty in female rodents and delay puberty in males. Additionally, they
disrupt estrous cycles and seem to have detrimental effects on reproductive behavior.
Studies focusing on other areas of the brain are more difficult to interpret as there
are inconsistencies in the data or some parameters simply have not been examined. It
should be noted that the inconsistencies observed are most likely due to differences
in experimental design (i.e., dose, length and age of exposure, and compound), and
further research is required to determine the effects of early exposure to organochlorine
pesticides on the development of the brain.

3.4. PCB Exposure During Early Brain Development
The estrogenic nature of PCBs has been known for decades. Exposure to these

compounds during critical periods in development is especially detrimental to
wildlife (28,72). Additionally, PCBs are lipophilic and so have the potential to bioac-
cumulate in adipose tissue. This is of particular concern when PCBs accumulate
in tissues of prereproductive or reproductive females, because these compounds can
be transferred to the developing offspring either through the placenta or postnatally
through lactation. Therefore, it is not surprising that many of the laboratory experiments
examining the role of PCBs as endocrine disruptors have focused on developmental
exposure and their long-term effects on estrogen-responsive genes, cellular processes,
and structural alterations and behaviors. A summary of details on the literature about
PCBs and CNS function is provided in Table 1C.

3.4.1. Gene Expression, Protein Expression, and Brain Morphology

A study from our laboratory showed that young adult female rats exposed to Arochlor
1221 (A1221) (a mixture of lightly chlorinated PCB congeners) during development
had significantly lower ER-� protein expression in the AVPV, a sexually dimorphic
brain region involved in the control of female ovulation. Because ER-� expression
in this brain region is also sexually dimorphic, with more ER-�-positive cells in
females than in males (73), the reduction in ER-�-positive cells in adult females
exposed to A1221 in our study (74) suggests that the brain region was masculinized
during development by PCBs. This effect was not observed in the supraoptic nucleus
(SON), an area of the brain important for osmoregulation, regulation of blood pressure,
parturition, and lactation, indicating regional specificity of the PCB treatment (74).
PCBs may also act on neurotransmitter receptors in the brain, with strongest evidence
for the dopaminergic system. Moreover, findings for interactions between dopamine
and estrogen signaling (75) suggest a dual mechanism for effects of early PCB
exposures. For example, Seegal et al. (76) found that gestational exposure to 3,4,3′4-
tetrachlorobiphenyl (TCB) and 3,4,5,3′,4′-pentachlorobiphenyl (PtCB) (both coplanar
congeners) significantly increases dopamine levels in the prefrontal cortex of adult
rats. However, when an ortho-substituted compound (o′-TCB) was used, a significant
decrease was observed in the prefrontal cortex of adult rats. These results suggest that
structure of the compound can have substantially different effects in the adult organism
when exposure is limited to the perinatal period. Additionally, as dopamine release in
the prefrontal cortex is modulated by estrogen, these data suggest that the estrogenic
effects of coplanar PCBs may play a role in these effects (76).
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In addition to protein expression, enzymatic activity is also affected by early
exposure to PCBs. Gestational exposure to a reconstituted mixture of PCBs decreased
aromatase activity in the hypothalamus/preoptic area of male rat pups (77). This
enzyme converts testosterone to estrogen in the hypothalamus and preoptic area, a
reaction that is essential for the masculinization of the brain. Another PCB mixture,
Arochlor 1254, did not affect aromatase activity in male pups (77). However, Arochlor
1254 may alter the activity of other enzymes. For example, exposure during gestation
to A1254 reduces choline acetyltransferase (ChAT) activity, the biosynthetic enzyme
for acetylcholine, in the basal forebrain and hippocampus (78). Notably, that same
laboratory showed that A1254 had no effect on ChAT activity when using a slightly
different experimental paradigm (Table 1C) (79). Although this does not directly alter
the endocrine system, both the basal forebrain and hippocampus communicate with
the neuroendocrine system through neural connections, suggesting that alterations in
other brain regions can potentially alter endocrine function (80). In addition to the
dopaminergic and acetylcholine systems, serotonin levels are also affected by prenatal
exposure to PCBs. Adult female and male rats exposed during gestation to A1254
showed a marked increase in serotonin and its metabolite 5-hydroxyindole acetic acid
in the lateral olfactory tract, prefrontal cortex, and hippocampus (81). Taken together,
these data suggest that PCBs are affecting several neurotransmitter systems ranging
from the synthesis, storage, release, and metabolism.

The consequences of EDCs altering protein expression and enzymatic activity during
development include potentially profound neurodevelopmental effects. Although there
is considerable evidence for phytoestrogens in this regard (Section 3.2.1. and Table 1A),
PCBs specifically have not been implicated in the morphological alterations of sexually
dimorphic areas of the brain. However, some structural (non-sexually dimorphic)
changes have been observed. For example, exposure to A1254 results in a decrease in
brain weight (82), reduces the growth of the mossy fibers in the hippocampus (83),
and results in a male-specific reduction in cerebellar mass (84) (see Table 1C for
experimental details).

3.4.2. Reproductive Function and Behavior

It is not surprising that PCBs alter hormonal levels, as they are known to affect
almost every aspect of the endocrine system. Recently, Lyche et al. (85) determined that
PCB153, but not PCB126, decreased prepubertal LH concentrations, delayed puberty,
and resulted in higher progesterone concentrations during ovulation (luteal phase) in 9-
month-old female goats exposed during gestation and lactation (85). Additionally, Hany
et al. (77) found that treatment with a reconstituted mixture of PCBs (Section 3.4.1.)
throughout gestation resulted in a decrease in serum testosterone levels in adult male
rats. These have strong implications for the effects of PCBs on pubertal onset and
sexual development.

Exposure to PCBs during development alters adult reproductive and other sexually
dimorphic behaviors. For example, neonatal exposure to A1254 reduces sexual
receptivity (lordosis quotient), whereas A1221 has no effect (86). However, when
treatment includes prenatal and postnatal exposure, A1254 decreases sexual motivation
and A1221 decreases sexual receptivity (87). Our laboratory has recent preliminary
evidence that limited prenatal exposure to A1221 significantly alters specific receptive
behaviors in female rats (88). These data suggest that timing of exposure is an
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extremely important parameter to consider when analyzing the effects of EDCs on
sexual behavior.

3.4.3. Sexually Dimorphic Non-Reproductive Behaviors

As with organochlorine pesticide exposure, PCBs alter sexually dimorphic behaviors.
For example, when rats are exposed to a reconstituted mixture that is similar to that
found in human breast milk, an increase in sweet preference in males was observed.
This sexually dimorphic behavior is usually increased in females, suggesting that
gestational and lactational exposure can feminize sexually dimorphic behaviors in adult
rats (77,89).

3.4.4. Cerebellar Function and Locomotion

Developmental exposure to PCBs has profound effects on cerebellar function.
Briefly, PCBs cause delays in reflex development in rodents (84,90,91), alter locomotor
activity and fine motor control (82,84), and result in hyperactivity (90,92). However,
there are several inconsistencies in these studies that are most likely due to differences
in timing of exposure, dose of exposure, type or mix of PCB used, and methodology
used to access locomotion. For a more comprehensive review of the literature on
PCBs effects on motor function, see Roegge and Schantz (93). Interestingly, although
cerebellar function is affected by perinatal exposure to PCBs, cerebellar cell structure
does not seem to be affected, as dendritic branching, dendritic length, number and
structure of Purkinje cells, and parmedian lobule volume were unaltered by exposure
to A1254 (94).

3.4.5. Cognition

Finally, early exposure to PCB mixtures or ortho-substituted congeners has detri-
mental effects on cognition. Monkeys exposed to a complex mixture of PCBs during
gestation and lactation displayed deficits in spatial learning and memory as adults.
These deficits suggest that PCB exposure alters the function of the dorsolateral region
of the prefrontal cortex, an area important for spatial learning (95). Rodent studies
have demonstrated similar results. Interestingly, there were several sex differences
found in the cognitive deficits in rats. For example, only females were affected by
A1254 treatment when tested on a spatial alternation task, whereas only males showed
deficits in working and reference memory. These sex differences suggest that some of
cognitive deficits observed in rodents may be due to the endocrine-disrupting actions
of PCBs (6,96).

3.4.6. Conclusions

Taken together, these data suggest that perinatal exposure to PCBs have conse-
quences throughout the brain, and these effects are, in many cases, persistent. However,
it is difficult to interpret these results further as the studies discussed differ in so many
experimental parameters (dose, age and duration of exposure, nature of compound, etc.).
The few conclusions that can be made suggest that PCBs have effects on neurotrans-
mitter release and metabolism, reproductive function, and alter normal development
(both somatic and cognitive). Further studies are needed to conclusively determine
how early exposure to PCBs affect brain development and function.
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4. EFFECTS OF EDC EXPOSURE DURING LATER POSTNATAL
AND PUBERTAL DEVELOPMENT

4.1. Background on Hormonal Changes During Postnatal/Pubertal
Life Stages

The pubertal process is a protracted event that is characterized by the maturation of
the reproductive system, an increase in gonadal steroid hormone synthesis and release,
and the eventual attainment of adult reproductive capacity. Puberty is initiated by an
activation of hypothalamic GnRH release (97), followed by a stimulation of pituitary
gonadotropins, and finally the activation of the ovary/testis. At this time, folliculoge-
nesis, ovulation (females), and spermatogenesis (males) are stimulated. In addition, the
increases in sex steroid hormones trigger the development secondary sex character-
istics. Increases in sex steroid hormones during puberty also exert important actions on
the brain called “activational effects,” whereby those organizational actions of neonatal
steroid hormones (Section 3.1.) are triggered. For example, early steroid hormone
exposure organizes male or female-typical brain morphology and neurochemistry
(Section 3.1.), but these effects are not manifested until the pubertal process when activa-
tional effects of steroids occur. In addition, there is mounting evidence that they exert
organizational effects in the CNS leading to differences in adult behavior [reviewed
in (27)]. Regardless of the mechanism, pubertal steroid hormones exert profound morpho-
logical changes in the brain such as changes in neurogenesis, synaptogenesis, apoptosis,
and dendritic growth or pruning. Thus, exposure to environmental toxicants during this
sensitive developmental phase may have pathological outcomes [reviewed in (27)].

Along with hormonal changes during puberty, several neurotransmitter systems
are also maturing at this time in development. For example, there is dopaminergic
maturation during puberty in non-human primates (98). As discussed previously, EDCs
such as organochlorine pesticides and PCBs can cause significant alterations to neuro-
transmitter systems. Because these systems are still maturing during the pubertal period,
it is worth noting that exposure to EDCs could potentially alter normal maturation of
neurotransmitter systems and therefore have long-term detrimental effects.

Cognition may also be a potent target of EDCs during pubertal development as
the frontal cortex is one of the last areas of the brain to mature, and it is known
that maturation of this process can continue through adolescence (99). Additionally,
the prefrontal cortex is thought to be an estrogen-responsive target tissue, at least in
regard to cognitive function. For example, girls with Turner syndrome (XO genotype)
show an immature pattern of frontal cortex activation. These studies indicate that
the pubertal period may be a sensitive period of development and that exposure to
EDCs during this period has the potential to have long-term effects on cognition (99).
Although publications in this area are few in number, to follow is a brief summary of
this literature. For details regarding dosage, length of exposure, age of exposure, and
method of exposure, refer to Table 2.

4.2. Pubertal Exposure to EDCs
4.2.1. Phytoestrogens

The few studies that have looked at pubertal exposure to phytoestrogens have
focused on isoflavones found in soy products. In rats exposed to genistein at a time of
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development that corresponds to early puberty, an increase in ER-� mRNA expression
was observed in the paraventricular nucleus (PVN) of the hypothalamus, whereas E2

treatment decreased ER-� expression (Table 2A). This suggests that genistein has antie-
strogenic actions in the PVN during puberty. In addition, there was no effect on oxytocin
receptor (OTR) mRNA expression (known to be regulated by ER-�) in the ventro-
medial nucleus (VMN) of the hypothalamus. Taken together, these findings suggest
that genistein is acting through ER-� and its effects are region specific (100). In male
Syrian hamsters, a high-phytoestrogen diet results in altered binding of vasopressin to
its receptor (V1A) in animals exposed during puberty and adulthood. An increase in
V1A binding was observed in the lateral hypothalamus with decreased binding in the
lateral septum. Additionally, the authors found an increase in serum testosterone levels
(Table 2A). The authors hypothesize that changes in V1A binding in these regions,
which are known regulators of aggressive behavior, in concert with increased serum
testosterone levels, indicate that phytoestrogen exposure during puberty may affect
male-typical behavior (101).

4.2.2. Organochlorine Pesticides

The few studies in this arena have focused on brain function and behavior as
opposed to gene expression or structural changes that may occur in the pubertal brain.
To follow is a brief overview of these data, for experimental details regarding dose,
method of exposure, and so on, refer to Table 2B. A majority of studies in this field
have investigated organochlorine pesticide exposure during puberty and the effects on
reproductive parameters. For example, Gray et al. and Laws et al. both reported that
methoxychlor significantly advanced the onset of puberty (vaginal opening) and first
estrus when weanlings were treated extensively, through P110 (102) or for three days
from P21–P23 (103). This effect was also observed with treatment with lindane from
P21–P110 (104) (Table 2B). Additionally, lindane increased the size of the pituitary as
well as FSH concentration and decreased LH (104). Both Gray and Cooper noted that
pubertal exposure to methoxychlor and lindane altered estrous cyclicity (102,104–106).
In males exposed to high doses of methoxychlor for 10 months, beginning on the day
of weaning, fertility was substantially impaired, as evidenced by a long time required
for males to impregnate dams, a smaller number of dams impregnated, and smaller
litter sizes. However, it significantly stimulated their libido as both inter-intromission
interval and latency to ejaculate were significantly decreased in all treatment groups.
Additionally, as with neonatal exposure, the timing of puberty was delayed (107). Males
exposed throughout puberty to high levels of methoxychlor displayed a significant
increase in GnRH protein levels in the mediobasal hypothalamus (MBH), and in vitro
slices of the MBH released more GnRH when stimulated with a 60 mM KCl pulse in
vitro. However, no effects were observed on serum LH, FSH, or testosterone levels in
vivo (108).

In addition to reproductive parameters, pesticides may alter blood-brain barrier
permeability (109). Finally, pubertal exposure to organochlorine pesticides can also
alter cognitive function. Female rhesus monkeys exposed throughout puberty for 1
year (6 months before predicted menearche and 6 months after) were subject to several
cognitive tests after a 6-month recovery. Methoxychlor-treated females performed
poorly on a battery of cognitive tests when compared with their control counterparts.
Additionally, those treated with the highest dose of methoxychlor (Table 2B) failed
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to improve on a spatial learning task unlike all other groups (control and treatment).
These results suggest that pubertal exposure to methoxychlor can have detrimental and
persistent effects on cognition (98).

4.2.3. PCBs

To our knowledge, only a few studies have observed the effects of PCB exposure
during postnatal development and puberty in vivo (see Table 2C for experimental
details). One study found that exposure to A1254 on P30 for 6 days resulted in
alteration of protein levels that are important for synaptic transmission (110). Specif-
ically, the authors found a decrease in �-synuclein, a protein important for release of
neurotransmitter [reviewed in (111)], in the cortex, hippocampus, hypothalamus, and
cerebellum 2 days after the treatment had ended and in the hypothalamus 21 days after
the treatment had ended (110). Parkin protein levels, a protein thought be involved
with the degradation of �-synuclein [reviewed in (111)], were also affected, but an
increase was observed in cortex, hippocampus, and cerebellum 2 days but not 21 days
after treatment. These results suggest that PCB exposure for a limited time during
puberty may have transient effects on synaptic transmission (110).

4.2.4. Conclusions

As a whole, these data on effects of phytoestrogens, organochlorine pesticides, and
PCBs suggest that puberty is a sensitive period for effects of EDCs to be exerted, and
some of these alterations are enduring. More studies are required to determine other
long-lasting effects and to decipher the underlying mechanisms.

5. EFFECTS OF EDC EXPOSURE IN ADULTHOOD
ON THE NERVOUS SYSTEM

5.1. Estrogen’s Role in Adulthood and Aging
In adulthood, estrogens continue to modify the brain by driving gene transcription,

altering dendritic spine density, causing neurogenesis, changing brain morphology,
and even affecting brain function. The major estrogen E2 is well established as a
regulator of ovulatory cycles in females. During menstrual or estrous cycles, E2 exerts
primarily negative feedback onto hypothalamic and pituitary components of the HPG
axis. However, shortly before the period of ovulation, the feedback regulation of
E2 onto GnRH neurons becomes positive, resulting in a “GnRH surge” that in turn
causes the preovulatory LH surge. Along with fluctuations during reproductive cycles,
ovarian steroids also undergo changes during the life cycle, with increased overall
concentrations of E2 occurring at puberty and decreased levels later in life at the time
of reproductive failure (menopause in women) (112). Aging-related alterations in E2

are also responsible for or contribute to changes in temperature regulation, fertililty,
fecundity, cardiovascular function, and cognition. Although it is known that E2 plays
an important role in both ovulation and menopause, the mechanism by which it exerts
these effects are still under investigation, and further, these differ among species (112).

Estrogens in the adult brain are not only important for reproductive function, but
they also play non-reproductive roles in areas of the brain beyond the hypothalamus.
These include the hippocampus, amygdala, cingulate cortex, LC, and midbrain raphe
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nuclei, which are abundant in their expression of estrogen receptors. In each of these
areas, estrogen has been shown to regulate the release of neurotransmitters such as
serotonin, acetylcholine, and glutamate. This question is particularly pertinent in the
context of reproductive aging, as lower estrogen levels can lead to many common
CNS symptoms of menopause such as hot flashes, headaches, and depression (113).
For further review of estrogen’s effects in the adult brain. See McEwen (114).

5.2. Phytoestrogens
There is substantial evidence that phytoestrogens have profound effects on the adult

brain, ranging from altered neural gene expression to manifestations at the behavioral
level. To follow is a general review of the literature, for more detailed information
regarding age, duration of treatment, dosage, and method of exposure, refer to Table 3A.

5.2.1. Gene Expression, Protein Expression,

and Morphological Changes

Gene expression studies show that phytoestrogens can act as antagonists on both
ER-� and ER-� in the brain. In rats, given a commercially developed phytoestrogen
supplement (mainly daidzen and genistein) in addition to estrogen, a marked reduction
in the induction of oxytocin receptor (OTR) mRNA was observed in the VMN. In
addition, the supplement increased ER-� gene expression, a process normally repressed
by ER activation, in another brain region, the PVN. These results suggest that phytoe-
strogens are acting as antiestrogens in two areas of the brain known to be important
for female reproductive function and behavior (115). Coumestrol is also thought to
exert antiestrogenic effects on both ER-� and ER-� in the brain. Dietary exposure to
coumestrol has similar effects on ER-� mRNA expression, the commercial supplement
mentioned above (116), and attenuates the effects of E2 on protein expression. Jacob et
al. (117) showed that coumestrol significantly decreased the number of PR-ir in mice
that were concomitantly treated with estrogen versus mice treated with estrogen alone.
Additionally, when ER-� knockout mice were treated with both E2 and coumestrol,
no effect was observed (117).

When considering the effects of phytoestrogens on gene expression, it is also
important to account for morphological changes that might arise from exogenous
hormonal activation. Few studies have examined this question. One group found that
male rats fed with a phytoestrogen-rich diet during development and puberty, and then
switched to a phytoestrogen-free diet in adulthood, had smaller SDN-POAs than males
fed with phytoestrogens throughout their entire life (118). Although these results are
interesting, it should be noted that no negative controls were used, that is, there were
no animals that were continuously kept on a phytoestrogen-free diet, making these
results difficult to interpret but worth pursuing.

5.2.2. Reproductive Behavior and Function

A number of groups have examined functional/physiological changes in the CNS
in response to phytoestrogens in adulthood (119,120). For example, coumestrol has
effects on GnRH/LH pulsatile release. Ovariectomized rats treated with coumestrol
showed a significant decrease in LH pulse amplitude and frequency, and this appears
to be mediated through hypothalamic (presumably GnRH) activity (120). Interestingly,
a high concentration of coumestrol and exogenous GnRH was unable to elicit LH
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release from the pituitary. Genistein, however, did not have this effect (120). One
study focusing on a different hypothalamic function, that of regulation of core body
temperature, found that phytoestrogens cause a reduction in this endpoint in female rats
throughout the estrous cycle (121). Functional changes often translate to behavioral
endpoints, and several studies have demonstrated that phytoestrogens affect a variety of
behaviors. Patisaul et al. (122) reported that in addition to inhibition of gene expression
(Section 5.2.1.), rats treated with a phytoestrogen supplement showed an inhibition of
lordosis, an estrogen-dependent behavior (122).

5.2.3. Sexually Dimorphic Behaviors

In adult male rats fed with a high phytoestrogen diet, serum vasopressin and corti-
costerone levels were elevated. These changes in hormone levels correlated with an
increased display of anxiety (123). Phytoestrogen diets also increase intense aggression
and intense submission in non-human primates fed with soy protein for 15 months,
meaning there was an enhancement of dominant and submissive behaviors. Additionally,
monkeys on the diet displayed reduction in the amount of time spent in physical contact
with others and an increased amount of time the monkeys spent alone by 30 % (124).

5.2.4. Maternal Behavior

One behavior that may be affected by EDCs that is extremely understudied is that
of maternal behavior. This is an important endpoint to be observed, because there is
extensive evidence indicating that alterations in maternal behavior can have profound
enduring (even transgenerational) effects on the developing offspring [reviewed in (125)].
Altering maternal behavior may be one of the mechanisms responsible for the long-
term effects observed in offspring exposed to EDCs during the perinatal period. One
study focusing on genistein found that it had no effect on nursing behavior in the
dams (126). However, no other maternal behaviors were investigated, such as licking and
grooming, and it is important to note that this endpoint deserves further investigation.

5.2.5. Neuroprotective Effects

As estrogens are thought to be neuroprotective in nature, this trait has also been
ascribed to phytoestrogens. There is substantial evidence supporting this. Briefly, both
soy extract and a high dose of genistein reduced neurotoxicity in response to kainic acid
in the dentate gyrus (hippocampus) in ovariectomized female rats (126). In vivo studies
have shown that soy phytoestrogens protect cholinergic neurons and reduce age-related
cognitive decline in male rats (127). Low doses of genistein reduce apoptosis, (119)
oxidative stress (128,129), and glutamate excitotoxicity (130). Additionally, resveratrol
has neuroprotective effects throughout the brain (131–133) and prevents the reuptake
of both serotonin and norepinephrine in the adult rat brain (134). However, chronic
doses of genistein at high concentrations are cytotoxic (135).

5.2.6. Cognitive Effects

Soy isoflavones can improve cognitive function in female rats; however, it is unclear
whether soy isoflavones have an effect on male cognition (136). Ovariectomized
females treated for 10 months with soy isoflavones displayed an improvement in
working memory (radial arm maze). Additionally, lifelong exposure to a high phytoe-
strogen diet resulted in faster acquisition on a radial arm maze. Interestingly, when those
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females were taken off of the high phytoestrogen diet, they performed more poorly on
the radial arm maze test than those females who remained on the diet (136,137). Finally,
daidzein reduces drug-induced amnesia and improves performance and a Y-maze test
after scopolamine (used to induces amnesia) injections (138).

5.2.7. Conclusions

Although there is less data implicating endocrine disruption of phytoestrogens in the
adult organism when compared with the effects on developing mammals, there is ample
evidence suggesting that these compounds can cause significant alterations to the adult
brain. Phytoestrogens affect the reproductive system more than other systems in the
organism. Superficially, this seems reasonable, as these compounds interact with the
estrogen receptor and should produce the most profound effects on estrogen-regulated
processes. However, it is known that E2 can regulate other neurotransmitter systems
(see section 5.1), and more studies are needed to determine how phytoestrogens may
be interfering in these processes as well.

5.3. Organochlorine Pesticides
Because most of the organizational effects of hormones on the nervous system

are believed to have already taken place by adulthood, it has been postulated that
exposure to EDCs during adulthood is less toxic to the CNS than exposure at earlier
developmental time points. However, there are several studies that have looked at
the consequences of organochlorine pesticide exposure to the adult organism and
demonstrated significant endocrine-disrupting effects. To follow is a summary of the
results of these studies, for experimental details regarding dosage, duration of exposure,
method of exposure, and so on, refer to Table 3B.

5.3.1. Gene Expression, Protein Expression, and Brain Morphology

p�p′-DDT can activate the estrogen receptor in the brain of estrogen response
element (ERE)-luciferase (Luc; a reporter for activation of the gene) transgenic male
mice. The ERE is the estrogen-response element, a region of a gene promoter that is
responsive to binding of estrogen or agonists to the estrogen receptor. Interestingly,
the induction of ERE-Luc by p�p′-DDT has different kinetics than that of 17-�-E2.
Maximum induction of the ERE-Luc protein by p�p′-DDT was observed 16 h after
treatment, whereas 17-�-E2 induced expression after 6 h. These data suggest that this
DDT metabolite has high estrogenic activity (139). In a different study, methoxy-
chlor treatment increases vascularization in the pituitary in a dose-dependent manner.
Goldman et al. determined that methoxychlor treatment for 1–3 weeks increases both
vascular endothelial growth factor (VEGF) protein expression and the number of
vessels (after 3 weeks of treatment only) in ovariectomized rats. Because VEGF is
estrogen responsive, these data suggest that methoxychlor (MXC) treatment may be
initiating angiogenesis in a similar manner as estrogen (140).

5.3.2. Neurotranmitter Systems

Organochlorine pesticides affect cellular function in several areas of the brain. For
example, heptachlor increases DAT activity in the mouse striatum and decreases O2

consumption (141). Another study found that chronic treatment with methoxychlor
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resulted in a decrease in brain mitochondrial respiration in female mice (142). Dieldren
has also been implicated in several facets of neurotoxicity in adults including oxidative
stress, apoptosis, and dopamine depletion throughout the brain [reviewed in (143)].
Although these results do not directly evaluate the estrogenic effects of organochlorine
pesticides, it is important to reiterate the point that the endocrine system is significantly
affected by neurotransmitter/neuromodulator systems and is constantly integrating
information from the rest of the brain to respond appropriately to the environment. If
neuromodulator/neurotransmitter systems throughout the brain are impaired by EDCs,
this can have profound effects on the brain’s ability to regulate the endocrine system.

5.3.3. Maternal Behavior

As with phytoestrogens, few studies have observed how organochlorine pesticides
can alter maternal behavior. However, one study found that mice treated with methoxy-
chlor spent less time nursing than their control counterparts (68). As mentioned before,
even small changes in maternal behavior can have effects on the pups, and this effect
provides a possible mechanism for the effects of organochloride pesticides observed
in the developing organism.

5.3.4. Cognition

Many of the studies exploring organochlorine exposure during adulthood have
focused on cognition. Dieldrin exposure caused deficits in visual discrimination-
reversal learning in sheep and squirrel monkeys and caused rats to make more mistakes
on a zig-zag maze [reviewed in (6)]. Lindane exposure did not cause deficits in the
acquisition of a passive avoidance test but did impair retention as rats performed poorly
when retested after 7 days. Additionally, both lindane and endosulfan exposure resulted
in deficits in rats ability to learn an active avoidance test [reviewed in (6)]. In summary,
organochlorine pesticides appear to have detrimental effects on an animal’s ability to
acquire new information. However, it should be noted that the literature exploring
cognition in exposed adults is sparse and further research is needed to conclusively
determine organochlorine pesticides effects on cognition in the adult organism.

5.3.5. Conclusions

Organochlorine pesticides are implicated in the alteration of the dopamine system,
and these effects have even been linked to neurodegenerative diseases such as
Parkinson’s. Additionally, they have been shown to be estrogenic in the adult brain and
have been linked to deficiencies in cognitive function. Taken together, organochlorine
pesticides provide a very interesting model for studying endocrine disruption as many
of the functional and behavioral deficits studies are also regulated by estrogen. More
studies examining the role of the estrogenic properties of these compounds and
the mechanism by which they exert their effects would be of great benefit to the
field.

5.4. PCBs
PCBs have been known for decades to be toxic to the adult organism (Table 3C). This

was first brought into the spotlight in 1968 and again in 1978 when thousands of people in
Yusho, Japan, and Yu-Cheng Taiwan suffered from PCB poisoning after consuming rice
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oil that was contaminated during the manufacturing process. Those exposed individuals
exhibited symptoms including increased skin pigmentation, severe chloracne, thickening
of thenailbeds, andnumbness in theextremities.Other long-termeffects includedelevated
levels of serum thyroid hormone levels (both T3 and T4), thereby providing some of the
first evidence implicating PCBs as endocrine disruptors [reviewed in (95)].

5.4.1. Neurotransmitter Systems

In adult mammals, many studies have focused on the neurotoxic effects of PCBs on
neurotransmitter systems, with the greatest focus on the dopaminergic system. Seegal
et al. have repeatedly demonstrated that exposure to Aroclor (A)1016 and A1260
(ortho-substituted PCB congeners) suppresses dopamine concentration in the brains
of non-human primates and rats in several regions of the brain including the caudate
nucleus, substantia nigra, and the hypothalamus (144–146). Interestingly, coplanar/non-
ortho-substituted congeners do not affect the adult dopaminergic system but rather
elevate dopamine concentrations when administered during development (76,147).
Norepinephrine and serotonin concentrations are reduced in the prefrontal cortex and
hippocampus lateral olfactory tract (serotonin only) of adult male rats treated with
A1254 and A1260 (148,149). Notably, these results are not seen when animals are
exposed to much lower concentrations during development, as norepinephine is not
affected and serotonin is increased in the prefrontal cortex, hippocampus, and the
lateral olfactory tract (Section 3.4.1.) (81). It should be mentioned that the former study
did not look at long-term alterations of neurotransmitter systems, and these differences
may be due to the elapsed time between treatment and euthanasia.

PCBs not only alter protein concentrations in the adult brain, but they also affect
protein function. For example, treatment with A1254 for 30 days resulted in decrease
of several antioxidant proteins (enzymatic and non-enzymatic) in the rat hypothalamus.
These include superoxide dismutase, catalase, glutathione peroxidase, glutathione
reductase, and acetylcholine esterase. Reducing the activity of these enzymes may be
one way in which PCBs exert oxidative stress in the hypothalamus (150).

5.4.2. Reproductive Function and Behavior

To reiterate, altered protein concentration and function in brain regions can cause
profound effects on brain function and behavior. Through these alterations, PCBs can
affect reproductive function and behavior in adult organisms. Brezner et al. (151)
reported that treating mature female rats for 30 days resulted in disruption of estrous
cycles (prolonging them by 1–3 days by increasing the number of days in diestrus),
decreased sexual receptivity, and delayed copulation (151).

5.4.3. Maternal Behavior

Two recent reports have found that PCBs have significant effects on maternal
behavior. Both studies observed that PCB77 reduces high crouch nursing time,
increases licking and grooming, and increases the amount of time the mother spends
on the nest (152,153). These results are interesting because maternal behavior can result in
long-term alterations in the offspring, and further studies are needed to determine whether
this is a mechanism for the developmental effects observed above (Section 3.4.).
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5.4.4. Motor Behavior

PCB exposure during adulthood significantly decreases spontaneous motor
activity in rats and mice after one treatment with A1254 [reviewed in (154)]. This
finding is in contrast to reports that exposure to PCBs during development results in
an increase in spontaneous motor activity (Section 3.4.3.). Again, these data provide
evidence for the importance of timing of exposure and resulting effects.

5.4.5. Cognition

PCBs have long been implicated in impairment of cognitive function. However,
to our knowledge, the studies focusing on their effects in adults have concentrated
mainly on humans and do not apply to the scope of this review. For more details on
adult exposure to PCBs and cognitive function, see Schantz et al., Faroon et al., and
Altenkirch et al. (6,154,155).

5.4.6. Conclusions

Because of the relative lack of material on adult exposure to PCBs in animal models,
it is difficult to draw strong conclusions. Nevertheless, PCBs exert actions throughout
the brain. They disrupt neurotransmitter systems, have effects on the reproductive
system, and are implicated in decreasing the motor function in the adult organism.
However, further studies are needed to examine the mechanism behind many of these
studies. PCBs are well known disruptors of thyroid function, but little is known
regarding the estrogenic actions of these compounds. Mechanistic studies focused on
teasing out the effects of thyroid hormone disruption and estrogenic disruption would
be an asset to this field of study.

6. CONCLUDING REMARKS

Taken together, these data suggest that phytoestrogens, organochlorine pesticides,
and PCBs affect the CNS. These effects range from altering gene expression, protein
expression, enzyme function, brain morphology, and behavior. Whereas there are many
inconsistencies in the data, it can be said that the developing mammal is highly sensitive
to even trace amounts of these compounds, and exposure at inappropriate times can
have enduring effects. Inconsistencies observed are more than likely due to differences
in experimental design, and further studies are needed to determine the mechanisms
by which these compounds are exerting their effects.

Exposure during the pubertal phase is a burgeoning field that deserves much more
attention. If this period is indeed another stage of organization for the brain, exposure
to EDCs during this developmental period could have profound effects in the pubertal
and adult brain. Further studies are needed to follow up on these ideas, and it is also
important to point out that these studies would not only help to identify possible alter-
ations in pubertal organism but could also provide important information regarding the
mechanisms of puberty. Finally, another important future direction is to better under-
stand the long-term effect of chronic exposures throughout the life cycle, particularly
their relevance to reproductive aging and menopause.
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1. INTRODUCTION

Heavy metals are present in our environment as they formed during the earth’s
birth. Their increased dispersal is a function of their usefulness during our growing
dependence on industrial modification and manipulation of our environment (1,2).
There is no consensus chemical definition of a heavy metal. Within the periodic table,
they comprise a block of all the metals in Groups 3–16 that are in periods 4 and
greater. These elements acquired the name heavy metals because they all have high
densities, >5 g/cm3 (2). Their role as putative endocrine-disrupting chemicals is due to
their chemistry and not their density. Their popular use in our industrial world is due to
their physical, chemical, or in the case of uranium, radioactive properties. Because of
the reactivity of heavy metals, small or trace amounts of elements such as iron, copper,
manganese, and zinc are important in biologic processes, but at higher concentrations
they often are toxic.

Previous studies have demonstrated that some organic molecules, predominantly
those containing phenolic or ring structures, may exhibit estrogenic mimicry through
actions on the estrogen receptor. These xenoestrogens typically are non-steroidal
organic chemicals released into the environment through agricultural spraying, indus-
trial activities, urban waste and/or consumer products that include organochlorine
pesticides, polychlorinated biphenyls, bisphenol A, phthalates, alkylphenols, and
parabens (1). This definition of xenoestrogens needs to be extended, as recent investi-
gations have yielded the paradoxical observation that heavy metals mimic the biologic
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activity of steroid hormones, including androgens, estrogens, and glucocorticoids. Early
studies demonstrated that inorganic metals bind the estrogen receptor. Zn(II), Ni(II),
and Co(II) bind the estrogen receptor, most likely in the steroid-binding domain, but
in this study neither Fe(II) nor Cd(II) bound the receptor (3). Certain metals bind the
zinc fingers of the estrogen receptor and could alter the receptor’s interaction with
DNA (4). Several metals can displace or compete with estradiol binding to its receptor
in human Michigan Cancer Foundation MCF-7 breast cancer cells (5–7). Recently,
cadmium has been shown to act like estrogen in vivo affecting estrogen-responsive
tissues such as uterus and mammary glands (8). Metals that mimic estrogen are called
metalloestrogens (9,10).

Five heavy metals have been sufficiently investigated to provide insight into the
means of their impact on mammalian reproductive systems. Arsenic, a metalloid and
borderline heavy metal, is included because it is often found in the earth associated
with other heavy metals, such as uranium. Additional heavy metals to be discussed
are cadmium, lead, mercury, and uranium—the heaviest naturally occurring element.
In this chapter, for each heavy metal, descriptions will be provided for the environ-
mental exposure, history of its use, and thus potential for increased dispersal in our
environment, targeted reproductive organs, and specific effects or means of action, usually
as a function of low versus high concentration. An important tenet is that earlier (devel-
opmental) ages of exposure increase the impact of the endocrine-disrupting chemical or
heavy metal on the normal development of reproductive organs, which may be perma-
nently affected. Thus, where known, I will describe the direct action of a heavy metal
on a growing embryo, perhaps through epigenetic changes, to set the stage for increased
chance of disease later in life when the individual is challenged by another environmental
insult. In the case of uranium, I will describe my laboratory’s research that supports
the conclusion that uranium is a potent estrogen mimic at concentrations at or below
the United States Environmental Protection Agency (USEPA) safe drinking water level.

2. ARSENIC

The abundance of arsenic (As) in the Earth’s crust is 1.5–3.0 mg/kg, making it the
20th most abundant element in the earth’s crust (11). Arsenic has been in use by man
for thousands of years. It is infamous as a favored form of intentional poisoning and
famous for being developed by Paul Erlich as the first drug to cure syphilis (12).
Today, arsenic is used in semiconductor manufacture and pesticides (13). It serves
as a wood preservative in chromated copper arsenate (CCA). CCA-treated lumber
products are being removed voluntarily from consumer use as of 2002 and were
banned as of January 1, 2004. CCA-treated lumber is a potential risk of exposure of
children to arsenic in play-structures (14). Another source of environmental arsenic
is from glass and copper smelters, coal combustion, and uranium mining. The most
extensive environmental exposure is in drinking water. For instance, since the 1980s,
the provision of arsenic-contaminated Artesian well water in Bangladesh has exposed
an estimated 50–75 million people to very high levels of arsenic (11). Given the latency
of 30–50 years for arsenic-related carcinogenesis, epidemiological data on arsenic-
induced cancers including skin, lung, urinary bladder, kidney, and liver are only now
becoming available (15).

Inorganic arsenic in the forms +3 (arsenite) or +5 charges are the most often
encountered forms of arsenic and are most readily absorbed from the gastrointestinal



Chapter 5 / Heavy Metals as Endocrine-Disrupting Chemicals 113

tract; therefore, these forms cause the greatest number of health problems. A new
USEPA limit of arsenic standard for drinking water has recently gone into effect,
lowering the limit from 50 to 10 �g/L. Compliance of water systems with this standard
became enforceable as of January 23, 2006 (16). However, achieving this limit will be
problematic for many smaller water municipalities because of the expense of installing
equipment to reduce arsenic to <10 �g/L (17).

2.1. Arsenic as an Endocrine-Disrupting Chemical
in Reproductive Systems

Arsenic-mediated endocrine disruption has been reported in research animals and
potentially in humans. For instance, adult rats that consume drinking water with arsenite
at 5 mg/kg of body weight per day 6 days a week for 4 weeks have reproductive tract
abnormalities such as suppression of gonadotrophins and testicular androgen, and germ
cell degeneration—all effects similar to those induced by estrogen agonists (18). In this
study, it was concluded that arsenite may exhibit estrogenic activity. However, there
was no evidence presented to indicate estrogen receptor specificity by demonstrating
that an antiestrogen such as ICI 182,780 prevented the arsenic-induced changes. Thus,
the degenerative problems could have resulted from arsenic chemical toxicity. Similar
to this study are those conducted by Waalkes’ research group. In mice that were
injected with sodium arsenate at 0.5 mg/kg i.v. once a week for 20 weeks, males had
testicular interstitial cell hyperplasia and tubular degeneration that probably resulted
from the interstitial cell hyperplasia (19). Arsenate injections in female mice caused
cystic hyperplasia of the uterus, which is often related to abnormally high, prolonged
estrogenic stimulation. Again, as these changes were unexpected, there was no attempt
to determine the dependence on the estrogen receptor by using an antiestrogen to block
the changes in the male and female reproductive tissues (19). This same research group
went onto to show that in utero exposure to arsenic leads to changes in the male and
female offspring that indicate they have been exposed to an estrogenic influence (20).
In addition, in utero arsenic-exposed mice are much more prone to urogenital carcino-
genesis, urinary bladder, and liver carcinogenesis when they are exposed postnatally to
the potent synthetic estrogen, diethylstilbestrol (DES) or tamoxifen (21,22). The altered
estrogen signaling may cause over expression of estrogen receptor-� through promoter
region hypomethylation, suggesting an epigenetic change was caused by in utero As
exposure (23). Together, the in vivo data support the hypothesis that arsenic can
produce estrogenic-like effects by direct or indirect stimulation of estrogen receptor-�.
The levels of As used in the in vivo studies are high, similar to the high levels in
drinking water in Bangladesh, on average in the 0.1–1 mM range, and thus, these
studies are environmentally relevant for people living with one of the worst scenarios
of As environmental contamination. Arsenic levels at 0.4 ppm/day, 40 times more than
current USEPA safe drinking water level, when given daily in drinking water to rats
results in reduced gonadotrophins, plasma estradiol, and decreased activities of these
steroidogenic enzymes, 3� hydroxysteroid dehydrogenase (HSD), and 17� HSD (24).
At the same time there was no change in body weight, but ovarian, uterine, and
vaginal weights were significantly reduced, suggesting that As treatment caused organ
toxicity but not general toxicity. For a full description of inorganic arsenic-mediated
reproductive toxicity in animals and human see Golub and Macintosh (25).



114 Part I / The Basic Biology of Endocrine Disruption

2.2. Relationship Between Arsenic and Diabetes
In those parts of the world with the most elevated levels of environmental As in

drinking water, there is a proposed relationship to type 2 diabetes, as arsenic may
cause insulin resistance and impaired pancreatic �-cell functions including insulin
synthesis and secretion (26). Blackfoot disease, which is associated with drinking As-
contaminated drinking water, is endemic in southwestern Taiwan and also associated
with the increased prevalence of type 2 diabetes (27). Type 2 diabetes compromises
fertility (28), making As a potential endocrine-disrupting chemical on both the diabetes
and reproductive systems. Another mechanism of heavy metals and As is through
formation of reactive oxygen and nitrogen species that cause non-specific damage
such as oxidative damage to DNA and lipid peroxidation that can contribute to repro-
ductive problems (29). For instance, there are low birth weight infants, more sponta-
neous abortions, and congenital malformations in female employees and women living
close to copper smelters as reported in Sweden and Bulgaria (30,31). However, this
mechanism of As action is certainly due to its chemical toxicity rather than its mimicry
of endocrine agents such as estrogen.

2.3. Mechanisms of Arsenic Actions on Endocrine Systems
There are limited in vitro based studies of the putative estrogenic activity of As.

In MCF-7 breast cancer cells, which are often used to assess estrogenic activity of
endocrine-disrupting chemicals (32). In these cells, arsenite at low micromolar concen-
trations stimulated increased proliferation, steady state levels of progesterone receptor,
pS2, and decreased estrogen receptor-� mRNA expression (33). The antiestrogen ICI
182,780 or fluvestrant blocked the effects of arsenite indicating the dependence on the
estrogen receptor. In addition, by using binding assays and receptor activation assays,
it was determined that As interacts with the hormone-binding domain of the estrogen
receptor (33). Another group tested the estrogenicity of several heavy metals and
arsenite treatment stimulated MCF-7 cell growth but relative to other metals was not
very potent (34). In contrast, arsenic trioxide, an approved treatment of acute promye-
locytic leukemia, blocks MCF-7 cell proliferation without binding the ligand-binding
domain of the estrogen receptor but does interfere with estrogen receptor-signaling
pathway indicating that the chemical state of As is key in determining its biologic
activity (35).

Arsenite binds to the Zinc (Zn) finger region of the estrogen-binding region of
estrogen receptor-�, and the binding affinity is influenced by the amino acid length
between two cysteines (36,37). However, these investigations are strictly cell-free
assays; so, it is difficult to extrapolate to whole cell responses. Finally, arsenite at
100 �M binds the glucocorticoid receptor in the steroid-binding domain but does not
compete for binding to progesterone, androgen, or estrogen receptors in MCF-7 cells at
this high concentration (38). On the contrary, arsenite from 0.3 to 3.3 �M, a non-toxic
dose, interacts with the glucocorticoid receptor in human breast cancer cells and rat
hepatoma cells to inhibit glucocorticoid receptor-mediated gene transcription (39–41).
In addition, glucocorticoid receptor binding of its ligand dexamethasone is blocked
by low micromolar concentrations of arsenite but not arsenate. Arsenite interacts with
the vicinal dithiols of the glucocorticoid receptor as is the case with its interaction
with the estrogen receptor (42,43). Arsenite at low micromolar concentrations binds
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to the estrogen receptor and glucocorticoid receptor to alter gene expression in rat and
human cells. At concentrations >100 �M arsenic may act through chemical toxicity to
non-specifically damage DNA or proteins through reactive oxidative species (29). As
a whole, these studies suggest influence of As on the stress neuroendocrine system.

In sum, there is suggestive evidence from in vivo studies that As may have estrogenic
activity. Nevertheless, further proof that antiestrogens may block the responses elicited
by As would allow a stronger connection between As and putative estrogenic activity
to be drawn. Moreover, there could be indirect endocrine effects of As because of its
causing insulin resistance and reducing insulin levels leading to type 2 diabetes that
potentially would compromise reproductive tissue responses. The evidence in MCF-7
cell E-Screen bioassays strongly supports the conclusion that As can bind the estrogen
receptor in the ligand-binding domain to activate the receptor and exert downstream
signaling events that are blocked by the antiestrogen ICI 182,780. In addition, there
is strong evidence to support the conclusion that arsenite binds the glucocorticoid
receptor to either activate and/or inhibit gene transcription. Thus it appears that at low
concentrations (<10 �M) there are observations of specific interaction with steroid
receptors whereas at higher concentrations (>100 �M), As reactive chemistry prevails
and non-specific interactions with DNA and protein causes toxicity and leads to cell
death.

3. CADMIUM

Cadmium (Cd) is dispersed through out the environment primarily from mining,
smelting, electroplating, and it is found in consumer products such as nickel/Cd
batteries, pigments (Cd yellow) and plastics (13). Tobacco smoke is one of the most
common sources of Cd exposure because the tobacco plant concentrates Cd (13).
Smoking one pack of cigarettes a day results in a dose of about 1 mg Cd/year (13).
Cadmium is very slowly excreted from the body so it accumulates with time. Of all the
heavy metals the most data has been collected both regarding Cd’s biologic activity as
well as in support of its being an endocrine-disrupting chemical (44).

3.1. Cadmium Effects on Pregnancy and the Fetus
The greatest environmental Cd exposure is in the Jinzu River basin in Japan because

of an effluent from an upstream mine. Maternal exposure to high levels of Cd has
led to a significant increase in premature delivery (45). This has led to investigation
of the possible mechanisms for Cd-induced premature delivery, possibly by compro-
mising placental function. There are enhanced concentrations of Cd in follicular fluid
and placentae of smokers that are correlated with lower progesterone (46,47). Cd at
high concentrations inhibits placental progesterone synthesis and expression of the
low-density lipoprotein receptor that is needed to bring cholesterol substrate into the
cells (48,49). Detailed analysis of the Cd-mediated reduction in progesterone production
by cultured human trophoblast cells indicated that the decrease is not due to cell death
or apoptosis. Rather, there is a specific block of P450 side chain cleavage expression
and activity. This was shown by blocking P450 side chain cleavage activity with
aminoglutethimide and adding pregnenolone, which was converted to progesterone by
the unaffected activity of 3� HSD (50).
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Placental 11� HSD activity is critical to protect the fetus from maternal cortisol,
which suppresses fetal growth, by converting it to inactive cortisone. Mutation or
reduced expression of 11� HSD is associated with fetal growth restriction and is a
significant risk factor for obesity, type 2 diabetes, and cardiovascular disease later
in life (51,52). There is an inverse relationship between birth weight and number of
cigarettes smoked per day (53). Cd accumulates in the placenta so significant amounts
do not reach the growing fetus (54). Of the thousands of toxic chemicals in cigarette
smoke, Cd is one that has been linked to placental deficiencies (54). A recent report
describes that Cd at <1 �M reduces 11� HSD type 2 activity and expression in cultured
human trophoblast cells (50). Cd’s effect was unique because it was not mimicked by
other metal divalent cations such as Zn, Mg, or Mn (51). Cadmium may downregulate
11� HSD by mimicking the ability of estrogen to attenuate the expression of this
placental enzyme (55). Thus, Cd environmental exposure in cigarette smoke, either
first or second hand, could contribute to risk of major diseases later in life, particularly
for the low birth weight fetus that was not protected from maternal cortisol.

The detrimental actions of Cd are seen at concentrations >5 �M. For instance,
in human granulosa cells collected during in vitro fertilization (IVF) procedures,
Cd > 16 �M inhibited progesterone production (56). However, at concentrations
<5 �M, Cd stimulates transcription of P450 side chain cleavage in porcine granulosa
cells that results in greater progesterone production (57). Cadmium may act to stimulate
gene transcription by its high-affinity displacement of calcium from its binding to
calmodulin and activation of protein kinase-C and second messenger pathways (58).
P450 side chain cleavage is the rate-limiting step for steroidogenesis. Thus, Cd’s
ability to either stimulate or suppress this enzyme could have a profound impact in all
steroidogenic tissues.

In primary ovarian cell cultures from either cycling or pregnant rats, or human
placental tissue, Cd at concentrations >100 �M suppressed progesterone and testos-
terone production (59,60). In addition, in vivo Cd-treated rat ovaries exhibited
suppressed progesterone, testosterone, and estradiol production in culture (61). All
these experiments used Cd concentrations that probably induced toxicity through one
or more of numerous mechanisms such as inhibition of DNA repair, decreased antiox-
idants, activated signal transduction, or cell damage (62) rather than acting through a
specific receptor or mechanism to inhibit steroidogenesis.

3.2. Cadmium and Testicular Toxicity
There are hundreds of articles describing toxic effects of Cd on the testes, as first

reported in 1919 with the finding that testicular necrosis was induced by Cd (63).
As in the female, there is a causal relationship between cigarette Cd exposure and
impaired male fertility (64,65). In research models, such as rat Leydig cells, Cd is toxic
to steroidogenesis but at concentrations >10 �M that coincide with cell death (66).
However, in another study, also using rat Leydig cells, 100 �M Cd treatment doubled
testosterone production with no change in cell viability (67). Consistent with the in
vitro observation of increased testosterone in the presence of Cd, chronic Cd oral
exposure increased plasma testosterone in rats (68). The increase in plasma testosterone
was not evident until after more than 1-month exposure to Cd in the drinking water.
At the same time, there was an increase in testicular weight (68). In contrast, Cd given
by subcutaneous injection to adult rats caused a decrease in plasma testosterone (69).
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Discrepancies between these studies suggest that the route of exposure to Cd affects
whether it stimulates or inhibits testicular androgen production. Human Cd exposure
through ingestion or occupationally also is associated with increased testosterone and
estradiol (70,71). Even postmenopausal women demonstrate a correlation between
urinary cadmium and significantly elevated serum testosterone (72). The mechanism
for Cd-induced increase in human testosterone is unknown.

3.3. Cadmium as a Metalloestrogen
One of the most important studies indicating that Cd is an estrogen mimic, published

in 2003 (8), showed that female rats injected with Cd experienced earlier puberty onset,
increased uterine weight, and enhanced mammary development. Cadmium treatment
induced estrogen-regulated genes such as progesterone receptor and complement
component C3. It also promoted mammary gland development with an increase in the
formation of side branches and alveolar buds. In utero exposure of female offspring
resulted in their reaching puberty earlier and an increase in epithelial area and number
of terminal end buds in the mammary glands. Importantly the effect of Cd on uterine
weight, mammary gland density, and progesterone receptor expression in uterus and
mammary gland was blocked by coadministration of the antiestrogen ICI 182,780 (8).
Thus far, this in vivo study showing the reversibility of these Cd-induced effects by an
antiestrogen is the most robust in supporting the conclusion that Cd is an endocrine-
disrupting chemical and a putative metalloestrogen.

Evidence for Cd interaction with the estrogen receptor is the best characterized of
all the heavy metals. Cd-treated MCF-7 human breast cancer cells demonstrate many
responses to Cd that are the same as those elicited by estrogen. Cadmium treatment
stimulates MCF-7 cell growth, downregulates the estrogen receptor, stimulates the
expression of the progesterone receptor, and stimulates estrogen response element in
transient transfection experiments (73). In these studies, Zn treatment did not elicit these
cellular responses demonstrating that Cd’s effect was specific and not due to general
effects of heavy metals. The specific nature of Cd’s interaction with the estrogen
receptor was examined in further detail (74). Low concentrations of Cd activate the
estrogen receptor-� by interacting non-competitively with the hormone-binding domain
to block the binding of estradiol. It is notable that the ability of Cd to block estradiol
binding occurs over 8 logs of concentration from 10−13 to 10−5 M but Zn at 10−5 M did
not compete. Within the binding domain, the specific amino acids engaged by Cd are
cysteines, glutamic acid, and histidine. These residues, particularly the cysteines, react
with As through dithiol coordination suggesting that As and Cd share similar chemistry
in interacting with the estrogen receptor. The same research group demonstrated that
Cd at environmentally relevant concentrations also binds to the androgen receptor
in human prostate cancer cells, LNCaP, to activate the receptor and stimulate cell
growth (75). As the same heavy metal Cd binds both the estrogen receptor and the
androgen receptor, and in many tissues in the reproductive system expresses both types
of receptors, it presents the scenario where the same metal exposure could lead to
different responses depending on the relative localization and activation of the two
steroid receptors in various tissues.

There are additional reports of Cd stimulating MCF-7 breast cancer cell gene
transcription and increased cell growth. For instance, Cd-stimulated proliferation of
MCF-7 cells is blocked by melatonin, the pineal gland indole hormone (76). Cd



118 Part I / The Basic Biology of Endocrine Disruption

treatment significantly activated both estrogen receptor-� and estrogen receptor-�,
with a greater effect on the estrogen receptor-�. Additionally, Cd activated the
transcription factor AP-1 through estrogen receptor-� similar to the response caused by
estrogens (77,78). To aid identification of estrogen mimetics the cell line, T47D-KBluc,
derived from a human breast cancer cell line, has been genetically modified to be
a specific, sensitive estrogen-responsive gene expression assay (79). Cd treatment of
these cells induced gene expression as indicated by reporter gene luciferase-mediated
light generation. At concentrations as low as 0.01 × 10−9 M, Cd induced a significant
increase in luciferase gene expression that was completely blocked by the antie-
strogen ICI 182,780 (78). Cd induces at least two types of genes: (i) genes for
cytoprotective proteins, i.e. metallothioneins, heat-shock proteins and Zn transporter
proteins and (ii) early proto-oncogenes related to cell proliferation, i.e. c-fos (79).
The first type of genes are induced by Cd at 10–30 �M whereas the stimulation of
cell-proliferation related genes occurs at 0.1 �M leading to mitogen-activated protein
kinase (MAPK) cascade activation (80). But there is a fly in the Cd ointment. Recently,
it was reported that Cd is neither estrogenic, as it does not induce increased MCF-
7 cell proliferation, nor does it induce phosphorylation of MAPK (81). Cd was
able to interact with the estrogen receptor to prevent estrogen from binding, but
these investigators did not observe Cd-mediated increased transcriptional activation
as was previously reported by Stoica et al. (74). Therefore, further investigation is
needed to clarify the interaction of Cd with the estrogen receptor and downstream
consequences.

4. LEAD

Lead (Pb) is a ubiquitous environmental contaminant. In the 1940s, dietary intake
of Pb was approximately 500 �g/day in the US population, but now, that intake is
<20 �g/day as a result of removing or reducing the primary sources of Pb: leaded-
gasoline, lead-based paints, lead-soldered food cans, and lead plumbing pipes (13).
Thanks, in particular to the ban on leaded gasoline in 1979, the US population Pb
blood level dropped precipitously from 13 �g/dL in the 1980s to <5 �g/dL (82). Lead
is similar to calcium in its disposition in the body. Its half-life in the blood is 1–2
months, but depending on exposure, it can accumulate in bone where its half-life is
20–30 years (13). Lead-based paint remains the most common source of Pb exposure
for children <6 years old. However, acute lead poisoning as well as chronic low-level
Pb exposure can come from handling and/or swallowing metallic charms (83). Pb
poisoning is most dangerous to children as it causes mental impairment. There is a 2–4
point IQ deficit for each �g/dL increase in blood Pb within the range of 5–35 �g/dL.
Thus, the CDC has set blood lead concentrations of 10 �g/dL or greater to indicate
excessive absorption in children and triggers the need for environmental assessment
and remediation (13). Recent data suggest that even Pb < 10 �g/dL is associated with
impaired intellectual performance in children (84).

4.1. Lead as an Endocrine-Disrupting Chemical in Humans and Animals
Of the five heavy metals discussed here, Pb has the strongest evidence to

connect its exposure to endocrine disruption in human populations. Three independent
studies indicate that environmental exposure to Pb leads to delay in growth and
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pubertal development in girls. The first study found that a blood Pb concentration
of 3 �g/dL was associated with delayed puberty after adjustment for body size
and other confounders (85). The second study found a similar relationship between
blood Pb concentration and delayed attainment of menarche even after adjusting for
race/ethnicity, age, family size, residence in metropolitan area, poverty income ratio,
and body mass index (86). The most recent study associated blood Pb with later
menarche controlling for other toxicants, age, and socioeconomic status in Akwesasne
Mohawk girls (87). In all these studies, the relationship between blood Pb and puberty
was significant even after adjusting for body size. This indicates that Pb’s effect was
probably direct through its impact on the hypothalamic–pituitary–ovarian axis rather
than secondary to Pb-related decreased body size, which can be associated with the
timing of the onset of puberty (88). In the same population, exposure to polychlorinated
biphenyls resulted in reduced size at birth but advanced sexual maturation, indicating
that different pollutants exert effects through different physiology or endocrinology
pathways (89).

How does Pb exposure in children lead to delayed puberty? Research results from
experiments with rats show that growth and sex hormones are altered from prenatal,
lactational, and prepubertal exposure to Pb. These treatments delayed the age of vaginal
opening, first estrus, and disrupted estrous cycling associated with suppressed serum
levels of insulin-like growth factor-1 (IGF-1), a liver hormone involved in growth
and reproduction (90–92). Moreover, Pb affected hormones and responsiveness of all
levels of the hypothalamic–pituitary–ovarian axis (93,94). Dietary Pb may delay the
onset of puberty in female mice, as observed in rats (95), although by contrast, very
low levels of dietary Pb, 0.02 ppm, were associated with a marked and significant
acceleration of puberty in mice (95,96), indicating an effect of dose on the pubertal
outcome. In the last decade, puberty onset has advanced in the USA even in children
migrating from foreign countries in Western European countries. It has been suggested
that environmental endocrine-disrupting chemicals may be contributing to the earlier
onset of puberty (97).

4.2. Lead Effects on the Ovary and on Steroidogenesis
There are few studies of the direct effect of Pb on ovarian steroidogenesis. Lead

exposure in vivo in cynomolgus monkey suppressed circulating luteinizing hormone
(LH), follicle-stimulating hormone (FSH), and estradiol without affecting proges-
terone or causing overt signs of menstrual irregularity (98). Prenatal and neonatal
Pb exposure resulted in suppressed rat ovarian homogenate �4 androgen production
whereas 5�-reduced androgens were increased (99). There are more studies that
examine changes in follicle populations after Pb exposure. For instance, mice exposed
to Pb in utero experienced a significant reduction in the number of ovarian primordial
follicles (100). Adult mice given Pb by gavage for 60 days had significant changes in
ovarian small, medium, and large follicle populations (101). But, in another study, Pb
was given by injection, and there was no change in either antral follicles but decreased
primordial follicles and increased growing and atretic follicles (102). Accelerated elimi-
nation of ovarian follicles, common to the above-cited reports, will ultimately lead to
premature ovarian failure if the reduced follicle pool is the non-regenerating primordial
follicles or disrupted cycles if the growing follicles are targeted.
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Lead treatment of culture human ovarian granulosa cells retrieved during IVF
reduces mRNA and protein levels of both P450 aromatase and estrogen receptor-
� (103). However, the mechanism responsible for Pb suppression of these two targets
is unknown. Another molecular target of Pb is steroidogenic acute regulatory protein
(StAR) that mediates the transfer of cholesterol into mitochondria (104). Female rats
exposed to Pb in utero have decreased basal ovarian StAR mRNA and protein but this
is reversed by stimulating with gonadotrophins before collecting the ovaries. On the
basis of these results, it was concluded that Pb acts at the hypothalamic–pituitary level
of the reproductive axis.

4.3. Effects of Lead on Testicular Function and Steroidogenesis
Substantial research has been conducted regarding the specific effects of Pb on

testicular and male reproductive function (105). Pb accumulates in male reproductive
organs. Exposure to Pb causes altered and delayed spermatogenesis accompanied by
decreased fertility. For instance, in one IVF clinic, >40 % of the males who were not
exposed to Pb occupationally and did not smoke cigarettes had blood and seminal
plasma Pb concentrations greater than the permissible limit in men who are exposed
to Pb in the work place (105). In fact, there was an inverse relationship between Pb
concentration in blood and seminal plasma and rate of fertilization that was due to
altered sperm function (105). The progesterone-dependent acrosome reaction was the
sperm function most affected by the presence of Pb.

Lead inhibits both Sertoli and Leydig cell steroid production at every step of
synthesis. Expression and/or activity of gonadotrophin receptors, StAR, p450 side
chain cleavage, 3� HSD, and P450c17, the enzyme that converts progesterone into
testosterone, are significantly if not dramatically suppressed by Pb in vivo, ex vivo, or
in vitro (106–110). Given the high concentrations of Pb used in all of these studies
and often more severe inhibition with greater length of exposure, it is likely that the
suppression of steroidogenesis at these step is due to toxicity rather than specific action
or mimicry of an endocrine hormone.

4.4. Lead and Sex Ratios
Lead has been implicated in shifting the sex ratio to fewer boys born and maybe

related to low testosterone at the time of conception (111). Professional drivers exposed
to excessive petroleum products father fewer sons (112). Consistent with the occupa-
tional exposure to Pb leading to fewer boys born also is observed in filling station
workers (113). Both these reports suggest a relationship between occupational exposure
to Pb and reduced male sex ratio, although this area is still controversial (114), in
part because of separating the consequences of exposure of one or both parents (112).
The most recent brief report revealed a dose–response with Pb such that workers with
higher blood Pb levels had significantly reduced odds of having male offspring (115).
These data are intriguing, but much more investigation is needed to support or reject
the hypothesis that Pb exposure impacts paternal-related sex ratio.

Lead can activate estrogen receptor-dependent transcriptional expression assay and
stimulate MCF-7 breast cancer cell growth. In both these assays, Pb was not very
effective and far less efficient than Cd (34). Specific interaction of Pb with estrogen
receptor was not determined in these studies, leaving me to conclude that there
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is insufficient evidence to conclude that Pb is an estrogen mimetic. However, the
effects of subtoxic doses of Pb on reproductive functions described above support
Pb as an endocrine-disrupting chemical whose specific mechanisms need to be
determined.

5. MERCURY

Depending on its chemical form mercury (Hg) can be very toxic. Occupational
exposure leads to neurodegeneration, behavioral changes, and death. Over 400 years
ago, mercuric nitrate used in the felt hat industry gave rise to the phrase “mad
as a hatter” depicted by the Mad Hatter in Lewis Carroll’s Alice’s Adventures in
Wonderland (13). Tragically, a recent accidental dimethylmercury poisoning reaffirmed
the dangers associated with working with Hg (116,117). Large-scale Hg poisonings
have occurred in Minamata, Japan, and Iraq by industrial or inadvertent introduction
of Hg into the food chain (118). Industrial uses of Hg range from laboratory, dental,
thermometers, paints, electrical equipment, and chloralkali. For the general public,
there are three major sources of environmental Hg: fish consumption, dental amalgams,
and vaccines (119).

Fish contaminated with Hg poses a serious health risk to pregnant women and their
babies. Methyl mercury bioaccumulates and biomagnifies in muscles of predatory fish
that are at the top of the food chain, such as albacore (116). Most concern is centered
on neurological and behavioral problems that occur following exposure of the fetus or
newborn, as Hg easily crossing the placenta and passes through the undeveloped infant
blood–brain barrier. Thimerosal is an ethyl mercury-based vaccine preservative used
since the 1930s (116). It has received much attention of late because of its possible
link to autism, but this is unproven and very controversial.

5.1. Mercury and Reproduction
Women exposed to Hg at work have been reported to experience reproductive

dysfunction. Occupational exposure to mercury either in mercury vapor lamp factor or
in dentistry is associated with menstrual disorders, subfecundity, and adverse pregnancy
outcomes (120,121). Interestingly, at very low Hg exposure, women working in
dentistry were more fertile, suggesting a U-shaped dose–response curve (122). Much
more research is needed to establish a causal relationship between occupational Hg
exposure and compromised fertility (123).

Animal studies provide some insight into the impact of Hg exposure on female repro-
duction. In hamster, subcutaneous mercuric chloride treatment disrupts estrous cycles,
suppresses follicular maturation, reduces plasma and luteal progesterone levels, and
may disrupt hypothalamus-pituitary gonadotrophin secretion (124). Similar changes
were observed in female rats exposed to Hg vapor. The estrous cycle was lengthened,
and morphological changes were evident in the corpora lutea, but ovulation, implan-
tation, or maintenance of first pregnancy was unchanged (125).

In wildlife, it has been proposed that Hg exposure has been responsible for increased
cryptorchidism in the Florida panther as a result of exposure through bioaccumu-
lation (126). The authors report no significant difference between serum estradiol
levels in male and female panthers, suggesting demasculinization and feminization
of males. However, it is important to consider that the reproductive impairment and
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cryptorchidism may be genetically rather than environmentally based because there
is limited genetic variation in the remaining Florida panther population (127). Never-
theless, based on analysis of panther hair from museum collections, there is no doubt
that current Florida panther Hg levels have increased since the 1890s (128).

Investigation of the impact of either intraperitoneal injection of mercury or oral
dosing of male rats or mice reveals consistent changes in the reproductive system. For
instance, in rats exposed for 90 days to Hg by i.p. injection, testicular steroidogenesis
was suppressed at the 3� HSD synthetic step with a significant decrease in serum
testosterone and LH (129–131). Oral exposure of rats to mercuric chloride for 45
days resulted in suppressed testosterone and increased testicular cholesterol (132). The
authors suggest that the increased cholesterol is due to the block of its biosynthetic
conversion to sex steroid hormones such as testosterone. Another possibility is that
Hg mimics the effect of estrogen on the testes which is to both inhibit androgen
production and cause accumulation of cholesterol probably because of upregulation
of the high-density lipoprotein (HDL) receptor, scavenger receptor class B, type I
(SR-BI) (133).

5.2. Estrogenic Mechanisms of Mercury
The estrogenicity of Hg was examined in MCF-7 cells (34). Mercuric chloride

stimulated both estrogen receptor-dependent transcription and increased proliferation
of MCF-7 cells (34). A more detailed study of the methyl mercury impact on MCF-7
cells was performed by Sukocheva et al. (134). In this study, instead of measuring
increased number of MCF-7 cells, the number of postconfluent foci that formed with
estrogen treatment was counted. Multicellular foci form in response to estrogen agonists
and are proportional to hormone dose or concentration (135). A very narrow concen-
tration range, 0.5 × 10−7 to 1 × 10−6 M, of methyl mercury stimulated MCF-7 cell foci
formation but did not reach the maximum response elicited by estradiol, indicating
that Hg is a weak estrogen mimic. Hg exhibited estrogen receptor agonist–antagonist
properties depending on concentration. Its stimulation of foci formation is blocked by
the antiestrogen ICI 182,780. However, Hg is poor at competing for 3H estradiol binding
to recombinant estrogen receptor as displacement was only observed and 10−4 M. As
is the case with estradiol, Hg stimulated Erk1/2 activation that was dependent on
mobilization of intracellular Ca+2, suggesting similar signaling mechanisms. Methyl
mercury reacts with sulfhydryls and could interact with protein thiol groups such as
those located in the ligand-binding domain of the estrogen receptor to stimulate MCF-
7 cell proliferation. The Erk1/2 activation pathway is involved in cell proliferation
and gene expression. A number of extra cellular signals have been shown to induce
MAPK Erk1/2 including many other well-known endocrine-disrupting chemicals such
as bisphenol A (136) (see Chapter 2 by Soto, Rubin, and Sonnenschein).

6. URANIUM

Uranium (U) is the heaviest naturally occurring element, certainly qualifying it as a
heavy metal. Similar to Cd, U was used initially for its pigmentation in bright orange-
red Fiestaware. Uranium was the first element to be identified as fissile. Uranium
supports nuclear chain reactions leading to the development of atomic weapons and
later as a fuel for nuclear reactors. Its current use is as depleted uranium (DU) in armed
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conflict first in the Balkans and now Iraq for both munitions and armor. Environmental
sources and thus risk of contact with U are mining, production of nuclear weapons,
nuclear reactor industry and disasters, and US-facilitated armed conflict.

Nuclear accidents at Three Mile Island and Chernobyl quashed hopes of devel-
oping nuclear energy to replace dependence on fossil fuels for decades. With today’s
dwindling petroleum supplies and significant green house gas emissions from coal-
produced energy, interest in nuclear energy is renewed. Australia has the world’s
largest U reserves, but Canada is the largest U exporter. In the USA, the greatest U
reserves are in the southwest, specifically the states of the Four Corners, AZ, CO, NM,
UT, where the Navajo Reservation Nation is located.

6.1. Uranium, the Navajo Reservation, and Human Exposures
The Navajo Reservation is the largest Native American reservation in the USA.

It covers over 27,000 square miles. The Navajo Nation comprises 110 Chapters, the
political/social units. According to the 2000 census there are 250,000 members of the
Navajo tribe, making it the largest Native American tribe in the USA. This group
continues to live its traditional lifestyle and rely on its native language to sustain
and nurture the “Navajo way.” Over 170,000 people live on Reservation and the
majority of the remaining tribal members live in “border towns” such as Farmington,
NM, and Flagstaff, AZ. Fifty four percent of households have no indoor plumbing
or running water necessitating half of the Reservation households to haul water from
the nearest available source. The Navajo Reservation evokes images of a peaceful
and healthy environment, but the reality of environmental contamination presents a
different picture.

From the 1945 through 1988 there was intensive U mining and milling (137). In
1980, the market price for U crashed and effectively ended the mining. However,
the market value of U ore has quintupled in the last four years because of renewed
interest in nuclear energy and the ongoing need for depleted U for armed conflict.
Thus, U mining is on the upsurge, with 700 claims filed 2005 in the northern part
of AZ. At the writing of this chapter, U is poised to climb to a record high of
$50/lb in the next 6 months stimulating revived interest in mining on the Navajo
Reservation.

Well-documented health problems that arise from U mining and milling are lung
cancer and respiratory diseases (137,138). These health problems result from radiation
exposure after inhalation of radon-rich dust released during U mining. Hundreds of
Navajo and Mormon miners and ore truck drivers have developed these diseases, and
if they can document their work experience with pay stubs or other evidence they may
qualify for compensation from the Federal Radioactive Exposure Compensation Act
(RECA). However, many Navajo miners do not have the documentation to prove their
employment history and die before they can be compensated (137).

It is estimated that there are over 1500 abandoned mines on the Navajo
Reservation that have not been properly closed, allowing U to be dispersed by
the elements over the last 62 years throughout the natural environment. The US
Army Corps of Engineers performed a survey of water sources in 30 Chapters on
the Navajo Nation, and the results are posted by USEPA on this website http://
yosemite.epa.gov/r9/sfund/r9sfdocw.nsf/vwsoalphabetic/Abandoned+Uranium+Mines+
On+The+Navajo+Nation?OpenDocument. In every chapter surveyed, there was at
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least one water source with U water levels that exceeds the USEPA safe drinking
water level of 30 �g/L. Because half of the households on the Reservation haul water,
it is certain that many people are exposed to unsafe levels of U in their drinking and
household water.

Health problems that result from drinking U-contaminated water include kidney
disease, kidney cancer, and possibly stomach cancer (138). Kidney disease results
from U’s heavy metal poisoning of the proximal tubules and interferes with glucose
uptake (139). Cancer in the kidney, stomach and bone marrow results from U-derived
alpha radiation causing DNA damage leading to cell transformation and cancer. Owing
to its chemical properties, U homes to bone and bioaccumulates, leading to increased
risk of leukemia. Other routes of exposure are inhalation of small particles blown from
tailings or dust and dirt brought into the home on the miner’s clothing often washed with
the clothes of other family members (137). Depending on size, the particles can enter
the bloodstream leading to the above-mentioned diseases. Allowable exposure limits
vary for U. The USEPA safe drinking water limit of 30 �g/L is based on economic
feasibility while the World Health Organization standard of 2 �g/L is based on the
fractional source of U assuming that an adult drinks 2 L of water a day. However,
a recent study suggests that even low U concentrations in drinking water can cause
nephrotoxic effects, and after long-term ingestion, elevated concentrations of U in
urine can be detected up to 10 months after the exposure has stopped (140).

6.2. Uranium as an Endocrine-Disrupting Chemical
on Reproductive Systems

Numerous studies have investigated the reproductive toxicology of both U and DU
in experimental mice and rats (141–143). The original study conducted by Maynard
and Dodge (141) showed that breeder rats consuming chow containing 2 % uranyl
nitrate hexahydrate (UN) for 7 months gave birth to half as many litters as the control
chow-fed rats. The litter size of the U-consuming rats was significantly less as well.
For the next 5 months all rats ate control chow; however, the female rats that had
been exposed to UN still only produced less than half as many litters as the rats that
were on control chow for the entire 12 months. Rats eating U-containing chow also
had irregular estrous cycles compared with the control chow-fed rats. Even though
the U-fed rats lost weight, which could have contributed to their reduced fertility,
the fact that after the rats were returned to control chow and regained weight, but
they still produced half the number of litters indicates that the impact of U was
permanent.

Several studies have documented U’s toxicity in the male reproductive system.
General features reported are degenerative changes in the testes such as aspermia
in the testes and epididymis, testicular atrophy, interstitial cell alterations, Leydig
cell vacuolization, and reduced successful female mouse impregnation (142,143). DU
exposure in human has been a result of warfare. Gulf war 1990–1991 UK veterans may
have impaired fertility, and pregnancies took longer to conceive (144). Also, there was
a 40 % increased risk of miscarriage among pregnancies fathered by men who served
in the first Gulf war (145). Another cohort of US Gulf war veterans struck by friendly
fire had DU shrapnel embedded in muscle and soft tissue and were still excreting
greater than background levels of U 9–11 years after sustaining their injuries (146).
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A follow-up of 30 friendly fire cohort members found evidence of subtle perturbations
in the reproductive system indicated by significantly elevated prolactin levels (147). In
another DU-exposed friendly fire cohort, there were significantly elevated sperm counts
and a higher percentage of progressive spermatozoa among veterans excreting high
levels of U as compared with veterans excreting low levels of U in their urine (148).
In a different population, Czechoslovakian uranium miners fathered significantly more
girls than boys, suggesting a shift in the sex ratio (149). It is important to consider
that these reports are preliminary, and there is no evidence to suggest that altered male
fertility is caused by exposure to U or DU.

U exposure of pregnant rodents produces maternal toxicity, fetal toxicity, and devel-
opmental defects (150). There are more absorptions, dead fetuses, fewer live-born
fetuses, and pup body weight and length were significantly reduced. In addition, there
is a higher incidence of cleft palate and dorsal and facial hematomas (150). In humans,
there is sufficient epidemiological evidence to suggest an increased risk of birth defects
in offspring of persons exposed to DU (151). On the Navajo Reservation exposure to
environmental U was statistically associated with uranium operations and unfavorable
birth outcome, including cleft palate and craniofacial developmental defects, if the
mother lived near mine tailings or mine dumps (152). Again, the possible association
of environmental U exposure and adverse human health outcomes is correlative, and
more research is needed to draw any casual connections.

6.3. Uranium as an Environmental Estrogen
Probably because of U’s radioactive nature, it has been studied intensely with

regard to harmful effects from its ionizing radiation and chemical toxicity but had not
previously been tested for its potential estrogenic activity as a heavy metal. Recently,
we have discovered that U is estrogenic in female reproductive tissues (153,154). The
source of U in our in vivo and in vitro studies is UN and is DU. It should be noted that
natural U and DU have the same chemistry, and therefore, both will cause the same
changes that are dependent on chemical properties.

Although there are many publications describing the effects of U exposure on repro-
duction in female, none of the reports mentioned the impact of U on ovarian follicle
populations (141–143). We wanted to determine whether U exposure would target a
specific ovarian follicle population or more likely cause a non-specific general ovarian
toxicity. In our original studies, high levels of UN at mg/L in the drinking water
were consumed for 30 days by intact immature female mice. UN exposure specifically
targeted primary follicles whose number was reduced. Unexpectedly, in these mice,
there was a trend, although not statistically significant, of increased uterine weight.
In this experiment at these high doses of U, kidney weight was reduced, consistent
with U’s well-known nephrotoxicity (139). Intrigued by the possible uterotrophic
effect of U at mg/L concentrations, we next tested whether �g/L levels would cause
uterine weight to increase in ovariectomized mice (155). Ovariectomized mice that
drank UN-containing water for 10 days at concentrations starting at the USEPA safe
drinking water level of 30 �g/L down to 0.3 �g/L had significantly increased uterine
weights (153). If the mice were treated with the antiestrogen ICI 182,780 while drinking
the U-contaminated water, the increase in uterine weight did not occur. We concluded
from this experiment that U at low, environmentally relevant concentrations, acted like
estrogen. Another biological response elicited by estrogen in ovariectomized immature
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mice is accelerated vaginal opening. This response was also observed in mice drinking
U-contaminated water that was again prevented by the coincident treatment with
ICI 182,780 (153). Finally, we observed the persistent presence of vaginal cornified
epithelial cells from immature ovariectomized mice drinking U-contaminated water,
and as before, the antiestrogen ICI 182,780 ablated this response. Cornified epithelial
cells from vaginal smears are an indication that there is an ongoing estrogenic stimu-
lation of the reproductive tract (156). In all these experiments, we compared the
responses induced by U to those caused by the potent synthetic estrogen DES. The
magnitude of the responses were comparable at equivalent molarity for U and DES,
indicating that U is a potent estrogen mimic in vivo.

Our preliminary results analyzing the putative estrogenic activity of U in vitro
using MCF-7 breast cancer cells indicate that UN at nanomolar to low micromolar
concentrations stimulates cell proliferation (154). The estrogen receptor was involved
because the antiestrogen ICI 182,780 blocked both 17�-estradiol and UN-stimulated
MCF-7 cell proliferation. Cell proliferation is a response that takes days to occur
through the classic estrogen receptor-dependent genomic pathway. Recent reports
indicate that estrogen-mediated responses can occur in just a few minutes (157). To
detect whether rapid responses occurred in DES- or UN-treated MCF-7 cells, we used
scanning electron microscopy to visualize cell surface morphological changes within
minutes of exposure. Both DES and UN treatment caused a significant increase in
number and branching of MCF-7 cell surface microvilli, and the cell surface changes
were blocked by ICI 182,780 (154). The rapid morphological changes suggest that,
similar to estrogen, UN causes cell responses independent of genomic responses
(158).

As with the other heavy metals, low concentrations (<10 �M) mediate specific
responses for instance through the estrogen receptor or other steroid receptors, whereas
higher concentrations (>100 �M) cause non-specific toxic responses. For instance, in
Chinese hamster ovary cells, uranyl nitrate killed the cells and induced chromosome
aberrations and sister-chromatid exchanges (159). Uranyl acetate at 200 �M killed and
mutagenized Chinese hamster ovary cells perhaps by causing DNA strand breaks and
forming uranium-DNA adducts (160). Thus, depending on the environmental level
of U and exposure or contact, the biologic responses can range from subtle through
steroid receptor interaction and activation to striking through cytotoxic and genotoxic
mechanisms. The concentrations of U and oral route of exposure at which we see
estrogenic responses in vivo and in vitro are environmentally relevant to exposures
on the Navajo Reservation as well as other communities in the USA where U is in
drinking water at levels at or below the USEPA safe drinking water limit.

7. CONCLUSIONS

Historically, heavy metal toxicity targeting the kidney or nervous system has been
the focus of most research efforts. However, accumulating evidence, particularly when
studies are performed with low micromolar concentrations, indicates that heavy metals
can act as endocrine-disrupting substances through specific, high-affinity pathways.
Thus far, heavy metals primarily have been described to interact with the estrogen
receptor giving rise to the term metalloestrogens. This is just the beginning of our
understanding of the subtle means by which heavy metals disrupt endocrine function—
many more pathways need scrutiny (161).



Chapter 5 / Heavy Metals as Endocrine-Disrupting Chemicals 127

REFERENCES
1. Colborn T, vom Saal FS, Soto AM. Developmental effects of endocrine-disrupting chemicals in

wildlife and humans. Environ Health Perspect 1993; 101:378–84.
2. Jarup L. Hazards of heavy metal contamination. Br Med Bull 2003; 68:167–82.
3. Medici N, Minucci S, Nigro V, Abbondanza C, Armetta I, Molinari AM, Puca GA. Metal binding

sites of the estradiol receptor from calf uterus and their possible role in the regulation of receptor
function. Biochemistry 1989; 28:212–19.

4. Predki PF, Sarkar B. Effect of replacement of zinc finger zinc on estrogen receptor DNA interactions.
J Biol Chem 1992; 267:5842–46.

5. Martin MB, Reiter R, Pham T, Avellanet YR, Camara J, Lahm M, Pentecost E, Pratap K,
Gilmore BA, Divekar S, Dagata RS, Bull JL, Stoica A. Estrogen-like activity of metals in Mcf-7
breast cancer cells. Endocrinology 2003; 144:2425–36.

6. Nesatyy VJ, Rutishauser BV, Eggen RIL, Suter JF. Identification of the estrogen receptor Cd-
binding sites by chemical modification. Analyst 2005; 130:1087–97.

7. Nesatyy VI, Ammann AA, Rutishauser BV, Suter MJF. Effect of cadmium on the interaction of
17�-estradiol with the rainbow trout estrogen receptor. Environ Sci Technol 2006; 40:1358–63.

8. Johnson MD, Kenney N, Stoica A, Hilakivi-Clarke L, Singh B, Chepko G, Clarke R, Sholler PF,
Lirio AA, Foss C, Reiter R, Trock B, Paik S, Martin MB. Cadmium mimics the in vivo effects of
estrogen in the uterus and mammary gland. Nat Med 2003; 9:1081–84.

9. Safe S. Cadmium’s disguise dupes the estrogen receptor. Nat Med 2003; 9:1000–1.
10. Darbre PD. Metalloestrogens: an emerging class of inorganic xenoestrogens with potential to add

to the oestrogenic burden of the human breast. J Appl Toxicol 2006; 26:191–7.
11. Mandal BK, Suzuki KT. Arsenic round the world: a review. Talanta 2002; 58:201–35.
12. Waxman S, Anderson KC. History of the development of arsenic derivatives in cancer therapy.

Oncologist 2001; 6(Suppl 2):3–10.
13. Klaassen CD. Heavy metals and heavy-metal antagonists. In: Brunton LL, ed. Goodman & Gilman

the Pharmacological Basis of Therapeutics, 11th ed. New York: McGraw-Hill, 2006:1753–75.
14. Kwon E, Zhang H, Wang Z, Jhangri GS, Lu X, Fok N, Gabos S, Li XF, Le XC. Arsenic on the

hands of children after playing in playgrounds. Environ Health Perspect 2004; 112:1375–80.
15. Tapio S, Grosche B. Arsenic in the aetiology of cancer. Mutat Res 2006; 612:215–46.
16. U.S. Environmental Protection Agency. Arsenic in drinking water. http://www.epa.gov/safewater/

arsenic/index.html
17. Frost FJ, Muller T, Petersen HV, Thomson B, Tollestrup K. Identifying US populations for the

study of health effects related to drinking water arsenic. J Expo Anal Environ Epidemiol 2003;
13:231–39.

18. Jana K, Jana S, Samanta PK. Effects of chronic exposure to sodium arsenite on hypothalamo-
pituitary-testicular activities in adult rats: possible an estrogenic mode of action. Reprod Biol
Endocrinol 2006; 4:9.

19. Waalkes MP, Keefer LK, Diwan BA. Induction of proliferative lesions of the uterus, testes, and
liver in Swiss mice given repeated injections of sodium arsenate: possible estrogenic mode of
action. Toxicol Appl Pharmacol 2000; 166:24–35.

20. Waalkes MP, Ward JM, Liu J, Diwan BA. Transplacental carcinogenicity of inorganic arsenic in
the drinking water: induction of hepatic, ovarian, pulmonary, and adrenal tumors in mice. Toxicol
Appl Pharmacol 2003; 186:7–17.

21. Waalkes MP, Liu J, Ward JM, Powell DA, Diwan BA. Urogenital carcinogenesis in female CD1
mice induced by in utero arsenic exposure is exacerbated by postnatal diethylstilbestrol. Cancer
Res 2006; 66:1337–45.

22. Waalkes MP, Liu J, Ward JM, Diwan B. Enhanced urinary bladder and liver carcinogenesis in
male CD1 mice exposed to transplancental inorganic arsenic and postnatal diethylstilbestrol or
tamoxifen. Toxicol Appl Pharmacol 2006; May 16, Epub ahead of print.

23. Waalkes MP, Liu J, Chen H, Xie Y, Achanzar WE, Zhou YS, Cheng ML, Diwan BA. Estrogen
signaling in livers of male mice with hepatocellular carcinoma induced by exposure to arsenic in
utero. J Natl Cancer Inst 2004; 96:466–74.

24. Chattopadhyay S, Ghosh S, Chaki S, Debnath J, Ghosh D. Effect of sodium arsenite on plasma
levels of gonadotrophins and ovarian steroidogenesis in mature albino rats: duration-dependent
response. J Toxicol Sci 1999; 24:425–31.



128 Part I / The Basic Biology of Endocrine Disruption

25. Golub MS, Macintosh MS. Developmental and reproductive toxicity on inorganic arsenic: animal
studies and human concerns. J Toxicol Environ Health B Crit Rev 1998; 1:199–241.

26. Tseng GH. The potential biological mechanisms of arsenic – induced diabetes mellitus. Toxicol
Appl Pharmacol 2004; 197:67–83.

27. Tseng GH. Blackfoot disease and arsenic: a never-ending story. J Environ Sci Health C Environ
Carcinog Ecotoxicol Rev 2005; 23:55–74.

28. Livingstone C, Collison M. Sex steroids and insulin resistance. Clin Sci (Lond) 2002; 102:151–66.
29. Valko M, Morris H, Cronin MTD. Metals, toxicity and oxidative stress. Curr Med Chem 2005;

12:1161–208.
30. Nordstrom S, Beckman L, Nordenson I. Occupational and environmental risks in and around a

smelter in northern Sweden. V. Spontaneous abortion among female employees and decreased birth
weight in their offspring. Hereditas 1979; 90:291–6.

31. Tabacova S, Baird DD, Balabaeva Lolova LD, Petrov I. Placental arsenic and cadmium in relation to
lipid peroxides and glutathione levels in maternal-infant pairs from a copper smelter area. Placenta
1994; 15:873–1.

32. Soto AM, Maffini MV, Schaeberle CM, Sonnenschein C. Strengths and weaknesses of in vitro
assays for estrogenic and androgenic activity. Best Pract Res Clin Endocrinol Metab 2006;
20:15–33.

33. Stoica A, Pentecost E, Martin MB. Effects of arsenite on estrogen receptor-� expression and activity
in MCF-7 breast cancer cells. Endocrinology 2000; 141:3595–602.

34. Choe SY, Kim SJ, Kim HG, Lee JH, Choi Y, Lee H, Kim Y. Evaluation of estrogenicity of major
heavy metals. Sci Total Environ 2003; 312:15–21.

35. Chow SKY, Chan JYW, Fung KP. Suppression of cell proliferation and regulation of estrogen
receptor � signal pathway by arsenic trioxide on human breast cancer MCF-7 cells. J Endocrinol
2004; 182:325–7.

36. Kitchin KT, Wallace K. Arsenite binding to synthetic peptides based on the Zn finger region and the
estrogen binding region of the human estrogen receptor. Toxicol Appl Pharmacol 2005; 206:66–72.

37. Kitchin KT, Wallace K. Arsenite binding to synthetic peptides: the effect of increasing length
between two cysteines. J Biochem Mol Toxicol 2006; 20:35–8.

38. Lopez S, Miyashita Y, Simons SS. Structurally based selective interaction of arsenite with steroid
receptors. J Biol Chem 1990; 265:16039–42.

39. Hamilton JW, Kaltreider RC, Bajenova OV, Ihnat MA, McCaffrey J, Turpie TW, Rowell EE,
Oh J, Nemeth MJ, Pesce CA, Lariviere JP. Molecular basis for effects of carcinogenic heavy metals
on inducible gene expression. Environ Health Perspect 1998; 106:1005–5.

40. Kaltreider RC, Pesce CA, Ihnat MA, Lariviere JP, Hamilton JW. Differential effects of arsenic(III)
and chromium(VI) on nuclear transcription factor binding. Mol Carcinog 1999; 25:219–9.

41. Kaltreider RC, Davis AM, Lariviere JP, Hamilton JW. Arsenic alters the function of the glucocor-
ticoid receptor as a transcription factor. Environ Health Perspect 2001; 109:245–51.

42. Simons SS, Chakraborti PK, Cavanaugh AH. Arsenite and cadmium(II) as probes of glucocorticoid
receptor structure and function. J Biol Chem 1990; 265:1938–45.

43. Kitchin KT, Wallace K. Dissociation of arsenite-peptide complexes: triphasic nature, rate constants,
half-lives and biological importance. J Biochem Mol Toxicol 2006; 20:48–56.

44. Henson MC, Chedrese PJ. Endocrine disruption by cadmium, a common environmental toxicant
with paradoxical effects on reproduction. Exp Biol Med (Maywood) 2004; 229:383–92.

45. Nishijo M, Nakagawa H, Honda R, Tanebe K, Saito S, Teranishi H, Tawara K. Effects of maternal
exposure to cadmium on pregnancy outcome and breast milk. Occup Environ Med 2002; 59:394–97.

46. Zenzes MT, Krishnan S, Krishnan B, Zhang H, Casper RF. Cadmium accumulation in follicular
fluid of women in in vitro fertilization-embryo transfer is higher in smokers. Fertil Steril 1995;
64:599–603.

47. Piasek M, Blanusa M, Kostial K, Laskey JW. Placental cadmium and progesterone concentrations
in cigarette smokers. Reprod Toxicol 2001; 15:673–81.

48. Jolibois LS, Shi W, George WJ, Henson MC, Anderson MB. Cadmium accumulation and effects
on progesterone release by cultured human trophoblast cells. Reprod Toxicol 1999; 13:215–1.

49. Jolibois LS, Burow ME, Swan KF, George WJ, Anderson MB, Henson MC. Effects of cadmium
on cell viability, trophoblastic development, and expression of low density lipoprotein receptor
transcripts in cultured human placental cells. Reprod Toxicol 1999; 13:473–80.

50. Kawai M, Swan KF, Green AE, Edwards DE, Anderson MB, Henson MC. Placental
endocrine disruption induced by cadmium: effects on P450 cholesterol side-chain cleavage and



Chapter 5 / Heavy Metals as Endocrine-Disrupting Chemicals 129

3�-hydroxysteroid dehydrogenase enzymes in cultured human trophoblasts. Biol Reprod 2002;
67:178–83.

51. Yang K, Julan L, Rubio F, Sharma A, Guan H. Cadmium reduces 11�-hydroxysteroid dehydro-
genase type 2 activity and expression in human placental trophoblast cells. Am J Physiol Endocrinol
Metab 2006; 290:E135–42.

52. Osmond C, Barker DJ. Fetal, infant, and childhood growth are predictors of coronary heart
disease, diabetes, and hypertension in adult men and women. Environ Health Perspect 2000;
108(Suppl 3):545–3.

53. Cnattingius S. The epidemiology of smoking during pregnancy: smoking prevalence, maternal
characteristics, and pregnancy outcomes. Nicotine Tob Res 2004; 6(Suppl 2):S125–140.

54. Bush PG, Mayhew TM, Abramovich DR, Aggett PJ, Burke MD, Page KR. A quantitative study
on the effects of maternal smoking on placental morphology and cadmium concentration. Placenta
2000; 21:247–56.

55. Sun K, Yang K, Challis JRG. Regulation of 11�-hydroxysteroid dehydrogenase type 2 by proges-
terone, estrogen, and the cyclic adenosine 5’-monophosphate pathway in cultured human placental
and chorionic trophoblasts. Biol Reprod 1998; 58:1379–84.

56. Paksy K, Rajczy K, Forgacs Z, Lazar P, Bernard A, Gati I, Kaali G. Effect of cadmium on
morphology and steroidogenesis of cultured human ovarian granulosa cells. J Appl Toxicol 1997;
17:321–27.

57. Smida AD, Valderrame XP, Agostini MC, Furlan MA, Chedrese J. Cadmium stimulates
transcription of the cytochrome P450 side chain cleavage gene in genetically modified stable
porcine granulosa cells. Biol Reprod 2004; 70:25–31.

58. Long GJ. The effect of cadmium on cytosolic free calcium, protein kinase C, and collagen synthesis
in rat osteosarcoma (ROA 17/2.8) cells. Toxicol Appl Pharmacol 1997; 143:189–95.

59. Piasek M, Laskey JW. Effect of in vitro cadmium exposure on ovarian steroidogenesis in rats.
J Appl Toxicol 1999; 19:211–17.

60. Piasek M, Laskey JW, Kostial K, Blanusa M. Assessment of steroid disruption using cultures of
whole ovary and/or placenta in rat and in human placental tissue. Int Arch Occup Environ Health
2002; 75(Suppl):S36–44.

61. Piasek M, Laskey JW. Acute cadmium exposure and ovarian steroidogenesis in cycling and pregnant
rats. Reprod Toxicol 1994; 8:495–507.

62. Waisberg M, Joseph P, Hale B, Beyersmann. Molecular and cellular mechanisms of cadmium
carcinogenesis. Toxicology 2003; 192:95–117.

63. Alsberg CL, Schwartze EW. Pharmacological action of Cd. Pharmacology 1919; 13:504–9.
64. Chia SE, Xu B, Ong CN, Tsakok FM, Lee ST. Effect of cadmium and cigarette smoking on human

semen quality. Int J Fertil Menopausal Stud 1994; 39:292–8.
65. Al-Bader A, Omu AE, Dashti H. Chronic cadmium toxicity to sperm of heavy cigarette smokers:

immunomodulation by zinc. Arch Androl 1999; 43:135–40.
66. Yang JM, Arnush M, Chen QY, Wu XD, Pang B, Jiang XZ. Cadmium-induced damage to primary

cultures of rat Leydig cells. Reprod Toxicol 2003; 17:553–60.
67. Laskey JW, Phelps PV. Effect of cadmium and other metal cations on in vitro Leydig cell testos-

terone production. Toxicol Appl Pharmacol 1991; 108:296–306.
68. Zeng X, Jin T, Zhou Y, Nordberg GF. Changes of serum sex hormone levels and MT mRNA

expression in rats orally exposed to cadmium. Toxicol 2003; 186:109–8.
69. Lafuente A, Marquez N, Perez-Lorenzo M, Pazo D, Esquifino AI. Pubertal and postpubertal

cadmium exposure differentially affects the hypothalamic-pituitary-testicular axis function in the
rat. Food Chem Toxicol 2000; 38:913–23.

70. Zeng X, Jin T, Zhou Y. Alterations of serum hormone levels in male workers occupationally
exposed to cadmium. J Toxicol Environ Health A 2002; 65:513–21.

71. Jurasovic J, Cvitkovic P, Pizent A, Colak B, Telisman S. Semen quality and reproductive endocrine
function with regard to blood cadmium in Croation male subjects. Biometals 2004; 17:735–43.

72. Nagata C, Nagao Y, Shibuya C, Kashiki Y, Shimizu H. Urinary cadmium and serum levels of
estrogens and androgens in postmenopausal Japanese women. Cancer Epidemiol Biomarkers Prev
2005; 14:705–8.

73. Garcia-Morales P, Saceda M, Kenney N, Kim N, Salomon DS, Gottardis MM, Solomon HB, Sholler
PF, Jordon VC, Martin MB. Effect of cadmium on estrogen receptor levels and estrogen-induced
responses in human breast cancer cells. J Biol Chem 1994; 269:16896–901.



130 Part I / The Basic Biology of Endocrine Disruption

74. Stoica A, Katzenellenbogen BS, Martin MB. Activation of estrogen receptor-� by the heavy metal
cadmium. Mol Endocrinol 2000; 14:545–3.

75. Martin MB, Voeller HJ, Gelmann Lu EPJ, Stoica EG, Hebert EJ, Reiter R, Singh B, Danielsen
M, Pentecost E, Stoica A. Role of cadmium in the regulation of AR gene expression and activity.
Endocrinology 2002; 143:263–75.

76. Martinez-Campa C, Alonso-Gonzalez CA, Mediavilla MD, Cos S, Gonzalez A, Ramons S, Sanchez-
Barcelo EJ. Melatonin inhibits both ER� activation and breast cancer cell proliferation induced by
a metalloestrogen, cadmium. J Pineal Res 2006; 40:291–96.

77. Beyersmann D, Hechtenberg S. Cadmium, gene regulation, and cellular signaling in mammalian
cells. Toxicol Appl Pharmacol 1997; 144:247–61.

78. Wilson VS, Bobseine K, Gray LE. Development and characterization of a cell line that stably
expresses an estrogen-responsive luciferase reporter for the detection of estrogen receptor agonist
and antagonists. Toxicol Sci 2004; 81:69–77.

79. Beyersmann D. Effects of carcinogenic metals on gene expression. Toxicol Lett 2002; 127:63–8.
80. Ding W, Templeton DM. Activation of parallel mitogen-activated protein kinase cascades and

induction of c-fos by cadmium. Toxicol Appl Pharmacol 2000; 162:93–9.
81. Silva E, Lopez-Espinosa MJ, Molina-Molina JM, Fernandez M, Olea N, Kortenkamp A. Lack of

activity of cadmium in in vitro estrogenicity assays. Toxicol Appl Pharmacol 2006; 216:20–8.
82. Pirkle JL, Kaufmann RB, Brody DJ, Hickman T, Gunter EW. Paschal DC. Exposure of the DCUS

population to lead, 1991-1994. Environ Health Perspect 1998; 106:745–50.
83. Centers for Disease Control (CDC). Death of a child after ingestion of a metallic charm—Minnesota,

2006. MMWR Morb Mortal Wkly Rep 2006; 55:340–1.
84. Canfield RL, Henderson CR, Cory-Slechta DA, Cox C, Jusko TA, Lanphear BP. Intellectual

impairment in children with blood lead concentrations below 10 �g per deciliter. N Engl J Med
2003; 348:1517–26.

85. Selevan SG, Rice DC, Hogan KA, Euling SY, Pfahles-Hutchens A, Bethel J. Blood concentration
and delayed puberty in girls. N Engl J Med 2003; 348:1527–36.

86. Wu T, Buck GM, Mendola P. Blood lead levels and sexual maturation in U.S. girls: the third Nation
Health and Nutrition Examination Survey, 1988-1994. Environ Health Perspect 2003; 111:737–41.

87. Denham M, Schell LM, Deane G, Gallo MV, Ravenscroft J, DeCaprio AP, Akwesasne Task
Force on the Environment. Relationship of lead, mercury, mirex, dichlorodiphenyldichloroethylene,
hexachlorobenzene, and polychlorinated biphenyls to timing of menarche among Akwesasne
Mohawk girls. Pediatrics 2005; 115:e127–34.

88. Kaplowitz PB, Slora EJ, Wasserman RC, Pedlow SE, Herman-Giddens ME. Earlier onset of puberty
in girls: relation to increased body mass index and race. Pediatrics 2001; 108:347–53.

89. Schell LM, Gallo MV, Denham M, Ravenscroft J. Effects of pollution on human growth and
development: an introduction. J Physiol Anthropol 2006; 25:103–2.

90. Ronis MJJ, Badger TM, Shema SJ, Roberson PK, Shaikh F. Effects on pubertal growth and
reproduction in rats exposed to lead perinatally or continuously throughout development. J Toxicol
Environ Health A 1998; 53:327–41.

91. Ronis MJJ, Gandy J, Badger T. Endocrine mechanisms underlying reproductive toxicity in the
developing rat chronically exposed to dietary lead. J Toxicol Environ Health A 1998; 54:77–99.

92. Dearth RK, Hiney JK, Srivastava V, Burdick SB, Bratton GR, Dees WL. Effects of lead (Pb)
exposure during gestation and lactation on female pubertal development in the rat. Reprod Toxicol
2002; 16:343–52.

93. McGivern RF, Sokol RZ, Berman NG. Prenatal lead exposure in the rat during the third week of
gestation: long-term behavioral, physiological and anatomical effects associated with reproduction.
Toxicol Appl Pharmacol 1991; 110:206–15.

94. Pine MD, Hiney JK, Dearth RK, Bratton GR, Dees WL. IGF-1 administration to prepubertal
female rats can overcome delayed puberty caused by maternal Pb exposure. Reprod Toxicol 2006;
21:104–9.

95. Iavicoli I, Carelli G, Stanek EJ, Castellino N, Calabrese EJ. Effects of low doses of dietary lead on
puberty onset in female mice. Reprod Toxicol 2004; 19:35–41.

96. Iavicoli I, Carelli G, Stanek EJ, Castellino N, Li Z, Calabrese EJ. Low doses of dietary lead are
associated with a profound reduction in the time to the onset of puberty in female mice. Reprod
Toxicol 2006; 22:586–90.



Chapter 5 / Heavy Metals as Endocrine-Disrupting Chemicals 131

97. Parent AS, Teilmann G, Juul A, Skakkebaek NE, Toppari J, Bourguignon JP. The timing of normal
puberty and the age limits of sexual precocity: variations around the world, secular trends, and
changes after migration. Endocr Rev 2003; 24:668–93.

98. Foster WG. Reproductive toxicity of chronic lead exposure in the female cynomolgus monkey.
Reprod Toxicol 1992; 6:123–31.

99. Wiebe JP, Barr KJ, Buckingham KD. Effect of prenatal and neonatal exposure to lead on
gonadotropin receptors and steroidogenesis in rat ovaries. J Toxicol Environ Health 1988;
24:461–76.

100. Wide M. Lead exposure on critical days of fetal life affects fertility in the female mouse. Teratology
1985; 32:375–80.

101. Junaid M, Chowdhuri DK, Narayan R, Shanker R, Saxena DK. Lead-induced changes in ovarian
follicular development and maturation in mice. J Toxicol Environ Health 1997; 50:31–40.

102. Taupeau C, Poupon J, Nome F, Lefevre B. Lead accumulation in the mouse ovary after treatment-
induced follicular atresia. Reprod Toxicol 2001; 15:385–91.

103. Taupeau C, Poupon J, Treton D, Brosse A, Richard Y, Machelon V. Lead reduces messenger
RNA and protein levels of cytochrome P450 aromatase and estrogen receptor � in human ovarian
granulosa cells. Biol Reprod 2003; 68:1982–88.

104. Srivastava V, Dearth RK, Hiney JK, Ramirez LM, Bratton GR, Dees WL. The effects of low-level
Pb on steroidogenic acute regulatory protein (StAR) in the prepubertal rat ovary. Toxicol Lett 2004;
77:35–40.

105. Benoff S, Jacob A, Hurley IR. Male infertility and environmental exposure to lead and cadmium.
Human Reprod Update 2000; 6:107–21.

106. Wiebe JP, Salhanick AI, Myer KI. On the mechanism of action of lead in the testis: in vitro
suppression of FSH receptors, cyclic AMP and steroidogenesis. Life Sci 1983; 32:1997–2005.

107. Rodamilans M, Martinez-Osaba J, To-Figueras J, Rivera-Fillat F, Torra M, Perez P, Corbella J.
Inhibition of intratesticular testosterone synthesis by inorganic lead. Toxicol Lett 1988; 42:285–90.

108. Thoreux-Manlay A, Le Goascogne C, Segretain D, Jegou B, Pinon-Lataillade P. Lead affects
steroidogenesis in rat Leydig cells in vivo and in vitro. Toxicology 1995; 103:53–62.

109. Thoreux-Manlay A, Velez de la Calle JF, Olivier MF, Soufir JC, Masse R, Pino-Lataillade G.
Impairment of testicular endocrine function after lead intoxication in the adult rat. Toxicology 1995;
100:101–9.

110. Liu MY, Leu SF, Yang HY, Huang BM. Inhibitory mechanisms of lead on steroidogenesis in
MA-10 mouse Leydig tumor cells. Arch Androl 2003; 49:29–38.

111. James WH. Offspring sex ratios at birth as markers of paternal endocrine disruption. Environ Res
2006; 100:77–85.

112. Dickinson H, Parker L. Do alcohol and lead change the sex ratio. J Theor Biol 1994; 169:313–15.
113. Ansari-Lari M, Saadat M, Hadi N. Influence of GSTT1 null genotype on the offspring sex ratio of

gasoline filling station workers. J Epidemiol Commun Health 2004; 58:393–4.
114. James WH. Further evidence that mammalian sex ratios at birth are partially controlled by parental

hormone levels around the time of conception. Human Reprod 2004; 19:1250–56.
115. Simonsen CR, Roge R, Christiansen U, Larsen T, Bonde JP. Effects of paternal blood levels on

offspring sex ratio. Reprod Toxicol 2006; 22:3–4.
116. Clarkson TW. The three modern faces of mercury. Environ Health Perspect 2002; 110(Suppl

1):11–23.
117. Nierenberg DW, Nordgren RE, Chang MB, Siegler RW, Blayney MB, Hochberg F, Toribara

TY, Cernichiari E, Clarkson T. Delayed cerebellar disease and death after accidental exposure to
dimethylmercury. N Engl J Med 1998; 338:1672–6.

118. Mottet NK, Shaw CM, Burbacher TM. Health risks from increases in methylmercury exposure.
Environ Health Perspect 1985; 63:133–40.

119. Clarkson TW, Magos L, Myers GJ. The toxicology of mercury – current exposures and clinical
manifestations. N Engl J Med 2003; 349:1731–7.

120. De Rosis F, Anastasio SP, Selvaggi L, Beltrame A, Moriani G. Female reproductive health in two
lamp factories: effects of exposure to inorganic mercury vapour and stress factors. Br J Ind Med
1985; 42:488–94.

121. Sikorski R, Juszkiewicz T, Paszkowski T, Szprengier-Juszkiewcz T. Women in dental surgeries:
reproductive hazards in occupational exposure to metallic mercury. Int Arch Occup Environ Health
1987; 59:551–7.



132 Part I / The Basic Biology of Endocrine Disruption

122. Rowland AS, Baird DD, Weinberg CR, Shore DL, Shy CM, Wilcox AJ. The effect of occupational
exposure to mercury vapour on the fertility of female dental assistants. Occup Environ Med 1994;
51:28–34.

123. Schuurs AHB. Reproductive toxicology of occupational mercury. A review of the literature. J Dent
1999; 27:249–56.

124. Lamperti AA, Printz RH. Effects of mercuric chloride on the reproductive cycle of the female
hamster. Biol Reprod 1973; 8:378–87.

125. Davis BJ, Price HC, O’Connor RW, Fernando R, Rowland AS, Morgan DL. Mercury vapor and
female reproductive toxicology. Toxicol Sci 2001; 59:291–6.

126. Facemire CF, Gross TS, Guillette LJ Jr. Reproductive impairment in the Florida panther: nature or
nurture. Environ Health Perspect 1995; 103(Suppl 4):79–86.

127. Mansfield KG, Land ED. Cryptorchidism in Florida panthers: prevalence, features, and influence
of genetic restoration. J Wildl Dis 2002; 38:693–98.

128. Newman J, Zillioux E, Rich E, Liang L, Newman C. Historical and other patterns of monomethyl
and inorganic mercury in the Florida panther (Puma concolor coryi). Arch Environ Contam Toxicol
2004; 48:75–80.

129. Vachhrajani KD, Chowdhury AR. Distribution of mercury and evaluation of testicular steroidoge-
nesis in mercuric chloride and methylmercury administered rats. Indian J Exp Biol 1990; 28:746–51.

130. Nagar RN, Bhattacharya L. Effect of mercuric chloride on testicular activities in mice, Musculus
albinus. J Environ Biol 2001; 22:15–8.

131. Ramalingam V, Vimaladevi V, Rajeswary S, Suryavathi V. Effect of mercuric chloride on circu-
lating hormones in adult albino rats. J Environ Biol 2003; 24:401–4.

132. Rao MV, Sharma PSN. Protective effect of vitamin E against mercuric chloride reproductive
toxicity in male mice. Reprod Toxicol 2001; 15:705–12.

133. Tong MH, Christenson LK, Song WC. Aberrant cholesterol transport and impaired steroidogenesis
in Leydig cells lacking estrogen sulfotransferase. Endocrinology 2004; 145:2487–97.

134. Sukocheva OA, Yang Y, Gierthy JF, Seegal RF. Methyl mercury influences growth-related signaling
in MCF-7 breast cancer cells. Environ Toxicol 2005; 20:32–44.

135. Gierthy JF, Lincoln DW, Roth KE, Bowser SS, Bennett JA, Bradley L, Dickerman HW. Estrogen-
stimulation of postconfluent cell accumulation and foci formation of human MCF-7 breast cancer
cells. J Cell Biochem 1991; 45:177–87.

136. Li X, Zhang S, Safe S. Activation of kinase pathways in MCF-7 cells by 17�-estradiol and
structurally diverse estrogenic compounds. J Steroid Biochem Mol Biol 2006; 98:122–32.

137. Brugge D, Goble R. The history of uranium mining and the Navajo people. Am J Public Health
2002; 92:1410–9.

138. Brugge D, de Lemos JI, Oldmixon B. Exposure pathways and health effects associated with chemical
and radiological toxicity of natural uranium: a review. Rev Environ Health 2005; 20:177–93.

139. Goldman M, Yaari A, Doshnitzki Z, Cohen-Luria R, Moran A. Nephrotoxicity of uranyl acetate:
effect on rat kidney brush border membrane vesicles. Arch Toxicol 2006; 80:387–93.

140. Orloff KG, Mistry K, Charp P, Metcalf S, Marino R, Shelly T, Melaro E, Donohoe AM, Jones RL.
Human exposure to uranium in groundwater. Environ Res 2004; 94:319–26.

141. Maynard E, Dodge H. Studies of the toxicity of various uranium compounds when fed to experi-
mental animals. In: Voeglen C, ed. Pharmacology and Toxicology of Uranium Compounds, New
York: McGraw-Hill, 1949:309–76.

142. Arfsten DP, Still KR, Ritchie GD. A review of the effects of uranium and depleted uranium
exposure on reproduction and fetal development. Toxicol Ind Health 2001; 17:180–91.

143. Domingo JL. Reproductive and developmental toxicity of natural and depleted uranium: a review.
Reprod Toxicol 2001; 15:603–9.

144. Maconochie N, Doyle P, Carson C. Infertility among male UK veterans of the 1990-1 Gulf war:
reproductive cohort study. BMJ 2004; 329:196–201.

145. Doyle P, Maconochie N, Davies G, Maconochie I, Pelerin M, Prior S, Lewis S. Miscarriage,
stillbirth and congenital malformation in the offspring of UK veterans of the first Gulf war. Int J
Epidemiol 2004; 33:74–86.

146. McDiarmid MA, Engelhardt S, Oliver M, Guccer P, Wilson PD, Kane R, Kabat M, Kaup B,
Anderson L, Hoover D, Brown L, Handwerger B, Albertini RJ, Jacobson-Kram D, Thorne CD,
Squibb KS. Health effects of depleted uranium on exposed Gulf war veterans: a 10-year follow-up.
J Toxicol Environ Health A 2004; 67:277–96.



Chapter 5 / Heavy Metals as Endocrine-Disrupting Chemicals 133

147. McDiarmid MA, Keogh JP, Hooper FJ, McPhaul K, Squibb K, Kane R, DiPino R, Kabat M, Kaup
B, Anderson L, Hoover D, Brown L, Hamilton M, Jacobson-Kram D, Burrows B, Walsh M. Health
effects of depleted uranium on exposed Gulf war veterans. Environ Res 2000; 82:168–80.

148. McDiarmid MA, Squibb K, Engelhardt S, Oliver M, Gucer P, Wilson PD, Kane R, Kabat M, Kaup
B, Anderson L, Hoover D, Brown L, Jacobson-Kram D. Depleted uranium follow-up program. J
Occup Environ Med 2001; 43:991–1000.

149. Muller C, Ruzicka L, Bakstein J. The sex ratio in the offsprings of uranium miners. Acta Univ
Carol Med 1967; 13:599–603.

150. Domingo JL, Paternain JL, Llobet JM, Corbella J. The developmental toxicity of uranium in mice.
Toxicology 1989; 55:143–52.

151. Hindin R, Brugge D, Panikkar B. Teratogenicity of depleted uranium aerosols: a review from an
epidemiological perspective. Environ Health 2005; 4:17.

152. Shields LM, Wiese WH, Skipper BJ, Charley B, Benally L. Navajo birth outcomes in the Shiprock
uranium mining area. Health Phys 1992; 63:542–1.

153. Whish SR, Mayer LP, Robinson ZD, Layton TM, Hoyer PB, Dyer CA. Uranium is an estrogen
mimic and causes changes in female mouse reproductive tissues. The Endocrine Society 87th
Annual Meeting 2005; Abstract P2-261.

154. Getz JE, Sellers M, Whish SR, Dyer CA. Uranium mimics the effects of 17�-estradiol, mediating
rapid cell surface morphological changes in MCF-7 human breast cancer cells. Society for the Study
of Reproduction 38th Annual Meeting 2005; Abstract 64.

155. Clode SA. Assessment of in vivo assays for endocrine disruption. Best Pract Res Clin Endocrinol
Metab 2006; 20:35–43.

156. Gordon MN, Osterburg HH, May PC, Finch CE. Effective oral administration of 17�-estradiol to
female C57BL/6J mice through the drinking water. Biol Reprod 1986; 35:1088–95.

157. Zhang D, Trudeau VL. Integration of membrane and nuclear estrogen receptor signaling. Comp
Biochem Physiol A Mol Integr Physiol 2006; 144:306–15.

158. Song RX, McPherson RA, Adam L, Bao Y, Shupnik M, Kumar R, Santen RJ. Linkage of rapid
estrogen action to MAPK activation by ERalpha-Shc association and Shc pathway activation. Mol
Endocrinol 2002; 16:116–27.

159. Lin RH, Wu LJ, Lee CH, Lin-Shiau SY. Cytogenetic toxicity of uranyl nitrate in Chinese hamster
ovary cells. Mutat Res 1993; 319:197–203.

160. Stearns DM, Yazzie M, Bradley AS, Coryell VH, Shelley JT, Ashby A, Asplund CS, Lantz RC.
Uranyl acetate induces hprt mutations and uranium-DNA adducts in Chinese hamster ovary EM9
cells. Mutagenesis 2005; 20:417–23.

161. Tabb MM, Blumberg B. New modes of action for endocrine-disrupting chemicals. Mol Endocrinol
2006; 20:475–82.



6 Cellular Mechanisms of Endocrine
Disruption
Traditional and Novel Actions

Stuart R. Adler, MD, PHD

CONTENTS

1 Endocrine Disruption as a Health Issue

2 Which Hormones Can be Mimicked or Disrupted

by EDCs?

3 Nuclear Gene Regulation Through ERS

4 Evaluating Candidate EDCs

5 Non-Traditional and Novel Actions

of Estrogens and EDCS

6 Epigenetic Effects of Estrogens Through

Histone Acetylation State

7 Conclusions: Traditional and Novel Actions

of EDCs and Other Non-Steroidal Estrogens

1. ENDOCRINE DISRUPTION AS A HEALTH ISSUE

It is now well recognized that chemicals and compounds used in our industrialized
society may act as endocrine disrupters; yet, the implications on human health and
the health of wildlife remain unclear and controversial. Perhaps, the first recognized
possible effects of these compounds were their potential to act on reproductive and
developmental pathways. Indeed, in the laboratory, many compounds such as deter-
gents, insecticides, plasticizers, and dioxins can be classified as weak estrogens and as
potential endocrine disrupters. Specific determination of the human health implications
of these environmental estrogens are still being defined and are extremely controversial,
and have been for over a decade (1,2). Rises in the rate of birth defects, including
cryptorchidism and hypospadias (3), decreased sperm counts (4), breast cancer (5,6),
as well as neurological defects (7–10) all have been proposed and investigated for
relationships to exposures to chemical estrogens and to endocrine disrupters acting
through other endocrine systems.
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Contributing to this persistent controversy is a paucity of information on the specific
biological effects of chemicals alone or in combinations likely to be encountered from
environmental exposures. Three major arguments originally raised 10 years ago still
remain active areas of concern (2); although, with the passage of time and increasing
evidence from research, some progress has been made in addressing these issues.
The first concern has been whether the impact of estrogenic endocrine disrupters on
human health may have been overstated because many of these compounds bind to
estrogen receptor (ER) only weakly. Second, humans may exhibit less sensitivity to
these compounds than other species. The final concern is whether certain compounds
may act as anti-estrogens and balance the effects of other compounds acting as estrogen
agonists (2). Additional issues that have been raised more recently include, on the one
hand, the possibility of potential favorable adaptations to compensate for and mitigate
the effects of endocrine disrupter compounds and, on the other hand, persistent and
transgenerational effects continuing in the absence of ongoing exposure to endocrine
disrupters (11–14). All these considerations have important implications in the process
of risk assessment for exposures to these “environmental estrogens.” All of these
concerns can be addressed by careful in vitro and in vivo studies that consider the
biological mechanisms through which these agents affect human biology and appro-
priate comparisons to the biology of wildlife and laboratory animals.

2. WHICH HORMONES CAN BE MIMICKED OR DISRUPTED
BY EDCS?

Although much of the initial concern regarding endocrine-disrupting chemicals
(EDCs) focused on environmental estrogens, other hormonal systems are also suscep-
tible to disruption. Androgens, through agonist or antagonist interactions with the
androgen receptor, notably through metabolites of DDT (15) or phthalates (4,16),
or through metabolic effects on hormone synthesis (17) or metabolism, including
aromatase (18,19), also can be targets for endocrine disruption. Thyroid hormone can
also be considered as a target for endocrine disruption (10). Recently, the peroxisome
proliferator activator receptor (PPAR)/retinoid X receptor (RXR) system has also been
identified as a target for disruption through organotin agents that are used as marine-
defouling agents (20,21).

2.1. Environmental Estrogens and Endocrine Disruption
For the remainder of this chapter, the focus will be on environmental estrogens and

disruption of estrogenic pathways. The spectrum of chemical compounds to which
we may be exposed is broad. These chemicals, including organochlorine pesticides,
polychlorinated biphenyls, alkyl phenols, dibenzo-p-dioxins, and dibenzofurans—
although structurally unrelated to estradiol, are linked by their potential to influence
estrogenic pathways. Furthermore, these chemicals can be widespread, long lasting,
and accumulate in adipose tissue in our food chain and ultimately in humans (7). The
potential of many of these chemicals to persist in the environment and in bodies of
women long after exposure, coupled with possible epigenetic effects lasting generations
even in the absence of continued exposure are particularly threatening.



Chapter 6 / Cellular Mechanisms of Endocrine Disruption 137

2.1.1. Estrogen Action in Health and Disease

The functions of estrogens in cellular metabolism and signaling have been
increasingly expanded beyond the now classical and conventional functions mediated
by a nuclear receptor and identified through molecular biology as ER�. Not only are
we now aware of the ER� (22–27), but it is now generally accepted that ERs have,
in addition to gene activation effects, effects on gene repression (28), and effects
through non-genomic mechanisms mediated by membrane ERs (29–31), the possible
participation of G-coupled receptors (32–34), an increasing understanding of roles for
ERs in the mitochondria (29,35,36), and distinct metabolic pathways with the potential
to affect the cellular status through oxidative metabolites (37). Each one of these
identified roles for the natural hormone estradiol and its metabolites or derivatives is
a potential target for chemicals that act as mimics, antagonists, or affect the metabolic
pathways by increasing or decreasing steady-state levels of the receptors themselves.
Compounds may also induce enzymes that accelerate the metabolism of estradiol. This
type of activity has been reported for dioxins (38,39). A review of all of these functions
is beyond the intended scope of this review. The remainder of the chapter will focus
on actions of the two nuclear receptors, ER� and ER�, and the genomic or nuclear
activities that may be subject to disruption by EDCs.

3. NUCLEAR GENE REGULATION THROUGH ERS

The ERs (� and �) and the other steroid hormone receptors are part of a superfamily
of nuclear transcription factors (40). These intracellular receptors are the targets for a
variety of systemic hormones that regulate a multitude of bodily functions including
male and female sexual development, reproductive and daily cycles, maintenance
of metabolic homeostasis, the physiologic responses to stress, fluid and electrolyte
regulation, and maintenance of bone density (41). These intracellular receptors directly
participate in the cellular response to hormones, altering nuclear gene expression (40).
Our basic concept of the classical ER, ER�, as a transcription factor is well established
and well reviewed (40). Most of our knowledge of ER� function is based on the ability
of ligand-activated ER to increase the transcription of target genes in target tissues (40).
The basic model of positive gene regulation is shared by all the steroid hormone
receptors (40). Although there is only limited data available on the physiology of ER�,
this receptor has been shown to activate gene expression in transfection assays using
reporter genes containing a classical estrogen response elements (EREs) as determined
from studies of ER� (23–25).

Alternatively, steroid hormones and their receptors can decrease specific gene
transcription (28). This negative form of regulation may be equally important in under-
standing hormone action; yet, gene repression has been less well characterized (28).
Several possible mechanisms have been proposed to explain how genes may be
reversibly negatively regulated by steroid hormone receptors, as well as by other
factors (28). The molecular details of these mechanisms differ significantly from
positive regulation (28). It is apparent that interaction with other transcription factors
plays a dominant role in negative regulation and that target genes do not require the
classic ERE-binding sites (40,42). It is likely that these dissimilar mechanisms of gene
regulation require participation of different receptor domains, features, or structures.
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A third form of regulation, termed composite regulation, involves interactions
between activated steroid receptor and members of the AP-1 complex, Fos and
Jun (43–48). Composite regulation can result in either gene activation or gene
repression (43). Although many details and potential interactions make this type of
regulation difficult to study, at least one simple model system has been developed for
examining composite regulation by AP-1 and ER (49). Two types of regulatory effects
were studies using model AP-1 and ERE reporter genes (49). Tamoxifen had profound
stimulatory effects on an AP-1-containing promoter in cell lines of uterine (Ishikawa)
but not breast (MCF-7 or ZR75) origin (49). This interaction required both ER and
Jun, and was independent of an ERE-binding site (49). This is in contrast to ERE-
containing reporters, which were activated by estradiol (E2), but not by tamoxifen (49).
This functional linkage of ER to AP-1 provides a potential mechanism for estrogenic
growth stimulation. Furthermore, the cell-type-specific effects of tamoxifen on model
AP-1 reporters is similar to the cell-type-specific effects of tamoxifen on growth, that
is growth stimulation in uterus, but growth repression in breast.

It is not clear how negative, positive, and composite regulation together participate
in the complex cellular functions we associate with the actions of estrogens, such as
differentiation, organ development, and growth. Although changes in gene expression
must certainly participate in these complex responses, these changes likely include
negative regulation of cellular gene inhibitors, (50,51) as well as increased expression
of cellular gene activators.

3.1. Ligands can Selectively Influence Receptor Regulatory Competence
Surprisingly, ligand can play a selective role in distinguishing the competence of

ERs to function in different mechanisms of gene regulation. If this were not the case,
all ligands would perform the same functions, which has certainly not been observed.
In humans, ER� is encoded by a unique, single-copy gene (52), and all functions of
ER�, therefore, are derived from the same gene. The ER� protein itself contains two
activation domains, an N-terminal gene activation domain (AF-1, formerly TAF-1) and
a C-terminal domain (AF-2, formerly TAF-2) (53,54).

Studies have demonstrated that both AF-1 and AF-2 can participate in E2-dependent
gene activation functions of ER� (53,55). However, there is both cell-type speci-
ficity and promoter specificity (53,55). Hydroxytamoxifen has been shown to allow
gene activation—that is to act as an agonist—for genes activated by the AF-1
functional domain of ER�, but not AF-2 (56). Promoters that require the AF-2
function for gene activation were not activated, and the effects of E2 were blocked
by hydroxytamoxifen (56). This was not observed with ER� (22). In contrast to this
selective activity of tamoxifen, ICI 164,384, a pure antagonist compound, was not
competent as a ligand for gene activation by ER from any promoter and always blocked
the actions of E2 (56).

Work in my laboratory has demonstrated that tamoxifen can act either as an agonist
or an antagonist depending on the molecular function of ER� (57). This was demon-
strated for specific transcriptional effects on two distinct target genes (57). These differ-
ential activities cannot be explained by the presence of different tamoxifen metabolites,
or cell-type or species differences (57). Squelching and non-receptor-mediated effects
were also excluded as possible mechanisms (57). Similar results with clomiphene
also indicate that these results are not exclusive to tamoxifen (57). Rather, different
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functional activities and conformational requirements distinguish positive and negative
regulation by the ER. Our data show tamoxifen has gene-specific effects acting as
either an agonist or an antagonist, depending on the molecular mechanism and the
corresponding functional requirements for activated receptor (57). Work from other
investigators also illustrates differential effects comparing gene activation on an ERE
compared to composite regulation by ERs on an AP-1 site (58). It thus is important
to evaluate the activity of potential estrogenic EDCs using a variety of assays that
illustrate a range of mechanisms used by ER for gene regulation.

All these data are important because they support the notion that individual ligands
for ER do not exhibit the same effects (59). Responses may differ in various target
tissues and for different functional roles that ER may play. Certainly, one must also
consider whether compounds may exhibit different activities when evaluated using
ER� versus ER�. This is apparently the case for hydroxytamoxifen, which acts as an
agonist with ER� in Cos-1 cells but does not with ER� (25). Evaluation of chemicals
for biological effects must therefore consider regulation of more than just one “model”
gene, and must take into account different mechanisms of gene regulation, as well as
the distinct effects through ER� and ER�.

3.2. What do we Know About ER�

It has now been over a decade since a new form of ER, ER� has been identified
(22–27) and first raised the possibility that phytoestrogens and environmental estrogens
may also influence human health by effects on pathways regulated by this form of
the nuclear receptor. Clones for ER� have been isolated from mice, rats, and humans,
indicating that ER� is evolutionarily conserved. The DNA-binding domain of ER� is
highly similar to that of ER�, and the same ERE identified for ER� will also serve
to bind ER� and to confer regulation by ER�. In contrast to the high similarity of
DNA-binding domains, other parts and domains of the two ERs are not as similar.
This suggests a potential for different ligand specificities and different regulatory
roles or effects, including different interactions with coregulators. Competitive binding
studies on expressed ER� indicate a slightly higher affinity for the soy isoflavone and
phytoestrogen, genistein, than observed with ER� (27,60), and efforts in many labora-
tories are directed toward identifying compounds exhibiting markedly selective activity
as ligands and defining distinct biological roles for each receptor subtype (61–66).
Interestingly, a natural compound has recently been proposed to be an ER� specific
ligand (67) that may activate prostatic ER� and play role in preventing progression to
prostate cancer (68). Also, ER� and ER� exhibit different effects with non-steroidal
ligands (e.g., raloxifene) in some mechanisms of gene regulation (22,58). Expression
of ER� mRNA has been reported in the testis, ovary, prostate, and brain (69,70).
This pattern suggests potential roles for ER� in both male and female reproduction
and development, as well as in central neuroendocrine regulation. While initial reports
indicated that ER� is not expressed in breast, more recent studies indicate ER� can be
found in breast (71–73).

Recently, several accessory factors and/or co-regulators that interact with members
of the nuclear receptor family have been identified (74,75). Some of these cellular
factors participate with activated ER� in mediating its transcriptional effects (74,75).
The interaction between ER� and these factors can be ligand dependent, as successful
association is observed in the presence of estradiol but not with antagonists (74,75).
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These data extend our molecular understanding of how estrogens and the ER work.
Because these interactions distinguish agonists from antagonists, they can provide
a novel molecular test for estrogenic ligands. The limited information available for
interaction of ER� with cellular coregulators shows that, like ER�, ER� associates
with steroid receptor co-activator (SRC)-1 and that SRC-1 enhances the transcriptional
activation observed with ER� (25). As with ER�, this association is ligand dependent
and is not observed with the antagonists hydroxytamoxifen and ICI 182,780 (25).
However, there may be distinct differences in the interactions between coregulators
and the ERs beyond the p160 family. TRAP220 is reported to preferentially interact
with ER� (76). This selectivity of coregulators could therefore contribute to cell-type
and receptor specificity of responses, not only for E2 but possibly to environmental
estrogens and to dietary phytoestrogens as well.

3.3. Additional Mechanistic Considerations for Endocrine Disrupters
Key to a mechanistic evaluation of environmental estrogens is an understanding of

how non-steroidal compounds, such as environmental estrogens, can mediate estrogenic
biological effects. In addition to actions through ERs, including agonist, antagonist,
and mixed types of activities, actions based on other activities also must be considered.

One possibility is that alternative “estrogenic receptors” may exist and mediate
parallel pathways of estrogenic regulation. Evaluation of this hypothesis could certainly
include analyses of the orphan receptors called ER-related receptors (ERRs), ERR1
and ERR2, members of the steroid hormone receptor superfamily isolated based on a
marked sequence similarity to the ER (77). One might also consider actions through
weaker estradiol-binding sites or the so-called anti-estrogen triphenyl-ethylene-binding
sites classically identified by tamoxifen binding.

It has been suggested that certain compounds that can act as ligands for ER also
function through non-receptor-mediated pathways. Effects of tamoxifen on calmodulin
regulation have been invoked to explain some of the actions of tamoxifen, and the
interaction with calmodulin is not ER mediated (78). Tamoxifen has also been shown
to inhibit protein kinase C directly through non-ER mechanisms (79,80). It is therefore
conceivable that some compounds could exert apparent estrogenic growth effects by
interacting directly with other cellular factors. This could occur downstream from ER in
an estrogenic regulatory cascade in the target cells, perhaps by direct interactions with
proteins, with which activated ER interacts. Alternatively, growth-promoting targets
might participate in completely different regulatory pathways.

Another attractive hypothesis is that a biotransformation takes place in vivo that
converts the endocrine disrupters from inactive compounds to active, ER-binding
estrogens. It is worthwhile to note that biotransformation has been described for
tamoxifen (81). 4-OH-tamoxifen, a metabolite of tamoxifen, can be isolated from
animals and humans treated with tamoxifen (81). 4-OH-tamoxifen is also a potent
anti-estrogen, with an even higher affinity for ER than for its parent compound (81).
For tamoxifen, it is not known whether this conversion takes place in the target cells
or only in the liver or other distinct organs in the intact animal (81). It is worth
noting that MCF-7 human breast cells are competent to hydroxylate, methylate, and
conjugate estradiol, and that some chemicals, such as dioxins, can alter the level
of these metabolic activities (38,39). There are many EDCs that are metabolically
converted to active agents, including ethylene glycol monomethyl ester (EGME) (82)
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and methoxychlor (83). If a biotransformation is required for activity, the catalytic
enzymes required for the activation of the compounds may be ubiquitous or the
activated compounds may be available systemically. Alternatively, if these transforming
enzymes are limited in cell-type distribution, the effects of compounds may be cell-type
specific, observed primarily in target cells defined by their capacity to metabolically
activate these compounds. Such a cell-type specificity has an added difficulty in terms
of risk assessment and health implications as it is not only difficult to determine the
identity of the final active compound but it may also be difficult to identify the effects
of the parent compound in screening tests.

4. EVALUATING CANDIDATE EDCS

Many compounds have been identified as potential EDCs. Evaluation of several of
these compounds will be presented to illustrate the range of actions these compounds
exhibit in conventional activities of estrogenic gene regulation. These compounds
include

1. Bisphenol A (84,85), used as a component in many resins and polycarbonate plastics.
These have uses in the food industry in canned foods and plastic containers, and in
dentistry in plastic fillings and as a coating on teeth.

2. p-Nonyl phenol, (86–89) an alkylphenol detergent used not only as a cleaning agent
but also in a variety of processes as a dispersant, and in plastics as a stabilizer.

3. Diethylhexylphthalate and dipentyl phthalate, plasticizers used to make plastics more
flexible. Both are found in the food industry as a part of foil/plastic heat seal caps (90).

4. Pesticides including lindane, (91) as well as chlordane, dieldrin, and p� p′-dichloro-
diphenyldichloroethene (DDE) a metabolite of DDT.

4.1. Testing Compounds for Specific Binding to Human ER
One mechanism by which a compound may directly affect estrogenic pathways

as an endocrine disrupter, whether as an agonist or an antagonist, is by binding to
ER. Previously used methods for determining binding to ER rely on competition with
radioactive or fluorescent ligands. While these approaches have been useful, certain
compounds may not be accurately assayed using these techniques. This may apply if
their affinity is much less than that of estradiol or if the kinetics of their binding differ
from that of estradiol. In these cases, a direct binding assay might be more useful.
Direct binding assays have their own problems, particularly if the ligand must be
modified, by making either radioactive or fluorescent derivatives, as these derivatives
may differ in binding affinity from the parent compound. Also, binding assays require
a preparation of ER. Many assays use animal uteri as a source of ER or use tissue
culture cells as a source of ER. For translation of assay results to humans, a source
of human ER is desirable, as the effects of non-steroidal endocrine disrupters may be
species specific.

Our studies have applied an assay for measuring the direct binding of a potential
chemical ligand to ERs. This assay does not rely on competition with E2. It does not
require chemical modifications of compounds, processes that may alter their affinity
for receptor. It also does not require radioactive labeling which may be costly or also
require chemical modifications. The assay uses in vitro translated ERs as a readily
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available source of human ERs. The use of human receptors represents an advantage
over the use of tissues from other species for studies of effects in humans.

The assay is a ligand-dependent electromobility-gel shift assay (92–96), and it is
performed using in vitro translated ERs prepared in reticulocyte lysates (92,95,96).
Translated ER is readily inactivated by a heat treatment in the absence of ligand. In
contrast, ligand, whether E2, tamoxifen, or even ICI 164,384, stabilizes the receptor,
allowing it to bind to an endlabeled duplex ERE oligonucleotide in a subsequent
binding reaction (92–96). Active, DNA-bound receptor is resolved on a low percentage
polyacrylamide gel, and the fraction of oligonucleotide shifted in the gel, quantitated by
PhosphorImager analysis, reflects the amount of translated ER that has bound ligand.

We have used this assay on a variety of compounds, including known ligands and
compounds with previously unknown binding properties. Experiments have included
RU486, the progesterone receptor/glucocorticoid receptor antagonist, as well as dexam-
ethasone and progesterone, steroidal compounds that are not ligands for ER. Known
estrogens included clomiphene, nafoxidene, diethylstilbestrol, and estradiol. In all
cases, ligands—whether agonists or antagonists—show activity, and non-ligands do
not (data not shown). Even RU486, which is ordinarily not considered a ligand for
ER, scores as a ligand. This, however, only serves to validate the assay further,
because RU486 does have estrogenic effects and RU486 can interact with ER (97).
Our results indicate that this assay is concentration dependent for ligands and that it
displays the appropriate specificity. We have demonstrated binding for both agonists
and antagonists, and also have shown that compounds that do not bind to ER, including
dexamethasone and progesterone, do not score in this assay (data not shown).

Figure 1 shows the results obtained for two environmental estrogens, p-nonyl phenol,
and bisphenol A. Similar assays were performed with dioctyl phthalate and lindane.
We detected no binding to ER� by lindane and dioctyl phthalate (not shown). Both
p-nonyl phenol and bisphenol A bound to the ER with relative binding affinities
of approximately 1/300 that of estradiol. Bisphenol A achieved binding comparable
to estradiol, but required high concentrations to achieve complete binding. p-Nonyl
phenol was not able to achieve full binding, achieving only 60 % of full binding. The
reason for this is not known. Some previous studies of p-nonyl phenol have also shown
less than full estrogenic activity for p-nonyl phenol even at high concentrations. Our
results, therefore, may either reflect a limitation of our binding assay or, perhaps, a
limitation in the ability of p-nonyl phenol to interact with ER�.

4.2. Testing Compounds for Transcriptional Regulation of Specific
Estrogen-Regulated Model Reporter Genes

Compounds may differ in their ability to activate ER to perform the different
mechanisms of gene regulation. Therefore functional analysis of each compound must
consider testing for activity in gene regulation for distinct mechanisms and for the
possibility of agonist and antagonist activity.

4.2.1. Estrogenic Positive Regulation

Transient co-transfection assays for studies of positive gene regulation by steroid
hormone receptors are widely used and well established. We have previously used
this type of assay for structure-function studies of the human ER (54) to investigate
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Fig. 1. Relative binding of environmental estrogens. Dose–response profiles for direct binding
to human estrogen receptor � were obtained using a modified gel shift assay (section 4.1). No
direct binding was detected for dioctyl phthalate and lindane (not shown). Results are included for
estradiol. Relative binding affinity can be estimated from these data as approximately 2.5 × 10−3 M
for p-nonyl phenol and approximately 5 × 10−4 M for bisphenol A.

estrogenic activity of RU486 (97) and tamoxifen (57), and for studies of the unusual
estrogens, the doisynolic acids (95,96,98). Similar assays have been used in the field of
environmental endocrine disrupters to analyze effects of DDT metabolites as androgen
antagonists (15). All assays are performed under estrogen-free conditions by using
phenol red-free media and charcoal-stripped sera (42,54,98).

Figure 2 shows the results of gene activation assays in HeLa cells for each of a
panel of four environmental estrogens: p-nonyl phenol, bisphenol A, dioctyl phthalate,
and lindane. Whereas p-nonyl phenol and bisphenol A are competent to mediate gene
activation of an ERE-containing reporter gene with activities comparable to E2, dioctyl
phthalate and lindane are minimally active, if at all.

For each compound, dose–response profiles were determined using a range of
concentrations in these assays (Fig. 3). These dose–response profiles show that despite
lower potency, p-nonyl phenol and bisphenol A are capable of full activity in assays
of gene activation. Only slight activation by lindane and dioctyl phthalate is seen at
the highest concentrations.

4.2.1.1. Activity Dependence on ER. Two types of experiments were performed to
demonstrate the ER-dependence of activation by the environmental estrogens. First, the
activities of the compounds were tested in the presence of competing concentrations
of ICI 164,384 (Fig. 2, hatched bars). The steroidal estrogen antagonist ICI 164,384
has been shown to act as an antagonist for ER�, as well as ER� for conventional gene
activation, as demonstrated by its effects with 17�-estradiol in this assay. Antagonism



144 Part I / The Basic Biology of Endocrine Disruption

Fig. 2. Environmental compounds act as agonists for estrogenic gene activation. For gene activation,
hela cells were cotransfected with VIT2P36L reporter plasmid plus RSV HEG0 for expression
of estrogen receptor � (ER�), or RSV Neo, as a control. Concentrations for each compound
were added as indicated. Light units are expressed as folds relative to the activity observed with
expressed estrogen receptor (ER) in the absence of added compounds set to 1. Data are the mean
and SEM from three experiments. Open bars, activity of each compound with expressed neomycin
phosphotransferase II (Neo) control; filled bars, activity of each compound with expressed ER�;
hatched bars, activity of each compound with expressed ER� in the presence of 100 nm ICI 164,384.
None, no compound added; E2, estradiol at 3 × 10−10 M; p-nonyl phenol, 1 × 10−5 M; bisphenol A,
1 × 10−5 M; dioctyl phthalate, 1 × 10−5 M; lindane, 1 × 10−5 M.

of their activity by ICI 164,384 is one additional way to determine a receptor-dependent
mechanism and may suggest interaction of the compound at the receptor ligand-binding
site. As shown, ICI 164,384 blocks the specific gene activation effect of p-nonyl phenol
and bisphenol A. This indicates that ER participates in the observed gene activation.

Second, we used an expression vector for neomycin phosphotransferase II (Neo),
rather than ER�, to demonstrate the requirement for ER (Fig. 2, empty bars). In the
absence of expressed ER, when the control gene Neo is expressed instead, neither
estradiol nor the environmental estrogens can effectively activate the target gene. This
type of experiment also demonstrates that gene activation of this ERE-containing model
reporter gene by the environmental compounds requires functional ER.

Compounds showing only weak or no activity as agonists, or exhibiting atypical
dose–response profiles, can be tested for antagonist activity. Each compound can be
tested alone and in the presence of a concentration of estradiol that activates gene
expression, typically 3×10−10 M. Controls of no hormone, estradiol alone, ICI 164,384
(an antagonist), and ICI 164,384 plus estradiol, are appropriately included. Typically,
a single high concentration of each compound is tested and several independent exper-
iments are combined. These experiments to determine whether the compounds have
antagonist activity were performed with dioctyl phthalate and lindane (Fig. 4). The
activity of estradiol was not affected by the presence of either compound; thus, neither
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Fig. 3. Gene activation dose–response profiles for the environmental estrogens. For gene activation,
hela cells were cotransfected with VIT2P36L reporter plasmid plus RSV HEG0 for expression of
estrogen receptor � (ER�). Concentrations for each compound were added as indicated. Light units
are expressed relative to the maximal activation achieved with estradiol (100 %) and represent the
means from several experiments. [Filled box], p-nonyl phenol (n = 3); [empty circle], bisphenol A
(n = 3); [filled circle], dioctyl phthalate (n = 3); [triangle], lindane (n = 3); [empty box], estradiol
(n = 8). Effective concentrations for half-maximal gene activation can be estimated from these data
as approximately 1 × 10−7 M for p-nonyl phenol and approximately 3 × 10−7 M for bisphenol A.
Only slight activity at high concentrations was detected for dioctyl phthalate and lindane.

compound showed antagonist activity. In contrast, ICI 164,384, a known antagonist
clearly, shows a reduction in estradiol-mediated gene activation.

4.2.1.2. Cell-Type- or Species-Specific Effects. Some non-steroidal compounds
have exhibited differing potencies or activities that are species-dependent or cell-
type-dependent. We have recently investigated this type of activity difference for a
model doisynolic acid derivative, (±)-Z-bisdehydrodoisynolic acid 3-methyl ether (95).
Limited clinical experience with (±)-Z-bisdehydrodoisynolic acid 3-methyl ether
suggested that the estrogenic activity of this compound differs between humans and
other species (100). This type of differing activity is a concern in evaluating environ-
mental estrogens, as it is not clear that effects in animals and wildlife necessarily will
be indicative of health effects in humans (2). Our evaluation of this compound used the
same reporter gene for positive transcriptional regulation but used several different cell
types. Hela human cervical carcinoma cells, MDA MB 231 human breast carcinoma
cells, and CV-1 monkey kidney cells are widely used as model systems for studying
gene regulation by nuclear receptors. They express no detectable endogenous ER�
or ER�. For these assays, the human ER� expression vector, RSV HEG0 (97,101),



146 Part I / The Basic Biology of Endocrine Disruption

Fig. 4. Environmental compounds do not act as antagonists for estrogenic gene activation. Hela
cells were cotransfected with VIT2P36L reporter plasmid plus RSV HEG0 for expression of estrogen
receptor � (ER�). Concentrations for each compound were added as indicated. Light units are
expressed as folds relative to the activity observed with expressed ER in the absence of added
compounds set to 1. Data are the mean and SEM from two experiments. Open bars, activity of each
compound alone; filled bars, activity of each compound with estradiol at 3 × 10−10 M. None, no
compound added; ICI 164,386, 100 nM; dioctyl phthalate, 1 × 10−5 M; lindane, 1 × 10−5 M.

is co-transfected with a specific, ERE-containing luciferase reporter gene, Vit2P36
luciferase (97), which contains two 26-bp ERE from the xenopus vitellogenin A2 gene,
linked to a minimal 36-bp promoter. In each set of experiments, controls with no
hormone and with 17�-estradiol are routinely included, to assess the extent to which
estrogen-free conditions are achieved, and to determine the extent of gene activation
achieved by an authentic physiologic ligand. Activity of estradiol was comparable in
all three cell types (95). However, for the compound (±)-Z-bisdehydrodoisynolic acid
3-methyl ether, activity was higher in the monkey CV-1 cells than in either human cell
line (95). That is, our previous studies of a doisynolic acid derivative exhibited cell-
type-specific effects (with ER�) that were apparent in comparisons between human
and non-human cell lines (95).

The potential for an endocrine disrupter to exhibit similar differences in activ-
ities raises a potential problem for appropriate evaluation, whether dependent on
cell-type-specific biotransformation events or due to interaction with other kinds of
cell-type-specific factors or based on the different species of origin (human versus
monkey) or organ- and cell-type-specific effects (breast, cervix, or kidney). Indeed
there may well be additional mechanisms for different activities specific to intact
animals or intact humans.

Based on concerns from our previous data, we have examined the activities of
environmental estrogens in both Hela cells and CV-1 cells. Figure 5 shows results
for these paired assays for dipentyl phthalate and dieldrin. In contrast to the results
with (±)-Z-bisdehydrodoisynolic acid 3-methyl ether (95), both these EDC compounds
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Fig. 5. Gene activation dose–response profiles for the environmental estrogens in both hela and
CV-1 cells. For gene activation, hela cells (top) and CV-1 cells (bottom) were cotransfected with
VIT2P36L luciferase reporter plasmid plus RSV HEG0 for expression of ER�. A no treatment control
(empty bars) and dipentyl phthalate (hatched) and dieldrin (shaded) were added at concentrations
as indicated. Light units are reported as relative expression compared to the maximal activation
100% (100) achieved with 1 nM estradiol (black bars), and all values represent the means ± SEM
from three independent experiments.

showed similar activity in Hela cells and CV-1 cells. The inclusion of activity assays
in these two cell lines is a part of our analysis of estrogenic activity of environmental
estrogens to evaluate the potential for species-specific transcriptional effects.

Similar assays can be performed to evaluate the activity of EDC compounds through
ER�. Figure 6 shows the results obtained with two additional compounds, chlordane
and DDE. As described above, activity with ER� was determined, along with evalu-
ation that observed activity could be clocked by an estrogen antagonist, ICI 164,384.
The compounds were also tested together with E2 to evaluate potential antagonist
activity of the EDC compounds themselves. Both compounds exhibit weak activity at
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Fig. 6. Environmental compounds act as weak agonists for estrogenic gene activation through
estrogen receptor � (ER�). For gene activation, hela cells were cotransfected with VIT2P36L reporter
plasmid plus RSV ER� for expression of ER� from rat. Concentrations of 10−7 M chlordane or
10−5 M DDE were added as indicated, alone, together with 10−7 M ICI 164,384, or together with
10−10 M E2. Light units are expressed as relative expression with maximal activity indicated as
100 %. Data are the mean ± SEM from three experiments.

high concentrations. The activity is inhibited by ICI 164,384. No antagonist activity is
seen in combination with E2, and overall estrogenic activity of the mixture appears to
be additive, rather than decreased as with the true antagonist, ICI.

4.2.2. Estrogenic Negative Regulation

Molecular studies of negative regulation by ER (42) have been used to evaluate estro-
genic activity of a variety of potential estrogenic compounds. This system has been
used to evaluate the unusual non-steroidal estrogens related to doisynolic and allenolic
acids (95), and the assay may be particularly useful for evaluation of selective estrogen
receptor modulator (SERM) activity. In this assay, tamoxifen and hydroxytamoxifen act
as agonists, while they act as antagonists in an ERE-dependent gene activation assay in
the same cell line (57). We recently have determined that, in contrast to tamoxifen, ralox-
ifene acts as an antagonist in this assay (see Fig. 7, top). In addition to performing these
assays with the native human ER�, we also performed these assays with a partially consti-
tutive receptor containing the Y→N mutation described by Zhang et al. and Tremblay et
al. (25,102) (see Fig. 7, bottom). In this assay, because the receptor is partially active in
the absence of added hormone or compound, one can easily determine either agonist or
antagonist activity from a single determination, without requiring two sets of assays—one
testing compound alone, and a second series performed with compound in the presence
of submaximal concentrations of E2. This assay has the potential to simplify screening of
compounds, such as industrial chemicals.
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Fig. 7. A gene repression assay for selective estrogen receptor modulators (SERMs) and its modifi-
cation to show either agonist or antagonist activity. For gene repression, GC cells were cotransfected
with D/E pGL3 reporter plasmid plus RSV ER alpha (HEG0) (top) or RSV ER alpha Y→N (bottom)
for expression of estrogen receptor (ER). Concentrations for each compound were added as indicated.
Light units are expressed relative to the 100 % value observed with no compound (top) or ICI
(bottom) and represent the means ± SEM from at least three experiments. E2, 0.3 nM estradiol;
ral, 1 �M raloxifene; tam-OH, 10 nM hydoxy-tamoxifen; tam, 1 �M tamoxifen; ICI, 0.1 �M ICI
164,384.

We have used this reporter gene assay to assess negative regulatory competence
of environmental endocrine disrupters. Negative regulation mediated by human ER�
(HEG0) (101) was assayed using the modified rat prolactin control region, PRL
D/E (42). Figure 8 shows the results of this type of assay used to generate dose–response
profiles for the panel of environmental estrogens. In this assay, p-nonyl phenol and
bisphenol A are agonists and, like estradiol, repress expression of the reporter gene.
Although the effective concentrations required are very high compared with E2, these
two compounds mediate negative regulation, repressing expression by approximately
75 % and acting as an ER agonist. Dioctyl phthalate and lindane are only weakly active
at the highest concentrations. Furthermore, as for positive regulation, submaximal
concentrations of E2 plus dioctyl phthalate or lindane showed no antagonist effects on
gene repression (Fig. 9).
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Fig. 8. Gene repression by environmental estrogens. Dose–response profiles for gene repression
of a model estrogen responsive reporter gene by human estrogen receptor were obtained using a
transient transfection assay (section 4.2.2). Results are included for estradiol. Effective concentrations
for half-maximal gene repression can be estimated from these data as approximately 1 × 10−7 M for
p-nonyl phenol and approximately 3 × 10−7 M for bisphenol A. Repression was detected for dioctyl
phthalate and lindane only at higher concentrations.

Fig. 9. Environmental compounds do not act as antagonists for estrogenic gene repression. GC cells
were cotransfected as described. Concentrations for each compound were added as indicated. Light
units are expressed as folds relative to the activity observed with expressed estrogen receptor (ER)
in the absence of added compounds set to 100. Data are the mean and SEM from two experiments.
Filled bars, activity of each compound alone; open bars, activity of each compound with estradiol
at 3 × 10−10 M. None, no compound added; dioctyl phthalate, 1 × 10−6 M; lindane, 1 × 10−6 M.
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4.2.2.1. Negative Regulatory Activity is Dependent on/and Mediated Through ER.
Our previous analyses of gene repression by estradiol, tamoxifen, and doisynolic acid
derivatives (95) have demonstrated that repression in this system by these compounds
is receptor dependent (42,57). We have used the same experimental design to determine
whether any observed activity of the environmental chemicals is dependent on, and
mediated through, the ER.

First, the repressive activity of the compounds was determined in the presence of
competing concentrations of ICI 164,384. ICI 164,384 is a true steroidal ER ligand
that acts as an antagonist of gene repression (prevents the decrease in gene expression
by agonists) in this assay. Such an assay is illustrated in Fig. 10. Second, we used
expression of a dominant negative mutant of human ER, ER 251 (42,54,57) rather
than wild-type receptor, to demonstrate the requirement for ER. In the presence of
this mutant receptor, rather than wild-type ER, neither estradiol, nor other agonists can
fully repress the target gene (Fig. 11).

4.3. Traditional Activity of EDCs
Potential EDCs may exhibit positive and negative gene regulation through binding

to the ERs and by traditional nuclear pathways, as illustrated by the panel of endocrine
disrupter compounds. Data can be obtained for risk assessment, including full dose–
response profiles by using the compounds. Controls, including dependence on ER
for observed estrogenic activity and blocking of observed estrogenic effects by a
true steroidal antagonist (ICI 164,384), have been used to confirm that the observed
estrogenic effects are actually mediated through the ERs and that the compounds

Fig. 10. Negative gene regulation is blocked by ICI 164,384. Assays of specific gene repression
using the D/E PRL luciferase reporter are demonstrated for estradiol, p-nonyl phenol, and bisphenol
A. The environmental compounds decrease gene expression similar to the effects of E2 (empty bars).
This effect is blocked by 10−7 M ICI 164,384 (solid bars). Estradiol, 3 × 10−10 M; p-nonyl phenol,
1 �M; bisphenol A, 1 �M.
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Fig. 11. Negative gene regulation for test compounds—dependence on functional estrogen receptor
(ER). Assays of specific gene repression used the D/E PRL luciferase reporter with co-transfection
of RSV HEG0 ER (empty bars) or the dominant negative receptor mutant, RSV 251 ER (solid
bars). Full inhibition by E2 and the environmental compounds required functional ER. Estradiol,
3 × 10−10 M; p-nonyl phenol, 10 �M; bisphenol A, 10 �M.

are acting as ligands for the ER. For positive regulation, in contrast to our previous
studies of model compounds, we found no evidence for a difference in activity of
these endocrine disrupters between the human cell lines and the non-human cell lines.
For negative regulation, similar estrogenic activities were observed for this different
mechanism of ER action. Again, appropriate controls demonstrate that these compounds
require ER for their action and that their actions are blocked by a steroidal antagonist.
For both positive and negative regulation, p-nonyl phenol and bisphenol A were
agonists. No significant activity was observed as agonists or antagonists for lindane
and dioctyl phthalate, including two distinct mechanisms of gene regulation, several
cell types, and an in vitro direct binding assay.

5. NON-TRADITIONAL AND NOVEL ACTIONS
OF ESTROGENS AND EDCS

Many previous studies of estrogenic effects have either relied on gross responses
[such as uterotropic responses (81), vaginal cornification (85), or cell proliferation (88)],
or a few selected regulated genes, including progesterone receptor (88), cathepsin
D (103), prolactin (104), luteinizing hormone (LH) (105), or follicle-stimulating
hormone (FSH) (105). These assays usually reflected only estrogenic increases in gene
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expression, and expression of these specific genes is often limited by cell-type speci-
ficity. It is perhaps more desirable and more meaningful to evaluate the expression of
either unselected endogenous gene sets or collections of selected genes large enough
to include genes that might show unpredicted regulatory responses. In addition, the
ability to determine gene repression as well as gene activation may be important
for a complete analysis of traditional and novel regulatory mechanisms. One of the
first methods for this type of analysis was differential display, a method now largely
replaced by analysis of gene arrays.

5.1. Differential Display Suggests Non-Traditional Regulation
Differential Display was one of the first methods to utilize polymerase chain reaction

(PCR) to allow one to analyze specific regulated but unselected subsets of mRNAs
in a cell. Treatment with hormones or other perturbants may change the level of
genes expressed or may result in the addition or loss of expressed genes. Using a
standard sequencing acrylamide gel, treatment-specific differences in the amount of
mRNA for a particular gene, or the appearance or disappearance of an mRNA from
this subset, can easily be seen by direct comparison of band patterns from each
tested condition (104,107). Differential display generates a characteristic gel pattern or
“regulatory fingerprint,” subsets of small, poly A-tailed cDNAs in a way that is both
reproducible and sensitive to changes in the composition of the original RNA sample.
By performing several reactions, a broad sampling of total cellular mRNAs can be
achieved.

As an illustration of the ligand-specific effects of estrogenic compounds, Fig. 12
shows a single differential display (E. Fels and S. Adler, unpublished data) using
Ishikawa endometrial cells, a human endometrial cell line (108). The Ishikawa cell
line has been used as a model system for studies of estrogen action, as well as studies
of hydroxy-tamoxifen action (108). Expression of progesterone receptor in these cells
is activated by both E2 and hydroxytamoxifen (108; Y. Sadovsky, personal communi-
cation). It represents an important and useful cell model for estrogenic responses typical
of uterine cells. Cells grown in estrogen-free conditions with phenol-red free media
and charcoal stripped serum, were treated for 48 h with either no hormone, 1×10−8 M
E2, or 0.1 �M tamoxifen. Some gene bands are not regulated (Fig. 12, “∗”) but others
are repressed or activated by E2 and/or tamoxifen. One striking result, apparent even
from this single regulatory fingerprint, is that the overall pattern of tamoxifen on gene
expression is not similar to that of E2. E2 and tamoxifen generate distinct regulatory
fingerprints. Even in this tissue, for which the profound clinical effects of tamoxifen on
growth and differentiation are estrogenic, the effects of E2 and tamoxifen are markedly
different at the level of gene expression. This provides evidence that suggests that,
even in a single cell type, traditional gene regulatory mechanisms cannot fully account
for all the observed regulatory changes and that complete evaluation of EDCs cannot
rely on growth responses or on analysis of a few selected genes.

5.2. Are Phytoestrogens also EDCs?
Insecticides, plasticizers, and detergents can be classified as potential EDCs. At

least some of these compounds bind to ERs as ligands and therefore may affect gene
regulation in estrogenic pathways. Exposure to these chemicals in the environment,
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Fig. 12. Differential display regulatory fingerprints for E2 and tamoxifen in Ishikawa cells. mRNA
from hormone and tamoxifen treated Ishikawa cells was reverse transcribed using the dT10MA primer
and MMLV reverse transcriptase (+) or subjected to a mock reaction in the absence of MMLV reverse
transcriptase (−). The absence of polymerase chain reaction (PCR) amplified bands in these (−) lanes
indicates that amplified bands in the (+) lanes are derived from RNA and not DNA contamination.
PCRs used dT10MA plus the 10′mer, dGACACCGTTC. Reactions were forty cycles of 94 (20′′),
30 (1 min), and 72 (30′′) with direct incorporation of �−32P-dCTP. Hormone treatment is indicated:
N, no hormone; E, E2; T, tamoxifen; M, size markers. A few representative bands are identified
as follows: ∗, no change with treatment; arrow, E2 induced; }, E2 repressed; <, tamoxifen repressed.

in the food chain, and through occupational exposures, may affect human health and,
through developmental effects and increases in birth defects, the health of future
generations.

In addition, chemical compounds from soy and other plants have been identified that
also have the potential to act as mimics of the natural female steroid hormone, estradiol,
and these “phytoestrogens” have received attention as being beneficial to human health.
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Yet, these compounds, as they also are capable of acting as estrogens, might also cause
problems by interfering with the body’s own natural hormonal regulation.

These two classes of non-steroidal chemicals, both with the ability to act as estrogens,
raise important questions. Mammals seem to be exposed to many potentially estrogenic
signals. Why does it appear that only some of these signals disrupt endocrine signaling?
Furthermore, the exposure to these compounds through soy and other foods is not a new
phenomenon. If these compounds really interfered with hormonal signaling, why would
not there be more obvious detrimental effects on reproduction or development—rather
than apparent health benefits? This conundrum raises the possibility that novel actions
of phytoestrogens and/or EDCs may be responsible for the apparently differential
health effects rather than only traditional mechanisms of gene regulation. For further
discussion of actions of phytoestrogens as EDCs in the brain, readers are referred to
Chapter 4 by Walker and Gore.

5.2.1. Phytoestrogens

Breast cancer is known to be hormone responsive or hormone dependent (see
review 109). In addition, epidemiologic studies show Asian populations that consume
large amounts of vegetables, fruits, and soy protein have a lower incidence of breast
cancer (110). This appears to be diet related, as the same ethnic population increases in
cancer incidence to Western levels once adapting a Western diet (111,112). (This fact
might also suggest that dietary compounds may not promote longlasting or transgenera-
tional epigenetic changes as proposed for EDCs (11–14), a topic to be addressed below.)
Furthermore, in an English study, although mortality from cardiovascular disease was
reduced in vegetarians, decreased risk of breast cancer was not observed (113). Even
though these conflicting results may raise questions about the relationship of diet to
breast cancer, these data might also suggest that a Western-style vegetarian diet differs
from Asian diets, perhaps due to soy content.

Plant compounds that affect estrogenic pathways have been found, and it has been
proposed that these “phytoestrogens” may be responsible for the protective epidemi-
ologic effects (114). Yet, although phytoestrogens may affect estrogenic regulation,
it is not clear that direct action as estrogen agonists or antagonists is the mechanism
responsible for the protective effects (114). Other pathways, or indirect effects on
estrogenic regulation (e.g., effects on estradiol metabolism), may be important (114).
It is also not clear whether all the effects of phytoestrogens are beneficial (115).
Animal systems indicate that these compounds, through their ability to mimic hormonal
signaling, may produce adverse effects on reproduction and on development (115).
Further studies of phytoestrogens are increasingly important as the amount of soy
and phytoestrogens in Western diets may change as soy protein is incorporated into
more foods as a supplement (e.g., soy in hot dogs) and as new food trends (e.g., tofu)
are adopted.

5.2.1.1. What are the Phytoestrogens and Where are They Found? Several
classes of chemical compounds have been identified and partially characterized for
their estrogenic effects in animals and in humans (see reviews 116,117). As with the
EDCs, each distinct compound may produce its own specific and distinct effects. In
addition, as with EDCs that may occur in the environment as mixtures, the dietary
sources make it likely that more than one phytoestrogen or herbal compound may be
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consumed together from an individual food or as part of a varied diet. Soy contains
isoflavones including daidzein, equol, genistein, and glycetein. Flax, cereals, and
seaweed are sources of lignans including enterodiol and enterolactone. Fungal growth
on grains contains resorcylic acid lactones including zearalenone and zearalenol. Grapes
and peanuts contain resveratrol, and there are a variety of compounds in plants and
herbs used to make teas, including ginseng (118). The activity of some of these
compounds is dependent on modification of precursor molecules that are contained
in the food products (116). This often requires the action of gut bacteria and entero-
hepatic modifications (116). Red clover, although not a traditional human food, can
be consumed by grazing animals and contains the coumestan, coumestrol. Clover has
been associated with reproductive toxic effects (117). Genistein has activity as an
inhibitor of protein tyrosine kinase, an activity not associated with daidzein (117). In
addition, many of these estrogenic compounds are effective as anti-oxidants (117).
The relationship of estrogenicity, kinase inhibition, anti-oxidant activity, and effects
on other pathways, to the observed in vivo effects of individual compounds may
be complex.

5.2.2. Nuclear Accessory Proteins—Coactivators

and Corepressors

Recently, observations regarding cell-type and ligand-specific responses have been
influenced by the recognition of accessory factors and/or coregulators that interact
with members of the nuclear receptor family (see review 119 and 74,75,120,121).
Many different coactivators and corepressors have been identified, and current work
is classifying these factors into related groups. It is now clear that factors classified as
coactivators, such as SRC-1 (122), interact with many nuclear receptors to meditate
transcriptional regulation through interactions with CBP/p300 (75), and either intrinsic
or recruited histone acetylase activity (123,124). In addition, corepressors, such as
silencing mediator for retinoid and thyroid-hormone receptors (SMRT) (125) or a
related factor N-CoR (126), mediate negative regulation by unoccupied receptors, such
as thyroid hormone receptor, and in addition may interact with antagonist occupied
progesterone and ERs (126). In contrast to the histone acetylation observed with
coactivators, corepressor complexes are associated with histone hypoacetylation (123).
These data provide a connection between gene transcription and chromatin remodeling.

In particular, these cellular factors participate with activated ER� in mediating
its transcriptional effects (74,75). The interaction between ER� and these factors
can be ligand dependent, as successful association is observed in the presence of
estradiol but not with antagonists (74,75). These data extend our molecular under-
standing of how estrogens and the ER work. Because these interactions distinguish
agonists from antagonists they can provide a novel molecular test for estrogenic
ligands (127).

5.2.2.1. Coactivators and Corepressors and Antagonists/Partial Agonists. This
system of coregulators appears to play an important role in the activity of partial
agonists. Many groups have shown that by altering the expression levels of coacti-
vators and corepressors, gene activation by mixed agonists can be prevented or
increased (129–131), a result confirmed explicitly (131). That is, for a fixed concen-
tration of ligand, agonist activity, present at lower levels of corepressor, can be changed
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to antagonist activity as the level of expression of corepressor is increased. This has
been shown for ER with tamoxifen and for GR and PR with RU486. In all cases, the
activity of a true agonist (E2, Dex, and R5020) is not altered by elevated corepressor
expression.

Additional information is available from the crystal structure determination of the
ligand-binding domain of ER� with either estradiol or raloxifene as ligand (133).
The position of helix 12 is dramatically different, depending on the ligand. When E2
is bound, the helix forms a binding site for coactivator interaction, while with the
antagonist raloxifene, the helix is flipped and this binding site is disrupted.

This scheme raises an additional requirement for ligand activity. Not only must
a ligand successfully bind to the nuclear receptor, it must also promote the correct
conformation for interactions with coregulators. This potential switch in ligand activity
with alterations in corepressor levels may help explain the development of tamoxifen
resistant breast cancers. Perhaps cellular levels of corepressors drop and allow
tamoxifen to act as an agonist. Indeed, clinical and basic reports indicate that coacti-
vator/corepressor levels may be predictive of the responsiveness of a breast cancer to
Tamoxifen therapy (127,134).

It is also possible that breast cancer cells may become more independent of estrogenic
signals than normal tissues because of changes in the ratios of hormonal coregulators,
a change that could occur either as a precursor to, or after, malignant transformation.
This type of change is also supported by a study showing increased expression and
amplification of the coactivator, AIB1, in breast cancers (135). An additional study
shows that a mutated ER� with constitutive activity associates with AIB1 in the
absence of ligand, providing one mechanism for ligand-independent growth of breast
and ovarian tumors (136).

While this discrimination system has been demonstrated in the laboratory using
synthetic compounds, it is not likely that this system’s natural function relates to
these synthetic compounds. One possibility for a more natural function or need
for a secondary discrimination system would be to provide protection from adverse
hormonal effects of non-steroidal estrogens that mimic the natural estrogenic hormones.
Animals have been eating plants for eons, and the exposure and possibility of
endocrine poisoning may have existed throughout the evolution of our steroid hormone-
signaling pathways. This system of coregulators may partially restrict the activity
of phytoestrogens on estrogenic pathways. Furthermore, it is possible that exposure
to compounds such as phytoestrogens might actually regulate the expression of
corepressors and coactivators as an adaptation to increase receptor selectivity. An
altered ratio of coregulators and increased selectivity may be one aspect of the actions
of natural dietary non-steroidal estrogens that limits their disruptive effects on hormonal
signaling. Indeed, even the protective effects of phytoestrogens on breast cancer
incidence may be related to preventing excessive estrogenic stimulation by this kind
of adaptive response.

Very little is known about how the expression of coactivators and corepressors
is regulated, and this represents a serious gap in existing knowledge of regulation
by steroid hormones and by non-steroidal estrogens. It has been reported that levels
of these factors in cultured cells and in vivo can be modified by hormonal signals
including estradiol (137). Specifically, the level of SRC-1 mRNA in the pituitary
lactotroph cell line, GH3, was found to be decreased approximately 3-fold by treatment
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with 10 nM E2, an effect seen at both 6 and 24 h (137). Similar in vivo experiments in
male rats showed anterior pituitary SRC-1 mRNA decreased after a single E2 injection
over the first 4 h, slowly returning to baseline levels over 24 h (137). This effect was
accompanied by an equally impressive increase in the level of SMRT mRNA, peaking
at approximately 175 % of the basal level at 2 h and returning rapidly to baseline by
4–6 h (137). Interestingly, the expression of p300 and of N-CoR was not changed (137).
The coupled decrease in SRC-1 and increase in SMRT, if also reflected in protein
changes, indicates a dramatic change in the coactivator to corepressor ratios. This
type of changed ratio is just the kind of change that can result in altered activity of
tamoxifen and RU486 (129–132).

The effects of other estrogenic compounds, including non-steroidal compounds and
phytoestrogens, on coregulator expression and whether these types of changes may
function as a protective cellular adaptation remain to be determined. Indeed, it has
recently been shown that the aryl hydrocarbon receptor also can interact with the
coactivator ERAP-140 and that gene regulatory effects of dioxin (TCDD) are modulated
by the ratio of coactivator and corepressor in the MCF-7 breast cancer cell line (138).
This is a direct linkage between a non-steroidal chemical of environmental concern
with activity modulated by coregulator ratios. Understanding how the coregulators
themselves are regulated may therefore have tremendous impact on potential protective
treatments for exposure and on future evaluation and risk assessment.

5.2.2.2. How Regulation of Coactivators and Corepressors Would Work to Limit
Estrogenic Signaling by Non-Steroidal Compounds. It is probably worth “walking
through” how the regulation of coactivators and corepressors by estrogenic compound
might result in a system insensitive to estrogen mimics while retaining responsiveness
to estradiol. One key fact from the data of Smith et al. is that elevated SMRT had little
effect on regulation by estradiol but remarkably eliminated responsiveness to hydroxy-
tamoxifen (129). On the basis of our data regarding phytoestrogen activity (139,140)
and the results with TCDD (138), this modulation of activity through regulation of
the coactivators and corepressors suggests that this also applies to at least some other
non-steroidal estrogens and EDCs.

In this model of endocrine modulation, exposure to estrogenic compounds would
have rapid effects on the expression of coactivators and corepressors, resulting in
an estrogen-dependent increase in the expression of corepressor (e.g., SMRT) and
a decrease in the expression of coactivator (e.g., SRC-1). Once the ratio of these
regulators is changed, the activity of the non-steroidal compound would be decreased,
as was seen with hydroxy-tamoxifen. E2, in contrast, will be essentially unchanged in
activity. Once the non-steroidal compound is less active, the signal driving the increased
expression of the corepressor will also be decreased, and the level of corepressor
will begin to decrease toward baseline, and the level of expression of coactivator
will begin to rise again to basal levels. As soon as the levels return to a ratio suffi-
cient for the non-steroidal compound to have higher activity, once again the level
of corepressor would increase and coactivator decrease, again terminating the signal.
Indeed, chronic exposure through diet or from the environment would seem to act
to achieve a new steady-state level or ratio of coregulator expression, just sufficient
to keep the non-steroidal compound inactive. One might further conjecture that non-
steroidal compounds that are very sensitive to coregulator ratios in the presence of
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pre-existing unfavorable coregulator ratios would be unlikely to have dramatic estro-
genic effects in vivo and be potentially benign. Other compounds might pose a more
serious problem if they were, like estradiol, relatively insensitive to coregulator ratios.

6. EPIGENETIC EFFECTS OF ESTROGENS THROUGH HISTONE
ACETYLATION STATE

Epigenetic changes are an additional potential novel or non-traditional action of
EDCs and other estrogens. Transgenerational effects (11–14) and potential changes
in gene methylation will be reviewed elsewhere in this volume. The focus of this
section will be potential epigenetic changes related to histone acetylation and effects
on gene transcription. Readers are also referred to Chapter 7 of this book, written by
Guerrero-Bosagna and Valladares.

Major health-related causes of mortality, such as cancer and heart disease, can be
favorably affected by diet and lifestyle. For instance, one of the few things that has been
associated with a low breast cancer risk is an Asian lifestyle including consumption
of an Asian diet high in soy (110). Soy diets have also been associated with lowered
cholesterol and reduction in cardiac risk, and these health claims have been recognized
by the Food and Drug Administration (141). Similarly, consumption of red wine is
associated with lowered cardiac risk, the so-called French Paradox (142). One goal
of research therefore has been to identify the active agents in soy and in grapes
responsible for these effects, an effort that has generally focused on phytoestrogen
components, including the isoflavones from soy and resveratrol from grapes, but these
and other phytochemical components also have other activities including actions as
antioxidants or as inhibitors of cell growth signals through action as tyrosine kinase
inhibitors that may also be important (117). The actions of these compounds as
hormonal mimics or antagonists, through endocrine pathways or endocrine disruption,
have been extensively investigated. Yet, despite the epidemiological suggestion that a
lifestyle that includes consumption of the soy phytoestrogens is beneficial in preventing
breast cancer, direct confirmation through dietary studies (see reviews 143,144), or
identification of a cellular or molecular mechanism through which their actions as
estrogens would decrease (rather than increase) breast cancer incidence has not been
forthcoming. Similar concerns also are present in regard to the multinational epidemi-
ological evidence implicating Asian soy-containing diets and reduced prostate cancer
incidence to specific effects of soy or its components (see review 145).

Recently, advances in several seemingly unrelated areas of biology have linked diet,
histone acetylation, longevity, and cancer prevention through a phenomenon called
gene superinduction. Superinduction is defined as increased expression of nuclear
receptor-activated genes to levels above the maximum observed with the established
agonists, such as, for ERs, estradiol. These new findings may now be able to link
these different observations together with the soy phytoestrogens and grape resveratrol
to provide a possible non-traditional molecular mechanism to explain the observed
health benefits and anticancer effects of these plant compounds. First, new insights
in the field of aging and longevity include a deeper understanding of how caloric
restriction and insulin/growth hormone pathways may produce its beneficial effects
on life span (146–151). These effects are now linked to a particular family of histone
deacetylases (HDACs) including the yeast gene Sir2 and, by inference, the human
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homolog, SirT1. There are also experimental data demonstrating increased life span
effects of the phytoestrogen resveratrol (149,150). Next, methoxyacetic acid (MAA), a
metabolite of the endocrine disrupter compound, EGME, can multiply or “superinduce”
the magnitude of expression of genes activated by nuclear steroid hormone receptors,
including ERs and progesterone receptor (152). General HDAC activity is also affected
by MAA, as it is with short chain acids, such as butyrate, and trichostatin (TSA) (152),
an antifungal compound isolated from Streptomyces (152), providing another link with
histone acetylation status. Finally, the health benefits of fiber in reducing colon cancer
incidence have been recognized through population studies (154). These effects have
been linked to butyrate, a metabolic product of fiber, again through effects on histone
acetylation state (155), and the resulting increased expression of p21/WAF1 (156–158).
Soy has been proposed to have anti-cancer effects, particularly with regard to breast
and prostate, hormonally responsive cancers (114). There are several lines of evidence
that may suggest that the soy isoflavone phytoestrogens, genistein and daidzein, may
be mechanistically linked, on the one hand, to resveratrol and lifespan effects and,
on the other, to butyrate, histone acetylation status, and cancer prevention. First, both
of the soy isoflavones are also “superinducers” of estrogen-signaling pathways (158),
producing effects that resemble those reported for MAA (159). This suggests that
histone acetylation status may also be affected by these compounds—or alternatively
that new and distinct mechanisms may be responsible. Furthermore, similar superin-
duction properties are also seen with resveratrol (160–163), the grape phytoestrogen
that longevity studies have linked to effects on HDAC Sir2/SirT1and thus also histone
acetylation status (149,150). Finally, aging studies in mice have shown that a soy diet
throughout life can prolong lifespan in certain genetic lines (164). This suggests that
soy diets, if the mechanism is like other mechanisms that affect life span in yeast,
worms, and flies, may also involve HDAC/histone acetylation status. Each of these
areas will be reviewed in more detail below.

6.1. Superinduction is Unusual
The superinduction phenomenon is highly unusual for estrogens. Of the many

non-steroidal, plant compounds, and environmental endocrine disrupter/industrial
compounds that act as estrogens, we have only observed superinduction by resver-
atrol, genistein, and daidzein and a recent report also noted superinduction by daidzein
metabolites (165). A variety of industrial compounds, endocrine disrupters, and other
plant phytoestrogens, such as coumesterol, have not shown superinduction. It is
even more unusual that these few compounds that exhibit superinduction are also
the compounds associated with possible health benefits—resveratrol directly with
longevity and indirectly through epidemiology with cardiac risk reduction (The French
Paradox; 142)—and the soy compounds through dietary studies with reductions in
cholesterol and cardiac risk and by epidemiology with cross national decreased breast
and prostate cancer rates.

6.2. The Consequences of a Dynamic Histone Acetylation State
and Gene Expression

There is now a very clear link associating accessory factors, the coactivators and
corepressors, with the changes in acetylation of histones that accompanies active gene
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transcription by members of the nuclear receptor family as well as other transcription
factors (see Sect. 5.2.2.). The complexity of association of cyclical active coregulator
complexes with ER� at an active gene the promoter has been revealed by a sophisticated
chromatin immunoprecipitation (ChIP) method (166). Among the cyclical changes
that occur at the promoter is the recruitment of complexes, such as Brahme-related
gene, BRG-1, which perform even more chromatin remodeling as an ATP-dependent
process of moving core histone “beads” to new positions on the chromatin “string”
that describes the DNA at the promoter (166,167).

The opposing processes of histone acetylation, associated with recruitment of histone
acetyltransferase HATs to an active gene promoter, and histone deacetylation, through
HDACs, associated with repression or inactivity of a gene promoter, present a system that
can be modified either by increasing or decreasing either acetyl transfer to histone via
HATs or the removal of acetyl groups from the histones through HDAC activity. What
is also true regarding this relationship is that not only is high acetylation of a promoter
associated with an active promoter as a consequence of the binding of transcription
factors but that as state of high acetylation of the promoter in itself, even if through
the inhibition of the removal of acetyl groups, can result in the downstream events that
define transcription. Sun et al. showed that the addition of butyrate to MDA MB-231
breast cancer cells, a line which is ER null, rapidly results in increases in histone H4
acetylation, without the addition of hormones or other gene inducers (156,168).

HDACs are being investigated as anticancer targets as inhibition of HDACs appears
to maintain high expression of p21/WAF1 (155). In the analysis of colonic p21
expression stimulated by butyrate, a model has been proposed involving the butyrate-
induced expression of transcription factor ZBP-89, which then replaces Sp1 and/or Sp3,
and a hyperacetylated state allows activation of the p21 promoter and gene expression,
a situation not supported in the basal state in the absence of butyrate (156,169,170). In
fact, there is evidence suggesting that the physiologic regulation of these processes of
increasing acetylation state may occur more through decreases in the rate of deacetylase
activity than through activation of histone acetylation (168). In ER-positive human
breast cancer cells MCF-7 (T5), a cell line which is responsive to E2 for growth, E2
caused a rapid increase in histone acetylation state (168). What is a little unexpected is
that this change in acetylation state was primarily through inhibition of HDAC activity
rather than through increased HAT activity (168). This suggests that sufficient HAT
activity may always be present to result in sufficient acetylation of certain promoters
to result in transcriptional activation and raises the possibility that repressed genes can
be activated in the absence of the usually utilized metabolic signals.

One potential consequence of HDAC inhibitors might therefore be predicted to be the
widespread dysregulation of cellular transcriptional regulation resulting in metabolic
chaos and ultimately cellular death. Yet, while this may occur in some cases of massive
cellular reprogramming and apoptosis, it is not a mandatory consequence. Also, it
appears that there may be secondary effects on gene expression if the genes affected by
HDAC inhibitors are key regulators, whether activators or repressors, of other genes or
signaling pathways (171). Often, the number of genes affected by butyrate and other
HDAC inhibitors appears to be not only a very small fraction of all genes but also a set
of genes that varies with the agent used as an HDAC inhibitor. For example, butyrate
activates only about 2 % of the genes examined (156). The time course of effects
by butyrate and TSA are markedly different (171), and the sets of genes affected by
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four different HDAC inhibitors, TSA, butyrate, sulindac, and curcumin, are distinct
with some overlapping gene sets, some genes that are unique and others that display
regulation in opposite directions (171). The recent study of MAA, an EDC shown to be
an HDAC inhibitor, showed it affected only three of 19,000 genes analyzed, and, when
MAA was administered together with R5020, the progesterone agonist, they altered
transcription of 88 versus 61 genes by R5020 alone (152). Some genes in certain cell
types may be particularly affected by these agents, whereas others may not be. As
an example, in neuroblastoma cells, valproic acid, tributyn, and butyrate all induced
p21/WAF1, whereas p27 was induced only by valproic acid (172). In the case of p21,
it has been recently shown that not only is total histone acetylation state changed but
the promoter of p21 itself contains hyperacetylated histones H3 and H4 after treatment
with TSA or butyrate as demonstrated by a Chip assay (157).

6.3. Small Molecules that Affect Lifespan—the Resveratrol Story
Caloric restriction and modulation of insulin/growth hormone pathways may produce

extension of lifespan (146–151). These effects were originally observed in mice through
drastic diets or gene knockouts in hormonal/metabolic signaling pathways. Now,
however, in yeasts (149), fruit flies, and worms (150), simple chemical compounds,
such as the phytoestrogen resveratrol from grapes, produce the same type of effects
in increasing life span with the potential for similar activities in man. Caloric
restriction, resveratrol, and other compounds appear to produce these effects through
a particular family of HDACs including the yeast homolog Sir2 and human gene
SirT1 (149–151,173). In addition, this sirtuin family of HDACs also act as deacetylases
on other proteins and may produce other beneficial effects (174). One key activity of
the SirT1 enzyme is the deacetylation of p53 (175,176), an activity that destabilizes
this tumor suppressor and thus increases cell survival under stress. [This p53-related
increase in cell survival might be somewhat opposed to the tumor suppressor effects
of p53, including the p53-dependent increased expression of p21/WAF1 (177).]
Another recent role of Sir2 and SirT1 is regulation of metabolism through interactions
with metabolic pathways including peroxisome proliferator activated receptor gamma
coactivator-1 alpha (PGC-1 alpha) PPARs, a co-regulator of these receptors, PGC1�,
and the general transcriptional integrator/regulator, p300 (178–180). These also provide
a more direct link between caloric restriction’s metabolic effects, the metabolic
knockout mice, and the other interventions that increase longevity.

It is worth noting that the particular HDAC assay used for determining SirT1
activity, for establishing a direct interaction between resveratrol and sirtuins, and for
identifying additional small molecules that may enhance lifespan through activation of
the SirT1 and other sirtuin enzymes (149,150), has recently been questioned (181–183).
In particular, it appears that the increases in SirT1 enzyme activity in this assay by
resveratrol are an artifact of the particular fluor-containing peptide substrates used
in the HDAC assay from the original studies. Despite these data, this assay may
still be useful in identifying small molecules with structures similar to resveratrol,
because molecules with similar structures may behave like resveratrol in enhancing
lifespan (as well as effects in the HDAC assay in question). As one example, fisetin, a
compound with a similar structure to resveratrol, was both an activator in this HDAC
assay and a lifespan extender in yeast and drosophila (150). It is therefore possible
that the HDAC assay, rather than identifying a mechanism for lifespan extension,
may actually serve as a surrogate for determination of particular molecular structural
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features important for an as yet unidentified molecular target. Alternatively, the assay
may only represent self-fulfilling expectations, in that the small molecules that were
selected for testing all shared structural features with resveratrol (150). Some of these
structurally similar compounds may also be lifespan extenders whether or not they
are active in the HDAC assay, and other compounds identified by the HDAC assay
may likewise be completely inactive as longevity agents. Results showing resveratrol’s
effects on longevity and mutational studies indicating a dependence on functional Sir2
for these longevity effects, as has been shown for caloric restriction, are not directly
invalidated by the findings that the HDAC assay for SirT1 is flawed. The studies that
invalidated the assay, however, also included questions regarding the reproducibility
of the yeast longevity results (181). Clearly, the effects of resveratrol in yeasts and
direct action on Sir2 remain unsettled at this time.

6.4. Superinduction—Non-Traditional Regulation
by Resveratrol, MAA, and Soy

Since the original report that resveratrol, a phytochemical from grapes, acts as an
agonist for ER-mediated reporter gene expression, its mechanism of action has been a
confusing mystery (160). Unlike estradiol and other ER agonists, under certain condi-
tions and not others, the magnitude of the response produced by resveratrol was much
greater than predicted and manyfold greater than that of E2, the physiologically relevant
ligand (160). When reviewed as recently as 2004, there still was no clear explanation
for the effect itself, why it was observed in some cell types and not others, or why it
appeared to be inconsistent among different laboratories studying this compound (see
review 184 and references cited). Our own studies struggled with similar inconsistencies,
determining that the superinduction phenomenon by resveratrol for ER�—but not
ER�—was connected to cell density and thus perhaps reflected the influence of growth
factor pathways (163). Furthermore, the effect appeared to be separable into a “ligand”
or E2-like response typical of any weak agonist and a “multiplier effect,” an effect
that was present not only in the absence of EREs in the promoter but also present
in Hela cells that are null for ERs (161–162). This confusion was heightened by
our observation that genistein and daidzein, the soy isoflavones, exhibited the same
kind of superinduction effect in Hela cells for positive gene regulation by ERs (159).

It was not until the publication of a particularly inspiring report by Jansen et al.,
evaluating the effect of MAA on nuclear receptor-mediated gene expression, that
mechanisms explaining similar superinduction responses were demonstrated (152).
Their experiments showed two important effects. First, MAA multiplied the effects of
ligands for several, if not all, nuclear receptors, including ER� and ER�, progesterone
receptor, thyroid hormone receptor �, and the androgen receptor (152). Effects in the
absence of ligands were reported to be minimal or absent (152) [although analysis of
their data (152) shows a ligand-independent effect, very much like what we see with
resveratrol (161,162)]. These effects were demonstrated to be independent of binding
of MAA to the receptor (152). There is no change in the EC50 for ligand binding in the
presence of MAA, and MAA does not bind to the receptor to compete with ligand at the
traditional ligand-binding domain, as determined by competition binding assays, or at
other protein domains that might cause conformational changes, as demonstrated by a
protease sensitivity assay (152). The superinduction effect was shown to occur not only
with luciferase reporter genes but also with selected progesterone-regulated endogenous
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genes in T47D cells, and there were effects on relatively few total (unselected) genes
as determined by microarray analysis (152). MAA also activated ERK 1/2 pathways
as demonstrated directly by rapid increases in ERK 1/2 phosphorylation, increases in
activated Ras, and activation of responses mediated by transcription factor elk-1 (151).
The involvement of this pathway was also shown pharmacologically by showing
sensitivity of the superinduction to the mitogen-activated protein kinase (MAPK)
inhibitor U0126 but not to inhibitors of JNK or p38 MAPK (152). In addition to the
effects on MAPK pathways, MAA was shown to have effects on histone acetylation
similar to those of butyrate and TSA (152). First, butyric acid, TSA, and valproic
acid all superinduced ER� responses similar to the effects seen with MAA (152).
In addition, direct assays of HDAC activity in nuclear extracts showed inhibition
of deacetylase activity by not only TSA and valproic acid, but also by MAA, in a
dose-dependent manner (152). Immunoprecipitation was used to assay class I HDACs
individually (152). HDAC1, HDAC2, and HDAC3, were each inhibited equally by
valproic acid and TSA and in these assays (152). MAA also inhibited all three HDACs
but was least effective on HDAC1 (152). The effect of HDAC inhibition on increasing
histone H4 acetylation was demonstrated by the use of a specific antibody to acetylated
H4 in Western blots of histones from treated Hela cells and from spleen cells of mice
treated with MAA in vivo (152). Interestingly, differences in the activity of MAA
versus valproic acid and butyrate were noted in the in vivo analyses, as MAA increased
H4 acetylation and the other compounds did not (152). All these data provide a
potential explanation for superinduction of nuclear receptor-mediated gene expression
and potentially for regulation of other genes as well as a consequence of MAPK
pathway activation and through inhibition of class I HDAC activity and resultant
increases in histone acetylation and superinduction of gene expression of a select gene
population that may vary with the individual compounds used (152). The mechanisms
identified and responses reported in this work (152) are strikingly similar to our
observations with resveratrol and the soy isoflavones (159,161,162,163).

There are a few other reports that provide additional support to the potential novel,
non-traditional activities of MAA, butyrate, resveratrol, and soy isoflavones through
alterations in histone acetylation state and through inhibition of HDAC activity. Hong
et al. (185) report that the soy isoflavones stimulate ER-mediated acetylation of core
histones. These studies used isolated chromatin and cell-free preparations, apparently
in the absence of HDACs, and assayed SRC-2 and p300 as the HAT activity (185). It
is not clear that the isoflavones were exhibiting activity distinct from E2 as a ligand
in these assays, and if these results are relevant to superinduction or rather represent
standard ER/ligand effects through coactivators and accessory proteins to promote gene
transcription (185). Farhan and Cross (186) report that genistein inhibits the expression
of both CYP24 and CYP27B1, enzymes that metabolize vitamin D, in DU-145 prostate
cancer cells. They hypothesized that inhibition of gene transcription of the two genes
might reflect activation of HDACs, so, to test this, they reasoned that TSA, an HDAC
inhibitor, should reverse the effects of genistein on gene expression. They treated the
cells with either TSA, genistein, or both compounds together. To their surprise, TSA,
the model HDAC inhibitor, also inhibited CYP24, and the combination of TSA and
genistein was even more effective than either agent alone (186). This suggested that
the inhibition of CYP24 may be due to HDAC inhibition, not HDAC activation. In a
result reminiscent of the microarray data of Mariadson et al. (171), genistein and TSA
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had opposite effects on CYP27B1, and TSA reversed the inhibition seen with genistein
alone (186). These data are suggestive, but no actual acetylated histone analysis or
assays of HDAC or HAT were performed (185). There is also a report by Frey
et al. (187) that genistein can upregulate expression of p21/WAF1 by 10- to 15-fold
in the non-neoplastic mammary cell line, MCF-10F, a cell line that genistein causes
profound but reversible cell cycle arrest. No data are reported for daidzein, and no
mechanism is proposed or demonstrated for this effect (187).

The link between soy isoflavones and longevity has also been demonstrated (164).
An aging study in mice has shown that a soy diet throughout life can prolong lifespan
in certain genetic lines, but these effects of soy diets on longevity were significantly
dependent on genotype and involved interesting diet X genotype interactions (164).
Ames dwarf mice and normal matched controls both showed 20–40 % increase in
lifespan on either low or high isoflavone content soy diets compared with casein
controls (164). Experiments in the growth hormone receptor null or knockout line
(GHR-KO) and its corresponding control strain also showed 15 and 30 % lifespan
increases in the low isoflavone diet compared with casein control but less effectiveness
of the high isoflavone soy diet (164). It is not known whether these longevity effects
are similar to the effects of resveratrol in yeasts, flies, or worms, but these data in mice
are suggestive that similar effects may be observed in humans. Finally, a recent report
identifies an aging protein hormone, dubbed “Klotho” (188). Overexpression of Klotho
results in longevity, and Klotho-deficient mice showed accelerated aging and shortened
lifespan (188). Additional experiments suggest that the function of Klotho is intimately
related to suppression of insulin/IGF-1/metabolic signaling, linking this hormone to
the studies and mechanisms suggested from dwarf mice and caloric restriction (188).
There are no reports to date that link Klotho expression to resveratrol, HDAC inhibitors
including TSA butyrate and MAA, or the soy isoflavones. These remain interesting
possibilities for the future.

7. CONCLUSIONS: TRADITIONAL AND NOVEL ACTIONS OF EDCS
AND OTHER NON-STEROIDAL ESTROGENS

A variety of mechanisms may be relevant to assess the actions of EDCs and their
effects on gene regulation in wildlife and in humans. In addition to traditional transcrip-
tional regulation by gene activation, all aspects of hormonal signaling may be subject
to disruption through actions as agonists or antagonists, through potential modulation
by adaptive responses, and through novel actions.
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1. INTRODUCTION TO EPIGENETICS

Developmental epigenetics is a broad phenomenon, which was initially described
by Waddington as “the branch of biology which studies the causal interactions
between genes and their products which bring phenotypes into being.” Today, the
study of epigenetic regulation of development has been sharpened because of recent
work on molecular mechanisms of gene expression and developmental biology (1),
mainly focusing on how the environment produces alterations in gene expression
patterns without changes in DNA sequences (2). Epigenetics is now a well-accepted
phenomenon by the scientific community, in large part because of recent discoveries
in the field of the molecular biology, namely chromatin condensation, histone modifi-
cations, and DNA methylation, which are all well-identified processes.
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1.1. Mechanisms of Epigenetic Modifications
DNA methylation is by far the most widely known and most studied epigenetic

modification to date. The process of DNA modification constitutes a post-replicative
modification, in which a methyl group is added covalently to a DNA residue (3).
The reaction of DNA methylation occurs at the carbon 5 of the cytosine ring in
5′–3′-oriented CG dinucleotides (which are named as CpGs) and is catalyzed by the
action of DNA methyltransferases (Dnmts) (4).

Two other epigenetic mechanisms have to do with chromosome structure. Eukaryotic
genomic DNA is compacted more than 10,000-fold by basic proteins named histones,
which participate in the compaction of this DNA into an entity known as chromatin (5).
Heterochromatin is a region of the genome that is highly condensed throughout the
cell cycle, in contrast to euchromatin that shows condensation exclusively during
mitosis (6). Because heterochromatin regions are still condensed in interphase, they are
associated with repressed gene expression (6). Heterochromatin is often associated with
hypermethylated and hyperacetylated histones (7,8). Nevertheless, there are regions
(referred to as facultative chromatin) that can be transiently condensed and silenced
during development (6), thereby leading to variation in gene expression depending
on the chromatin state (condensed or uncondensed). In turn, the chromatin state is
also susceptible to modification depending on specific stimuli. For instance, there are
factors responsible for the initiation of the heterochromatin formation process, such as
transcriptional repressors and functional RNA, and also accessory factors that interact
with many groups of proteins (9). Therefore, the chromatin state may be epigenetically
regulated by factors whose levels could be environmentally dependent, leading to
epigenetic regulation of genes whose expression depends on chromatin state.

Histones are susceptible to a variety of post-translational modifications such as
phosphorylation, acetylation, methylation, ubiquitination, sumoylation, ADP ribosy-
lation, glycosylation biotinylation, and carbonylation (5). Nevertheless, among these,
methyl marks provide an epigenetic mechanism that favors the stable transfer of
gene expression profiles to progeny cells (5). It has been suggested that an “epige-
netic conversation” exists between histones and DNA that involves cytosine methy-
lation, histone deacetylation and methylation, all acting in synergy to generate a
self-reinforcing epigenetic cycle that maintains and perpetuates a repressed chromatin
state (10).

Despite evidence that the aforementioned epigenetic modifications can act
autonomously (10), RNA factors, histone methylation, and chromatin-remodeling
enzymes appear to all act together with Dnmts, resulting in the establishment and
maintenance of methylation patterns and the generation of site-specific methylation
and tissue-specific differences (11). Among RNA factors, small RNAs (siRNA and
miRNA) have recently been shown to have the ability to direct DNA methylation,
a mechanism called RNA-directed DNA methylation (RdDM) that is carried out by
dsRNA, which may be produced by transcription through inverted repeats (12). As a
whole, these data indicate that epigenetic mechanisms are not acting alone but rather
are integrated such that they may be affected by stimuli, and also produce phenotypic
consequences. Hence, epigenetic regulation of gene expression deals with integrating
intrinsic and environmental signals (13,14).
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1.2. Relationship Between Epigenetics and Transgenerational Effects
In integrating the concepts of epigenetics and mechanisms of epigenetic regulation

with the concept of transgenerational transmission of characters, it should be empha-
sized that not every epigenetic effect can be considered as transgenerational. This
latter phenomenon depends on the susceptibility of the organism to undergo epigenetic
changes and also on the capacity of the organism or environment to make those changes
persist across generations. An individual’s susceptibility to epigenetic changes will
depend on the stages of the ontogeny when the external effect took place. Exposure
to chemicals or other environmental agents may induce epigenetic changes in the
genome, but only when they act during critical periods of the ontogeny (15,16). In turn,
persistence of the stimuli through generations will depend on the nature of the epige-
netic system affected. For example, epigenetic alterations on chromatin condensation
leading to the changed expression of particular genes could regulate gene expression in
a variable manner during a single ontogenic event but may have a reduced capacity to
transmit those changes in comparison with imprinted genes. Changing methylation in
imprinted genes could have the same evolutionary value of a mutation (15) and may,
moreover, lead to biased mutations (17).

1.3. Role of Developmental Stage in Susceptibility to Epigenetic
Transgenerational Effects

The timing during ontogeny when an organism is exposed to stimuli has implications
on the organism’s susceptibility to be affected by such stimuli. For instance, devel-
opment is characterized by a high sensitivity to environmental stimuli, either external
or generated by cellular productions (13). Disruptions produced by a stimulus during
early stages of development have more systemic consequences assessed in adulthood
compared with the effect of such exposures in adulthood, which has more local and
limited consequences. The reason for this is that interfering with an embryonic cell
during development will produce changes in the derived cell lineage, which involves
a higher number and broader types of cells than when a cell lineage is derived from
an adult somatic perturbed cell. Thus, Danzo (18) has stated that “the greatest risks
to reproductive health posed by xenobiotics would be during the embryonic, neonatal
and pubertal periods, when the reproductive systems are undergoing finely tuned
modulation by steroid hormones.”

Any environmental effect produced in early life stages will also be of profound
importance from a transgenerational perspective. Organisms in early stages of devel-
opment are more susceptible to heritable structural changes that can be transmitted
through the germ line, such as reprogramming of methylation patterns (2) or through
overt mutations (19), even though the effects of external agents on the early embryo
may be hidden until much later in life (20,21). In mammals, however, external effects
in early development are strongly buffered by the uterus and placenta. Therefore,
any compound interfering with mammalian early stages of development must first
circumvent those barriers.

1.4. Transgenerational Effects of Endocrine-Disrupting Chemicals
Other possible transgenerational effects are those that are more related to the

presence of a compound itself in the environment than with its effects on structural
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features of organisms. If a given environmental compound is persistently present
generation after generation in a population of individuals, such a presence may lead to
altered parameters consistently and transgenerationally in this population. With regard
to this point, it must be emphasized that an organism is not only transmitting to the
offspring the structure that permits the realization of the phenotype. The organism also
transmits to the offspring the environmental conditions allowing the realization of such
a phenotype (22). In this sense, if environmental conditions trigger the same phenotypic
response every generation, it could be considered a transgenerational transmission of
characteristics. Endocrine-disrupting chemicals (EDC) achieve that condition given
that it is well known that they can be persistently present in the environment and food
chain (18,23,24).

In this chapter, we will focus the discussion on describing situations in which EDC
exposure affects epigenetic mechanisms in mammals and which possess the structural
features that enable them to be passed transgenerationally to future generations. Then,
the epigenetic system for which EDC effects have been more extensively studied, that
is, DNA methylation, will be discussed under two conditions: first, when such changes
are triggered during early stages of development and, second, during differentiation of
the germ line. Both cases represent events when possibilities for the organisms to be
affected by EDC are increased. Moreover, in these models, epigenetic changes have
more possibilities of being transgenerationally transmitted if such changes are induced
either before or during the differentiation of the germ line, which contains intrinsically
transmissible structural features of organisms.

2. EDCS AND THEIR MECHANISMS OF ACTION

Nearly 14 years ago, the scientific community acknowledged the existence of
chemicals capable of interfering with or mimicking endogenous hormones and other
signaling molecules of the endocrine system. Moreover, these substances have the
ability to cross placental and brain barriers and to interfere with development and
function (25). Since then, as attention to this area of investigation has grown, these
compounds have been referred to by a variety of names, such as EDCs (25), xenoe-
strogens (26), environmental hormones (18,27), hormonally actives agents (28), and
environmental agents (29). These chemicals included many chemical classes and
comprise an integral part of the world economy and commerce. The United States
Environmental Protection Agency (USEPA) developed a screening and testing program
to detect EDCs, and the Organization for Economic Cooperation and Development
(OECD) has set up a task force to identify, prioritize, and validate test methods
for the detection of endocrine disruptors (30). Nevertheless, few of the thousands of
chemicals used today have been tested systematically for endocrine-disrupting effects
in organisms.

The endocrine system of vertebrates consists of an intricate web of stimulatory
and inhibitory hormone signals that control basic body functions such as metabolism,
growth, digestion, and cardiovascular function, as well as more specialized traits
and processes such as behavior, sexual differentiation (during embryogenesis), sexual
maturation (during puberty), and adult reproduction (23). For example, the circulating
hormone 17�-estradiol (E2) controls a variety of cellular mechanisms, including devel-
opment processes and differentiation events, as well as growth in organs such as breast,
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ovary, and uterus. The timing and concentration of bioactive estrogen signals determine
sexual maturity, ovulation, and pregnancy.

2.1. Nuclear Receptors and Endocrine Disruption
Families of nuclear receptors (NRs) are defined by both structural and functional

homologies. The NR superfamily contains ligand-activated transcription factors that
exert a wide variety of different cellular responses by positively and/or negatively
regulating target gene expression (31,32). Apart from receptors that bind steroid
hormones, retinoic acid or thyroid hormone, the NR superfamily contains so-called
orphan receptors for which no ligand is known (33,34). Steroid/xenobiotic receptors
(SXR, also know as pregnane X receptor [PXR]), which belong to the family of orphan
receptors, recognize many classes of EDC and may activate responses resulting in
the expression of EDC metabolizing enzymes, thereby providing a link between the
internal and external environment (35). Estrogen receptor-related receptors (ERRs) are a
subfamily of orphan NRs that are closely related to the estrogen receptor family (36,37).
Research on ERRs has shown that this family shares target genes, co-regulators, and
promoters with the estrogen receptors family (38,39). On the contrary, ERRs seem
to interfere with the classic ER-mediated estrogen-responsive signal in a variety of
ways (40,41). Interestingly, ERRs have been reported to be prognostic biomarkers in
different types of cancer (42,43). In addition to SXR and ERRs, other NRs have been
shown to bind EDC. For example, chlorinated hydrocarbons such as some polychlori-
nated biphenyl (PCB) compounds, in theory, have the ability to bind to and activate
the ligand-activated transcription factor, the aryl hydrocarbon receptor (AhR), to bind
the thyroid hormone receptor (44). Some studies also demonstrate binding activity of
environmental agents to a thyroid hormone-binding protein similar to T4 but not to a
thyroid hormone receptor (45,46). A further discussion of these issues is provided in
Chapter 6 (Adler).

To date, no synthetic environmental chemical has been reported to function as
androgen. However, a growing number of pesticides have been recognized as androgen
antagonist or anti-androgen. The anti-androgenicity of dichlorodiphenyltrichloroethane
(DDT) and its metabolites and other insecticides (47,48) also highlights the diversity of
structures underlying the hormonal antagonist activities of environmental compounds.
The herbicide linuron, for example, has been shown to compete with ligand for
binding with the androgen receptor in human, thereby altering androgen-dependent
gene expression (49,50).

In addition to those synthetic EDC previously mentioned, natural chemicals have
also been shown to disrupt endocrine function. Plants produce versatile chemicals,
called phytochemicals or phytoestrogens, which serve both as endogenous signals
triggering color and scent production within the plant and as exogenous signals secreted
for communications with other organisms, for example, to inhibit sexual reproduction
of predatory herbivores (51). Leguminous plants (soybeans, clover, and alfalfa) secrete
phytoestrogens into the soil as a recruitment signal enabling symbiotic interactions
with mycorrhizal fungi and Rhizobium soil-bacteria, which in turn, provide growth
advantages to the host plant by increasing water/phosphate availability and fertilizing
with nitrogen, respectively (52). Structurally, phytoestrogens are isoflavones capable
of binding to estrogen receptors alpha and beta (ER� and ER�) and acting as a
weak agonist (53,54), competing with endogenous E2 for ER binding and activation
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of estrogen-responsive genes (55,56). Despite their ability to bind these receptors,
phytoestrogens exhibit only a fraction (10−2−10−3) of the estrogenic activity of
estradiol (57,58). In vitro binding affinities per se do not distinguish between ER
agonist and antagonist, nor do they predict tissue-specific estrogen or anti-estrogenic
activity. Therefore, it may be inappropriate to perform risk assessment of estrogenic
compounds by estimating their potencies solely through reporter gene or binding
assays. A thorough description of the mechanisms of action of phytoestrogens appears
in Chapter 6 (Adler), and effects of phytoestrogens as a central nervous system EDC
is provided in Chapter 4 (Walker and Gore).

Selective ER modulators (SERMs) represent another class of synthetic estrogens
being developed for treatment and prevention of hormone-dependent diseases (59).
In human HepG2 hepatoma cells transfected with an estrogen-responsive complement
C3 promoter-luciferase construct, SERMs differentially activate wild-type ER� and its
variant forms expressing activation function, namely ER-AF1 and ER-AF2; these are
in vitro differences that reflect SERMs’ unique in vivo biologies (60,61). The HepG2
cell assay has also been used to investigate the estrogenic activities of phytoestrogens
and synthetic/industrial estrogenic compounds (58,62). These results show that despite
evidence that phyto- and synthetic estrogens have weak estrogenic activity, they induce
distinct patterns of ER agonist/antagonist activities that are cell context-specific and
promoter-dependent, suggesting that these compounds will induce tissue-specific in
vivo ER agonist or antagonist activities. These studies suggest that other receptors
such as the AhR, which also binds structurally diverse ligands, may exhibit unique
responses in vivo that are not predicted in in vitro assays.

3. GENE EXPRESSION REGULATION BY EDCS THROUGH
EPIGENETIC MECHANISMS

There are many ways by which EDCs could regulate gene expression (63,64).
Transcriptional regulation by EDC has been described, for example, in several Hox
genes in which distinct retinoic acid-responsive elements mediate direct transcrip-
tional regulation by retinoic acid, resulting in teratogenesis after altered transcription
induction of these genes (21). Nevertheless, here we will focus on available data
concerning the epigenetic mechanisms for regulating gene expression by EDC. The
finding that some compounds have the ability to induce alterations in DNA methylation
patterns is not new [see Wachsman (65)]. Exposure to EDCs may result in transcrip-
tional changes resulting from altered DNA methylation in key genes (16), and this
appears to be the most common mechanism for effects of EDCs. To our knowledge,
the first group to report such an effect of EDC were Barrett et al. (66) who proposed
that diethylstilbestrol (DES) could transform cells by a mechanism other than point
mutations, frameshift mutations, or small deletions. By applying the current knowledge
of epigenetic mechanisms, we can speculate now that such transformations reported
by Barrett et al. (66) could have been the product of an epigenetic process. EDCs are
capable of triggering impairments during the development of organs, as proposed by
Li et al. (67), who showed that neonatal exposure to DES produced abnormalities in
the demethylation of the lactoferrin promoter. It has also been shown that the admin-
istration of the phytoestrogens coumestrol and equol to newborn mice can enhance
methylation and produce inactivation of the proto-oncogene H-ras (68). Later, Day
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et al. (69) demonstrated that DNA methylation patterns can be altered in 8-week-old
mice that consumed high doses of genistein. All this evidence is supported by the
new finding that exposure of early embryos to TCDD, DES, or PCB153 alters Dnmt
activity, which has the potential to induce a change in methylation status of genes and
affect further developmental processes (70). Thus, the link relating EDC and DNA
methylation is becoming strongly supported by scientific evidence.

With regard to EDC effects on another epigenetic system, Hong et al. (71) reported
that genistein and equol produce effects on histone acetylation mediated by either
ER� or ER�, which takes place through stimulation of the histone acetyltransferase
activity. Singleton et al. (2006) showed that treating ER�-HA breast cancer cells (which
overexpress HA-tagged ER�) with bisphenol A (BPA) or estradiol leads to differ-
ential expression of a set of genes. BPA upregulated histone H2B and downregulated
histone H1, on which estradiol had no effect; moreover, BPA had no effect on histone
deacetylase, which also differs from the downregulating effect of estradiol in this
regard (72). Interestingly, from an epigenetic perspective, these histones have implica-
tions for chromatin condensation, as previously described. Histone H2B belongs to the
dimer H2A/H2B that assembles with the (H3/H4)2 tetramer, forming a histone octamer
wrapped in the nucleosome core particle, the fundamental unit of chromatin (73).
Histone H1 binds to the nucleosome surface and interacts with nucleosomal DNA at
the entry and exit points, determining the higher-order folding states of chromatin (74).

There are not many publications examining EDC effects on chromatin conden-
sation. Nevertheless, it has been shown that treating in vitro oocytes that have already
undergone germinal vesicle breakdown with genistein (but not daidzein) produces
several consequences at the chromosomal level such as retention of metaphase config-
uration or prevention of the spindle translocation toward the cortex (75). A more recent
study has shown that chronic oral treatment with the fungicide vinclozolin (30 mg/kg
per day) from conception to adulthood disrupted both the sperm nuclear morphology
and the chromatin texture, having a deleterious impact on chromatin condensation
homogeneity (76).

4. EDC EFFECTS ON DNA METHYLATION DURING DEVELOPMENT

As previously mentioned, any compound interfering with mammalian early stages
of development must first circumvent the barrier represented by the uterus or placenta.
Endocrine disruptors are known to act through maternal–fetal transfer, thereby having
consequences on both gene expression and embryonic phenotype. With regard to the
former, Nishizawa et al. (77) reported that mid to late embryonic exposure (organo-
genesis period) to BPA changes the expression levels of NRs such as AhR, RARa, and
RXRa mRNAs in adult tissues such as brain (cerebrum and cerebellum) and gonads
(testes and ovaries). Nielsen et al. (78) and Newbold (79) have reported that expression
of ER� mRNA and protein is induced in the uterine epithelium after prenatal DES
exposure. Naciff et al. (80) showed that early prenatal exposure to endocrine disruptors
17�-ethinyl estradiol, BPA, or genistein lead to an altered gene expression response
in several genes (this latter study will be more extensively discussed below).

In section 4.2 phenotypic changes induced in embryos by EDCs have been reported by
Takai et al. (81), who showed that blastocysts exposed to BPA produce adult mice that are
heavieratweaning thancontrols,despitehavingsimilarweightatbirth.Other studies show
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the same effect by EDCs mediated by maternal transfer. Adeeko et al. (82) showed that
pregnant maternal treatment with daily doses of tributyltin chloride (20 mg/kg) between
gestational days 0 and 15, which includes the preimplantation period (until gestational
day 5), leads to reduced weight gain in fetuses. In addition, maternal treatment with
daily doses of 10 mg/kg produced the same effect in fetuses when treatment occurred
between gestational days 8 and 19, that is, starting after implantation (82). Another study
showing maternal treatment with a variety of endocrine disruptors, such as genistein,
resveratrol, zearalenone, BPA and DES, reported transient effects on the reproductive
tract and mammary glands in offspring with maternal high doses of genistein and
resveratrol; in turn, low and high doses of BPA and DES had transient effects on the
reproductive tract and mammary glands, whereas high doses of zearalenone induced
prolonged effects (83). Markey et al. (84) reported a decrease in the absolute and
relative weight of the vagina and also mammary gland dysgenesis due to fetal devel-
opmental exposure to BPA at doses 4,000-fold lower than those capable of inducing
an uterotropic response. Another feature reported to be altered because of prenatal
exposure to BPA is the number of days between vaginal opening and first vaginal
estrus, which is reduced in mice (84,85). We have found the same pattern for vaginal
opening in the model of feeding mice mothers with a natural isoflavones concentrate
containing genistein and daidzein (unpublished data, manuscript in preparation).

4.1. How do EDCs Reach the Fetus?
There are two possible ways in which EDC may undergo maternal transfer to reach

the developing embryo and produce epigenetic changes; one is through oviductal and/or
uterine endometrial secretions (86). The hormonal environment within the uterus is of
critical importance to fetal development, and thus, the way in which preexisting maternal
hormones that are present in the fetus interact with added chemicals will determine how
that uterine environment changes (84). With regard to this, we have hypothesized that
endocrine disruptors could be acting on embryos in the uterus even before implantation
takes place, through altering maternal secretion of epithelial uterine steroids such as
catecholestrogens, which in turn could lead to changes in the establishment of methy-
lation patterns in the embryo (15). In an in vitro study, Wu et al. (87) showed that
exposure of preimplantation embryos to the contaminant 2,3,7,8-tetra-chlorodibenzo-
p-dioxin can indeed alter DNA methylation in H19 and IGF-2, both imprinted genes.
Thus, altering the preimplantation intrauterine environment could lead to alterations
in methylation patterns not only in non-imprinted but also in imprinted genes, which
are known to have relatively unchanged methylation patterns throughout generations.

The other way in which EDC acts maternally on the developing embryo is transpla-
centally. It has been shown that EDCs such as p,p′-Dichlorodiphenyldi chloroethylene
(DDE) and �-Hexachlorobenzene (HCH) can be detected in the amniotic fluid in
women between 15 and 23 weeks of gestation, leading to embryonic exposure to
EDCs during organogenesis (88). In a very complete study in this field, Naciff et
al. (80) showed gene expression response to transplacental exposure to endocrine
disruptors, either 17-�-ethinyl estradiol, BPA, or genistein, from gestation day 11 to
20 in rat. Of 8740 genes analyzed, they detected changes in expression in 366 genes
for 17-�-ethinyl estradiol, 398 genes for BPA, and 344 genes for genistein. Moreover,
among those, expression of 66 genes was consistently and significantly regulated in
the same direction (80). Altered expression in those genes may be related to one



Chapter 7 / Epigenetics and Endocrine Disruptors 183

of the mechanisms involved in epigenetic regulation of gene expression. Newbold
et al. (89) have shown that, after administrating DES to pregnant rats during early
post-implantation development and the neonatal period, a greater susceptibility for
specific tumor formation in rete testis and reproductive tract tissues occurred in F1 and
reappeared in the non-exposed F2 offspring. The authors suggested that such a trans-
generational phenomenon could be due to epigenetic alterations transmitted through
the germ line, including changes in DNA methylation. Recent reports by Anway
et al. (90), Skinner and Anway (91), and Anway and Skinner (92), which will be
discussed next, reinforce such a postulate. Moreover, this maternally mediated epige-
netic effect is not limited to synthetic EDCs. We have found that feeding mice mothers
with an isoflavones concentrate containing genistein and daidzein alters gene-specific
methylation patterns in the offspring (unpublished data, manuscript in preparation).

5. EDC EFFECTS ON DNA METHYLATION DURING GERM LINE
DIFFERENTIATION

The process of germ line segregation from somatic cells in organisms may occur
through pre-formation or epigenesis; however, in metazoans, the latter is probably
the main mechanism of germ cell specification (93). The initiation of the functional
activation of the male and female reproductive systems represents an occasion during
which environmental endocrine disruptors could act to alter normal physiology (18).
Physiological effects due to EDC exposure have been reported to occur in germ line
in both males and females during critical stages of development such as sex determi-
nation. For example, embryo exposure to methoxychlor during sex determination period
affects embryonic testis cellular composition and germ cell number and survival (94).
Embryonic testicular cord formation is affected when embryos are exposed in vitro
to vinclozolin, and transient in utero exposure to vinclozolin increases apoptotic germ
cell numbers in the testis of pubertal and adult animals, which correlates with reduced
sperm motility in the adult (95). During the critical period of sexual differentiation, it
is expected that exposure of a chromosomal male to antiandrogenic xenobiotics would
interfere with the androgen-dependent differentiation of the Wolffian-derived struc-
tures and/or with the normal development of the male genitalia (18). On the contrary,
in females, it is well known that genistein has an inhibitory effect on maturation of
mammalian oocytes (96). Markey et al. (84) showed an increase in the percentage of
ovarian tissue occupied by antral follicules in 3-month-old mice exposed in utero to
250 �g/kg BPA.

However, heritable damage can also occur in the zygote at the beginning of the
embryonic development of a new individual and be transmitted to the next gener-
ation through altering features during germ line development (19). Moreover, such
heritable damage can be induced while germ line is developing. For example, it
has been shown that either chlorambucil or melphalan is capable of inducing a high
frequency of heritable deletions and other mutations in mouse germ cells (97,98),
thereby producing a transgenerational change because of mutations. Nevertheless,
although some endogenous and exogenous agents are frequently associated with DNA
mutations and transgenerational transmission, chemically induced epigenetic modifi-
cations of DNA may well have the same net effect on the phenotype of newly altered
cells and on their progeny (99). Regarding this, Holliday (100) reported that teratogens
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could target mechanisms that control patterns of DNA methylation in particular regions
of the genome of developing embryos modifying methylation patterns of the same
DNA sequence in somatic cells, leading to a developmental alteration and subse-
quently to changes in germ line cells. Modifications capable of being transmitted
are those (i) occurring in somatic cells before germ line segregation or (ii) in germ
line cells while they are in the process of differentiation. EDC effects regarding the
former have been previously described in this section. With regard to the latter, Anway
et al. (90) have shown that exposing a mother rat to either vinclozolin or methoxychlor
during embryonic days 8–15 produced transgenerational defects in the spermatogenic
capacity, which was transmitted throughout four generations (F1–F4). Furthermore,
the authors also detected 25 different polymerase chain reaction (PCR) products that
had altered methylation patterns in the F1 born to mothers subjected to the vinclozolin
administration (90). Therefore, exposure of a gestating mother to EDC during critical
periods of sex differentiation and testis morphogenesis, which is when cord formation
takes place in the embryo, triggers the germ line effect of decreased spermatogenic
capacity and sperm viability; this phenotype is transgenerationally transmitted in the
male and appears to be associated with altered DNA methylation of the germ line (91).
This interpretation is in concordance with that suggested by Newbold et al. (89) for
the transgenerational transmission of the increased susceptibility for tumor formation
because of early exposure to DES that was in section 4.1.

6. FINAL CONSIDERATIONS

There is a variable amount of evidence describing the effects of EDC on each
distinct epigenetic mechanism known to date. Nevertheless, there is existing evidence of
epigenetic EDC effects in histone modification, chromatin condensation and especially
in DNA methylation. In any case, each epigenetic modification may or may not have
transgenerational consequences, which will depend on the epigenetic system affected,
on the stage during the ontogeny when this occurs and on the persistency of the stimuli
throughout generations. Epigenetics integrates intrinsic and environmental factors (14).
Modifications of intrinsic factors are capable of being transmitted when triggered in
somatic cells before germ line segregation or in germ line cells while they are in the
process of differentiation. Experiments such as those performed by Newbold et al. (89)
and Wu et al. (87) strongly support the possibility that EDC action occurs through
mothers to the embryo, produces epigenetic changes on them, and moreover leads to
the transgenerational transmission of those changes, mechanism previously described
in Guerrero-Bosagna et al. (15). In parallel, experiments by Anway et al. (90) show
that EDC are also able to induce epigenetic modification during the differentiation of
germ line, also with the possibility of transgenerational transmission of those changes.
Moreover, such evidence suggests that EDCs are able to reach the embryo (i) during the
pre-implantation period, through uterine or oviductal secretions, (ii) while implantation
is taking place, through direct contact with uterine epithelia, or (iii) after implantation
occurs, through the placenta.

Although, to date, there is not considerable evidence available reporting epigenetic
and transgenerational effects of EDC, the consistency of the recent aforementioned
findings supports the feasibility of this postulate. The implications of this may be
many, ranging from public health to ecological or evolutionary issues.
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1. OVERVIEW AND INTRODUCTION

This chapter reviews the potential implications for human health of disrupting
endocrine signaling by thyroid hormone, which has been shown recently to signal
through the phosphoinositide 3 kinase (PI3K). First, the overlapping roles of thyroid
hormone and PI3K in normal development and maturation are summarized, and the
evidence for thyroid hormone signaling through PI3K is reviewed. Inhibition of PI3K
activity is predicted to exacerbate several of the fastest growing chronic human health
problems in the USA, including early learning difficulties, cardiovascular disease,
obesity and diabetes, and neurodegenerative diseases of the aging brain. Many of the
polyhalogenated aromatic hydrocarbons that have been produced by industrial activities
are suspected of interfering with the transport, activation, and receptor binding of the
thyroid hormone, L-3,5,3′ triiodothyronine. Thus, together with genetic differences and
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lifestyle choices, xenobiotic disruption of thyroid hormone signaling through PI3K
could increase the incidence of many chronic human illnesses.

2. THYROID HORMONE IS ESSENTIAL FOR HUMAN HEALTH

Thyroid hormone is essential for normal development and metabolism of many
human tissues (1). In one of the earliest examples of environmental disruption of human
health, when thyroid hormone synthesis is blocked completely by lack of iodine during
fetal development, deafness and severe retardation of growth and human cognitive
potential result. People who inherit mutations in the thyroid hormone receptor TR����,
which reduce its affinity for thyroid hormone, experience less severe reductions in
hearing and learning ability in addition to goitre and tachycardia (2). In adults, hypothy-
roidism, as indicated by elevated serum levels of thyrotropin-stimulating hormone
(TSH), is associated with cardiovascular disease and depression and is surprisingly
common among the general population (3).

The metabolism of thyroid hormone is summarized in Fig. 1. The prohormone
thyroxine, or 3,5,3′,5′ tetraiodo l thyronine (T4), is synthesized in the thyroid gland
and transported throughout the body in the bloodstream by plasma proteins: T4-binding
globulin, transthyretin and albumin (4). Thyroxine synthesis is stimulated by TSH,
which is released by thyrotropes in the pituitary. In turn, TSH secretion from thyrotropes
in the pituitary is stimulated by the hypothalamic neuropeptide, thyrotropin-releasing
hormone (TRH). The thyroid hormone, 3,5,3′ triiodo l thyronine (T3), is produced

Fig. 1. Thyroxine synthesis in the thyroid is regulated by thyrotropin-stimulating hormone (TSH)
production in the pituitary. Thyroxine is transported to the pituitary where it is converted by
a 5′ deiodinase to thyroid hormone, which antagonizes further stimulation of TSH secretion by
thyrotropin-releasing hormone (TRH).
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from thyroxine by the action of a 5′ deiodinase in many tissues and inactivated by
further deiodination (5). Finally, thyroid hormone feeds back on thyrotropes in the
pituitary to inhibit TSH secretion.

3. THYROID HORMONE SIGNALING

The two major signaling pathways for thyroid hormone signaling are summarized
in Fig. 2. Most of the effects of thyroid hormone are mediated by one of the cErb-A
family of nuclear zinc finger TR� and TR� proteins encoded by alternative splicing
of the THRA and THRB genes (6). Unliganded dimers of these proteins have been
shown to interact with specific response elements on DNA and organize complexes of
transcription regulatory proteins. Thyroid hormone binding alters the composition of
these complexes and consequently regulates gene expression. This model of thyroid
hormone receptor signaling is consistent with the initially surprising observation that
knocking out the expression of all the thyroid hormone receptors in rodents was
much less deleterious than the effects of removing the hormone by blocking its
synthesis (7–9). Only the increase in TSH secretion and some of the sensory defects of
thyroid hormone removal were reproduced in the TR� knockout (10). More recently,
attention has shifted to the rapid effects of thyroid hormone on cellular physiology,
which are difficult to explain by changes in gene expression (11,12). Classically, these
effects involved changes in oxygen consumption (13), but, more recently, thyroid
hormone has been reported to rapidly alter the activity of kinase cascades and transport
proteins. Many of these effects appear to involve signaling through the PI3K.

We first postulated a link between the rapid effects of thyroid hormone and PI3K to
explain the Rac-dependent stimulation of potassium channel activity in a pituitary cell
line GH4C1 (14). Other investigators had reported rapid effects of thyroid hormone on
ion channels in cardiac myocytes (15,16), but they had not studied the mechanism of
thyroid hormone action. We postulated the involvement of PI3K because many Rac-
activating proteins are stimulated by PIP3 (17) and because other nuclear hormones had
been reported to stimulate PI3K activity (18). To test this hypothesis, initially we used
the fungal metabolite, wortmannin, which binds to the active site of PI3K and inhibits
its activity (19). At concentrations selective for PI3K, wortmannin blocked potassium
channel stimulation by thyroid hormone in the GH4C1 cells (14). Subsequently, we and
others published additional evidence for thyroid hormone stimulation of PI3K (20–22).
Although we were able to reconstitute PI3K-dependent signaling in a heterologous

Fig. 2. Thyroid hormone signaling. The classical mechanism of thyroid hormone signaling involves
binding in the nucleus to proteins of the c-erba family of zinc-finger DNA-binding transcription
factors. More recently, evidence is accumulating that nuclear thyroid hormone receptors also signal
in the cytoplasm and mediate phosphoinositide 3 kinase (PI3K) stimulation by thyroid hormone.
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system with recombinant human TR� receptor (23), we do not yet have a precise
molecular mechanism. We hypothesize that TR� binds to the regulatory p85 subunit of
PI3K through a conserved SH2 domain, but this idea remains to be tested. Nevertheless,
known downstream effectors of PIP3, which are described below, currently explain
more of the classical actions of thyroid hormone than any documented effects on
expression of specific genes.

4. PI3K SIGNALING

The metabolism and major effectors of 3,4,5 PIP3 are illustrated in Fig. 3. By
phosphorylating the minor membrane lipid, phosphoinositide 4,5 bisphosphate (4,5PIP2),
to produce phosphoinositide 3,4,5 trisphosphate (PIP3), the PI3K initiates several
signalingcascades involving theRacGTPaseandproteinkinases,which regulatesurvival,
growth, metabolism, motility, excitability, and gene expression (24,25). PIP3 is subse-
quently metabolized by the lipid phosphatases, phosphatase and tensin homologue deleted
from chromosome-10 (PTEN) and Src homology domain-containing inositol phosphate
(SHIP). Many microbial pathogens produce disease by inhibiting PI3K or its downstream
effectors such as the Rac GTPase (26). PIP3 signals primarily by attracting proteins to
the membrane with domains that recognize PIP3 (27). In addition, many of the protein
kinase cascades activated by the PIP3-dependent protein kinase (PDK) lead to changes in
gene expression (25). Thus, if thyroid hormone stimulates PI3K as we postulate, then one
cannot a priori predict which thyroid hormone-dependent changes in gene expression are
mediated by nuclear receptor signaling in the nucleus or in the cytoplasm through PI3K.

Thyroid hormone has been known for decades as the primary endocrine regulator
of protein, lipid, and carbohydrate metabolism (1), and selective agonists for the TR�
receptor are more effective than statins at lowering blood lipid levels and preventing
obesity in rats (28). Not coincidentally, PI3K plays a fundamental role in regulating
metabolism at the cellular level (29). For example, increasing PIP3 levels by knocking
out the lipid phosphatase, SHIP2, is just as effective at preventing obesity in rats (30)
as the TR� agonist, which we predicted to increase PIP3 levels (23). Metabolic
disorder describes a syndrome of obesity and insulin-resistance, which contributes to
the risk of cardiovascular disease and stroke. Thyroid hormone might also regulate
insulin secretion from pancreatic beta cells, which express the same Kv11.1 potassium

Fig. 3. Phosphoinositide 3 kinase (PI3K) initiates several signaling cascades involving the Rac
GTPase and protein kinases, which regulate survival, growth, metabolism, motility, excitability, and
gene expression. PIP3 is subsequently metabolized by the lipid phosphatases, PTEN and SHIP.
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channels (31) that thyroid hormone stimulates in pituitary cells (14). Similarly in cardiac
myocytes, where human polymorphisms in Kv11.1 channels are responsible for LQT
syndrome (32), thyroid hormone might regulate cardiac rhythmicity and hyperplasia
through PI3K.

5. THE NEW RHO BIOLOGY OF THYROID HORMONE
AND ITS RELATIONSHIP TO NEURAL FUNCTIONS

In the brain, PI3K promotes neural development and survival through two
separate mechanisms. PIP3-dependent stimulation of the Akt kinase (PKB) promotes
survival through phosphorylation-dependent inhibition of several apoptosis-promoting
proteins (33). In other tissues, unrestricted signaling through PI3K often leads to
cancer (34). In the brain, however, where most neurons by necessity are post-mitotic
to avoid dismantling and reassembling thousands of experience-dependent synapses at
each cell division, neuronal proliferation is rare, but vital. One population of prolif-
erating neuronal progenitors in particular in the dentate gyrus of the hippocampus
is believed to play an essential role in clinical depression and to be the target of
selective serotonin-reuptake inhibitors, which are used to treat depression (35). In this
context, given the long anecdotal association between hypothyroidism and clinical
depression (36), recent reports demonstrating that thyroid hormone stimulates neuronal
proliferation in this region of the brain are highly intriguing (37,38).

PIP3 also recruits and stimulates several Rac-activating proteins or “guanine
nucleotide exchange factors” (GEFs), which catalyze dissociation of guanosine 5′

diphosphate GDP (17). Rac is a member of the Rho family of Ras-related monomeric
GTPases in the cytoplasm that play a critical role in regulation of the neuronal
cytoskeleton. In this capacity, Rac and Rho, which antagonizes Rac action, provide a
central regulatory system for controlling neurite outgrowth and synaptic plasticity in
the developing brain (39). Consequently, human mutations that inhibit Rac signaling
or potentiate Rho signaling are the most common cause of inherited mental retar-
dation (40). Furthermore, Rac and Rho are implicated in the progression of neurode-
generative disease.

The three most prevalent neurodegenerative diseases among aging humans are
Alzheimer’s disease, Parkinson’s disease, and Gehrig’s disease or amyotrophic lateral
sclerosis (ALS), each of which affects a different population of neurons. In the vast
majority of cases, the primary pathology that initiates neurodegeneration cannot be
traced to the patient’s genetic background, implicating unknown environmental factors
in their etiology. However, in a small percentage of the severest cases with the earliest
onset, specific disease genes have been identified. In ALS, one early onset gene,
alsin, is a Rac GEF, which regulates neurite outgrowth (41). This is particularly
interesting for two reasons. Motor neurons, which degenerate in ALS, appear to be
particularly susceptible to oxidative stress because the first susceptibility gene isolated
was the superoxide dismutase (SOD) which protects cells from the accumulation of
metabolically stressful molecular radicals (42). Alsin also protects motor neurons from
oxidative stress (43,44). Cell death in response to oxidative stress is initiated in part
by a protein kinase, the apoptosis signaling kinase, ASK1, which only signals when it
is phosphorylated (45). In the nervous system, ASK1 is maintained in an inactive state
by a protein phosphatase, PP5, which dephosphorylates ASK1 (46). Coincidentally, we
have demonstrated that PP5 mediates the Rac-dependent effects of thyroid hormone on
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potassium channel activity in pituitary cells (47). Thus, if thyroid hormone, and conse-
quently PI3K and Rac, signaling were disrupted, then the motoneurons’ molecular
brake on ASK1 activity would be weakened, and the person would be more susceptible
to developing ALS. Therefore, it now appears warranted to investigate epidemiological
links between hypothyroidism and ALS.

A second potential role of thyroid hormone signaling through PI3K and Rac in
neurodegenerative disease concerns the treatment of Alzheimer’s disease patients with
non-steroidal anti-inflammatory drugs (NSAIDs). Although it has been difficult to
reproducibly detect significant effects of NSAIDs on disease progression in population
studies (48), it has been reported recently that the most effective NSAIDs also inhibit
protein kinases stimulated by Rho (49,50). In addition, Rac stimulates secretion of non-
amyloidigenic soluble form of the amyloid precursor protein (51). Again, it appears
that Rac and Rho have opposite effects on the progression of neurodegeneration in
aging as they do on neurite outgrowth during development (40,52): Rac signals through
a protein phosphatase and increases cognitive potential, whereas Rho signals through
protein kinases and reduces cognitive potential. In this context, it is interesting that
transthyretin, a plasma thyroid-binding protein, which might be predicted to increase
thyroxine distribution to the brain, is a susceptibility factor for disease-like symptoms
in transgenic rodent models of Alzheimer’s disease (53).

6. XENOBIOTICS DISRUPT THYROID HORMONE SIGNALING

Because they resemble the structure of the thyroid hormone and its precursor,
thyroxine, polyhalogenated aromatic hydrocarbons, such as the polychlorinated
biphenyls, dioxins, and flame retardants that are released into the environment by indus-
trial activity, have been suspected for several years of interfering with thyroid hormone
signaling (54,55). In particular, attention has focused on the effects of exposure to
these xenobiotics on early brain development and human cognitive potential (56,57).
However, thyroid hormone is equally vital for amphibian metamorphosis (58), so
further consideration of the role of thyroid hormone disrupting xenobiotics in the
increasing incidence of frog malformations might also be warranted.

In principle, xenobiotics could interfere with thyroid hormone signaling at three
different levels (Fig. 1). By inhibiting thyroxine binding to serum transport proteins,
xenobiotics could reduce the amount of thyroxine available in tissues for conversion
to thyroid hormone. By inhibiting the 5′ deiodinase, which produces thyroid hormone
from thyroxine, xenobiotics could reduce the amount of active thyroid hormone that
is produced in tissues. Finally, by inhibiting thyroid hormone binding to its receptors,
xenobiotics could inhibit signaling directly. Although there have been reports of each
of these examples in the literature, there are also many negative studies.

Reproducible environmentally relevant studies in humans are difficult to carry
out for many reasons. Because the vast majority of thyroxine is bound to transport
proteins in the serum, and because most thyroid hormone molecules are produced
transiently in tissues by the local deiodinase, it is difficult to measure thyroid hormone
levels from blood samples. Thyroid hormone levels may also fluctuate diurnally
and seasonally, further complicating epidemiological studies. Such ambiguities also
complicate laboratory studies with experimental animals. In addition, some chemicals
might also function as thyroid hormone analogues, stimulating receptors directly or
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potentiating thyroid hormone action by blocking metabolism by other iodinases (59).
To overcome these difficulties, simple, quantitative molecular and physiological
assays are needed urgently. While there has been some progress developing physi-
ological assays in neuronal cell culture (60), in brain slices (61), and in model
organisms (62,63), previous molecular assays have relied exclusively on indirect, non-
linear measures of artificial expression vectors with thyroid hormone promoters. Now
that thyroid hormone signaling through PI3K has been reconstituted with recombinant
receptors in mammalian cell lines (23), the availability of fluorescent reporters of PI3K
activity (27,64) should allow more quantitative, real-time, high-throughput testing of
large panels of xenobiotics for disruption of PI3K stimulation by thyroid hormone.

7. SUMMARY

The PI3K regulates many of the fundamental physiological processes at the cellular
level, which have been attributed to thyroid hormone at the organ level, including
regulation of gene expression. However, thyroid hormone is only one of many
endocrine pathways regulating PI3K activity, and PI3K signaling will probably explain
only a fraction of all the effects of thyroid hormone and its multiple receptors.
Nevertheless, disruption of thyroid hormone signaling through PI3K is predicted to
increase susceptibility to several of the most common chronic human health problems
including learning disorders, neurodegenerative disease, metabolic syndrome, and
cardiac arrhythmias (Fig. 4). Therefore, in the future, it will be important to clarify
the molecular mechanism of PI3K stimulation by thyroid hormone and to identify
the environmental chemicals that interfere with its transport, activation, and receptor
binding.

Fig. 4. Xenobiotic disruption of the transport, activation, or receptor binding of thyroid hormone
could contribute to several of the most common chronic public health concerns, including early
learning difficulties, cardiovascular disease, metabolic syndrome, and neurodegenerative diseases of
the aging brain.
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1. INTRODUCTION

1.1. Critical Windows of Exposure in Reproductive Development
Infertility and associated problems of the female reproductive tract, such as

endometriosis, abnormal menstrual cycles, and premature menopause, are diagnosed
in women of reproductive age. For this reason, reproductive problems are usually
considered to be “adult” conditions. Whereas, some female reproductive problems are
the result of contaminant exposures during adulthood, there is increasing evidence
that exposures early in life can result in permanent and irreversible changes to the
reproductive tract, which are not manifest until decades later.

A growing body of scientific evidence suggests that exposure to endocrine-disrupting
chemicals (EDCs) early in life may alter development of the reproductive tract and
hormonal responsiveness in adulthood (1,2). Coupled with this evidence are a number
of disturbing trends in some geographic regions, including a reduction in fertility, an
increase in hormone-sensitive cancers, an earlier age of puberty in girls, and a decrease
in the number of boys being born.

Evidence from animal studies indicates that these conditions are likely to originate
during the prenatal period. Exposures to environmental contaminants early in life are
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of particular importance, because the reproductive system is undergoing an intricately
orchestrated process of growth and differentiation. A fetus is vulnerable not only
because of the rapid development and growth that are occurring, but also because it
possesses immature and underdeveloped excretion pathways, low levels of chemical-
binding proteins, and an underdeveloped blood-brain barrier that is unable to protect
the nervous system from toxic exposures (3).

1.2. DES as a Classic Example of Endocrine Disruption Occurring in Utero
Diethylstilbestrol (DES), a synthetic estrogen, was given to an estimated 2–10

million women in the USA and UK from the late 1940s through the early 1970s.
Originally given to prevent spontaneous abortion (SAB), this drug was a failure in
preventing pregnancy loss (4). Furthermore, this drug has left a legacy of reproductive
abnormalities in both the boys and the girls exposed in utero.

DES is a potent estrogen that binds to estrogen receptors in the fetal reproductive
tract where it causes permanent alterations. In addition to cervico-vaginal abnormalities,
women exposed to DES in utero have been shown in some studies to have reduced rates
of fertility, vaginal and uterine abnormalities (e.g., vaginal adenosis, clear cell vaginal
carcinoma, and a T-shaped uterine cavity), increased incidence of endometriosis, SAB,
and poorer pregnancy outcomes (5–8). Uterine fibroids were also recently associated
with in utero DES exposure (9).

Exposure to DES is now used as a model compound for studying the mechanisms and
toxicities of other suspected environmental estrogens, including epigenetic alterations
that are transmissible to subsequent generations (10). In preliminary epidemiological
studies of women whose mothers were exposed in utero to DES (third generation),
there is evidence of irregular menstruation and possible infertility (11).

2. EXPOSURE TO EDCS

Approximately 60 chemicals have been categorized as endocrine disruptors,
including both synthetic and natural compounds (12). Pesticides, persistent pollutants
such as polychlorinated biphenyls (PCBs) and dioxins, additives used in the plastic
industry, and flame retardants have all been shown to have hormonal activity (2,13,14).

Exposures to EDCs happen throughout the life cycle—from preconception through
adult reproductive years. Many EDCs are stored in adipose tissue and have very long
half-lives, so they can persist in tissues for decades. EDCs have been identified in
follicular fluid, semen, amniotic fluid, fetal cord blood, breast milk, serum, and adipose
tissue. In addition to direct toxicity to oocytes and spermatozoa, endocrine disruptors
may also interfere with fertilization, implantation, pregnancy, and embryonic, fetal,
and pubertal development.

2.1. Preconception Exposure
EDCs may cause abnormal meiosis resulting in chromosomal aberrations in gametes

or interference with fertilization or implantation. In a study of couples undergoing
fertility treatments, over 50% of the women had pesticides, PCBs, DDT/DDE, and
other chlorinated chemicals in their serum and follicular fluid (15). In the same study,
cadmium was measured in about one-third of follicular fluid samples. Bisphenol
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A (BPA), an estrogenic EDC, also has been identified in follicular fluid (ng/mL range)
and is reported to adversely affect embryonic development (16). Cadmium and chlori-
nated pesticides have been measured in semen samples and may not only interfere
with sperm function but also be transferred to the female where they could potentially
interfere with embryonic development (15,17).

2.2. Fetal Exposure
Amniotic fluid samples can provide information about exposures to EDCs during

the second trimester of gestation. Similar to contaminants found in follicular fluid,
chlorinated hydrocarbons, such as the DDT metabolite, DDE, PCBs, and hexachlorocy-
clohexane (HCH), have been measured in amniotic fluid. In one study, DDE and HCH
were found to be above the limit of detection (0.1 ng/mL) in approximately one-third of
amniotic fluid samples collected during routine amniocenteses (18). Organophosphate
and carbamate pesticides also have been measured in amniotic fluid (19). In follicular
and amniotic fluid, DDE is the most frequently detected pesticide, is found at the
highest concentrations, and has been associated with failed in vitro fertilization (IVF)
outcomes (15,18). The plasticizer, BPA, also has consistently been found in amniotic
fluid at low concentrations (ng/mL) in several studies from Japan (16,20,21).

Cord blood samples are an easier and less invasive method of biomonitoring fetal
exposures and have been used for assaying a wide array of chemicals. EDCs—including
pesticides; chlorinated hydrocarbons such as PCBs, DDT, and dioxins; plasticizers
such as phthalates and BPA; heavy metals such as mercury and lead; and flame
retardants such as polybrominated diphenyl ethers (PBDEs)—have all been measured
in cord blood samples (16,22–24). In a recent study of 10 newborn cord blood samples,
100% were found to contain measurable levels of mercury [average 0.947 parts per
billions (ppb), range 0.07–2.3 ppb], polyaromatic hydrocarbons (PAHs) [average 285
parts per trillion (ppt), range 217–384 ppt], perfluorinated chemicals [average 6.17 ppb,
range 3.37–10.7 ppb], polychlorinated dioxins and polychlorinated furans (PCDDs and
PCDFs, respectively) (average 59.4 ppt, range 37.9–102 ppt), PCBs (average 7.9 ppb,
range 2.99–19.7 ppb), PBDEs (average concentration: 6.4 parts per billion, range
1.1–14.2 ppb), organochlorine pesticides (average: 18.6 ppb, range 8.7–35.40 ppb),
and perchlorinated naphthalenes (617 ppt; range 295–964 ppt) (25). Other cord blood
studies have found similar concentrations of these chemicals; levels shown to cause
reproductive abnormalities in animal models (26–28).

2.3. Postnatal Exposure
After birth, newborns may continue to be exposed to EDCs in breast milk. Breast

milk samples contain many of the same contaminants found in amniotic fluid and
cord blood, including pesticides, PCBs and other chlorinated hydrocarbons, phthalates,
BPA, and PBDEs (29,30). Although these contaminants are commonly found in breast
milk, it is important to emphasize that breast milk currently remains the preferred
food source for newborns. Breast feeding has not only nutritional but also emotional,
neurological, and immunological benefits. These benefits extend beyond the neonatal
period, well into child and adult development.

Finally, there is ongoing exposure to EDCs from childhood through adult repro-
ductive ages. Ongoing sources of exposure to EDCs occur by ingestion of food and
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water, inhalation of contaminants, as well as accumulation of chemicals with long half-
lives. Biomonitoring of the serum, urine, and breast milk of women of reproductive
age has demonstrated the presence of EDCs.

It is clear from the earliest point of development and throughout life that humans are
exposed to a wide variety and mixture of chemicals, many of which have the potential
to interfere with normal hormonal actions. Although it is impractical to measure body
burdens in every patient and impossible to extrapolate one measurement to a health
outcome, trends of EDCs exposure in humans are likely to have important public health
implications.

2.4. Pubertal Development and Exposure
In the USA, there is sufficient evidence that the average age of puberty has decreased

over the past 30 years. The average age of onset of menses for African-American
girls is 12.1 and for Caucasian girls is 12.6 years (31). Compared with statistics from
25 years ago, this is about 5 months earlier in African-American girls and 3 months
earlier in Caucasian girls. The average age of onset of breast development is age 9 in
blacks and age 10 in whites, compared to an average age of 11.2 years for all races 25
years earlier. Although there are less data, there is also evidence that boys are reaching
puberty at earlier ages. There are a number of reasons that could account for this trend
including better nutrition and higher rates of obesity in children (31). There is also
concern that exposure to EDCs may be responsible, in part, for this change.

In girls, earlier age at menarche was reported after exposure to PCBs, polybrominated
biphenyls (PBBs), DDT, and phthalate esters (32,33). However, several other studies
have found no effect of these compounds on age at menarche or pubertal Tanner stages.

In the 1970s, consumption of food contaminated with the flame retardant, PBB,
resulted in exposure of more than 4,000 individuals in Michigan. Breast-fed females
born after the contamination had higher serum levels of PBB (>7 ppb) and underwent
menarche one year earlier than those with low exposure (<1 ppb). These results were
statistically significant with an OR of 3.4 (95% CI: 1.3–9.0) (32). There was no change
in the age of onset of breast development. Of note, the main congener contaminating
the food supply, PBB-153, is estrogenic (32). Long-term effects in those exposed, such
as infertility, incidence of reproductive tract cancers, including breast cancer, and age
at menopause, have yet to be reported.

Among women exposed postnatally and prepubertally to high levels of the potent
dioxin, 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) in Seveso, Italy, there was no
change in the onset of menarche (34).

There are conflicting results on the association of other chlorinated hydrocarbons
with the onset of puberty (33,35). One study analyzed age of puberty in 327 young
girls exposed in utero to PCBs and DDT when their mothers ate contaminated fish.
An increase of 15 �g/dL DDE in maternal serum was associated with 1 year advance
of menarche in daughters (p = 0�04) (35). PCB exposure was not associated with an
earlier age of menarche in this study. However, other studies have found an association
of early menarche with PCB exposure. In a study of Akwesasne Mohawk Nation
girls, living near a Superfund site contaminated with PCB, DDE, and the pesticides
hexachlorobenzene (HCB) and mirex, it was found that only PCBs were associated
with an earlier age of puberty (33). In another study, a cohort of 316 girls exposed
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to DDE and PCBs prenatally and through breast feeding had no changes in age at
menarche or other pubertal stages (32).

Lead has been associated with a later age of puberty (33). Consistent with this study,
lead has been found in two other studies to be associated with a delay in self-assessed
age at menarche and physician-determined pubic hair and breast development (32).

3. MENSTRUAL-CYCLE DISRUPTION

3.1. Menstrual-Cycle Abnormalities and Other Hormonal Disturbances
Steroid and protein hormones control variation in menstrual cycle length and

regularity with modification by a number of factors that can interfere with normal
hormonal signaling and regulation, such as EDCs. Irregular menstrual cycles are
associated with impaired fecundity, infertility, and a number of reproductive disorders
such as polycystic ovarian syndrome (PCOS).

Cigarette smoking has been associated with menstrual abnormalities, and smokers
have higher basal follicle-stimulating hormone (FSH) levels and shorter cycle lengths
consistent with an increased prevalence of diminished ovarian reserve (36). PAHs, one
group of over 4000 chemicals found in tobacco smoke, are hypothesized to cause a
loss of oocytes. Animal studies have confirmed that PAHs bind to the aryl hydrocarbon
(Ah) receptor in the ovary, triggering apoptosis (37). Similar results have been observed
in vitro with human ovarian explants (38).

Exposure to PCBs has been associated with altered menstrual cycles and hormonal
changes as well. Adult women exposed to cooking oil contaminated with high levels
of PCBs and PCDFs in Taiwan reported abnormal menstrual bleeding 50% more
frequently than women who were not exposed (39). However, these women did not
report any differences in cycle regularity, fertility, or age at menopause. A smaller
study of girls exposed in utero to the contaminated cooking oil found shorter cycles
(5.5 vs. 6.5 days, p = 0�0055); a higher rate of irregular cycles (40 vs. 0%, p = 0�018),
and higher serum levels of estradiol (p = 0�016) and FSH (p = 0�061) in the exposed
girls compared with controls (40). In contrast, a study of US women exposed to lower
doses of PCBs in the 1960s found an association with longer and irregular menstrual
cycles (41). Another study of Southeast Asian immigrants did not find an association
with PCBs and cycle length (42). Differences in these studies may be due to differences
in the timing of exposure, congener differences, routes of exposure, and/or racial
differences.

Pesticides are known to disrupt the estrous cycle in animals, especially hormonally
active pesticides such as atrazine, lindane, mancozeb, and maneb (43). Among women
who mixed or applied these pesticides, there was an increase in cycle length (OR =
2.7), missed periods (OR = 2.1) and intermenstrual bleeding (OR = 1.6) (43). Overall,
women who mixed or applied any pesticides experienced longer menstrual cycles and
increased odds of missed periods compared with women who never used pesticides
(OR = 1.5, 95 % CI: 1.2–1.9).

There have been conflicting results on DDT exposure and menstrual cycle charac-
teristics. A study of women exposed in the 1960s, when DDT was commonly used, did
not find any association for menstrual cycle length, but there was trend toward irregular
cycles (41). In a study of South East Asians, where DDT continues to be used, each
doubling of the DDE level decreased cycle length by 1.1 day (95% CI: −2.4–0.23)
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and decreased luteal phase length by 0.6 days (95% CI: −1.1 to −0.2). In this study, a
decrease in progesterone metabolite levels during the luteal phase was associated with
increasing DDE concentrations (42). Differences in these two studies may be due to
differences in the years of exposure, routes of exposure, and/or racial differences.

High doses of the most potent dioxin, TCDD, are known to disrupt ovarian function
in nonhuman primate studies (44). However, chronic low-dose exposures in women
have not been associated with any changes in menstrual cycle length or hormonal
profiles. A study of women in Seveso, Italy, exposed to high levels of TCDD after an
industrial explosion found that women exposed premenarchally had a lengthening of
the menstrual cycle by 0.93 days for each 10-fold increase in serum TCDD levels (44).
Among women who were exposed postmenarchal, there was no change in menstrual
cycle length. These findings are consistent with the hypothesis that TCDD may act as
an endocrine disruptor by altering the hypothalamic–pituitary–gonadal axis resulting
in an elongation of the cycle and/or a higher frequency of anovulatory cycles. After
puberty has begun, the axis may be more resistant to perturbations (44).

3.2. Endometriosis
The endometrium is a steroid-responsive tissue that undergoes proliferation and

degradation with each menstrual cycle. Endometriosis is a condition wherein endome-
trial glandular and stromal components grow outside the uterus resulting in implant
lesions principally within the pelvic cavity, but occasionally found elsewhere in the
body. The internal bleeding associated with endometriosis can result in inflammation,
pain, and the formation of pelvic adhesions. Although endometriosis sometimes occurs
without symptoms, it often causes chronic pelvic pain, dysmenorrhea, and dyspareunia.
Severe endometriosis has been associated with infertility (45).

Endometriosis affects about 1 in 10 women in the USA, but nearly 40% of women
with infertility appear to have endometriosis (46). The etiology of endometriosis in not
understood, although in utero exposures may be important. A recent prospective study
found low birth weight, exposure to DES, and multiple births were associated with a
greater incidence of endometriosis (47).

There is an evolving body of scientific research suggesting that endometriosis may
have an environmental origin. In primates, exposure to chlorinated hydrocarbons such
as PCBs and dioxins can cause endometriosis and make it worse in animals that already
have it (46). Laboratory studies of dioxins and dioxin-like PCBs have shown that
endometrial tissue responds with increased expression of estrogen (through aromatase
induction), inflammation, and altered immune response leading to abnormal tissue
remodeling (46). The most potent dioxin, TCDD, also alters expression of an endome-
trial glycoprotein critical for embryonic implantation and pregnancy establishment (48).

Epidemiological studies of endometriosis in humans have found inconsistent results
between chlorinated hydrocarbon exposures and the incidence of endometriosis (46,49,
50). Comparison of these studies is limited by small numbers of subjects, differences
in study design and analytical methods, and differences in the specific organochlorines
measured in each study. Many epidemiological studies of endometriosis and associated
environmental exposures are further complicated by a lack of sufficient control groups.
Diagnosis of endometriosis requires both laparoscopic and histological confirmation.
Many women of reproductive age undergo laparoscopy only for diagnosis of gyneco-
logical conditions or for tubal ligation. Therefore, there may be selection bias in
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choosing a control group, because other gynecological conditions (infertility, PCOS,
and dysmenorrhea) could be associated with similar environmental exposures. Women
who have already had children and are undergoing laparoscopy for tubal ligation have
a different reproductive history with the potential for decreases in the body burden of
persistent chemicals through lactation.

Perhaps because of these limitations, there is conflicting evidence that persistent
organochlorines such as PCBs and dioxins are associated with endometriosis in
women (46,49,50). This issue may be resolved by evaluating specific congeners rather
than as a group of chemicals.

A recent case–control study of women in Belgium found an association between
increased serum concentrations of dioxin-like organochlorines and endometriosis (51).
Serum concentrations of polychlorinated dioxins and polychlorinated furans (PCDDs
and PCDFs), and dioxin-like PCBs were measured and standardized to toxic equiv-
alent factors (TEQ) based on the toxicity of TCDD. Women with peritoneal
endometriosis or deep endometriotic (adenomyotic) nodules had higher mean TEQ
levels than controls. Furthermore, for each increase in total TEQ levels of 10 pg/g
lipid, the risk of deep endometriotic (adenomyotic) nodules increased 3-fold (OR
= 3.3, 95% CI: 1.4–7.6). In a small study comparing serum levels of PCBs
with laparoscopically confirmed endometriosis, the highest tertile of anti-estrogenic
PCBs was associated with a 5-fold increase in risk of endometriosis ( OR = 4.78, 95%
CI: 1.03–40.70) (52). There was no association with the estrogenic PCBs in this study.
Other studies have found that the levels of highly chlorinated PCBs (138, 153, and
180) and the pesticide, HCH, are significantly higher in women with endometriosis
than those without (53).

A study of women exposed to the most potent dioxin, TCDD, after an industrial
accident in Seveso, Italy, found a doubled, nonsignificant, increase in endometriosis
among women with serum TCDD levels of ≥100 ppt (54). This study was limited by
a lack of laparoscopically confirmed disease in all subjects.

Other environmental exposures have not been as well studied for their association with
endometriosis. Phthalates, chemicals used as plasticizers in many consumer and medical
products, have been associated with endometriosis in two studies. One study comparing
serum phthalate ester levels in women with endometriosis to women with infertility found
an association for the phthalates di-n-butyl phthalate (DnBP), butyl benzyl phthalate
(BBP), di-n-octyl phthalate (DnOP), and diethylhexyl phthalate (DEH) (55). DEHP also
was detected in the peritoneal fluid of women with endometriosis (56).

3.3. PCOS
PCOS is the most common endocrine abnormality in women and is characterized by

hormonal abnormalities (primarily an excess of androgens), polycystic ovaries (PCO),
and oligoovulation or anovulation. PCOS is also associated with a cluster of metabolic
abnormalities including obesity, insulin resistance, and abnormal lipid profiles (57).
In addition to being associated with infertility and early miscarriage, PCOS is also
associated with menstrual disorders, endometrial cancer, and a risk of type II diabetes
later in life. There is considerable heterogeneity in the clinical presentation of the
disorder with varying degrees of obesity, irregular menstrual cyclicity, hirsutism, acne,
and abnormal endocrine parameters. Not all women who have PCOS are obese, but
weight control can alleviate some of the symptoms of the disorder in obese women.
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The etiology of PCOS is unknown, but it is generally accepted that there is a genetic
predisposition. The in utero environment interacting with genetic predispositions is
increasingly being recognized as an important determinant of this disease and may
explain some of the heterogeneity in the presentations (58–60).

Exposure to excess androgen in utero has been demonstrated in animal models to
be associated with development of a PCOS-like picture (59). It is hypothesized that
the excess androgen is of fetal origin, either from the fetal ovary or adrenal gland,
rather than from a maternal source. Although there is no evidence of P450 aromatase
mutations in patients with PCOS (61), it is possible that an aromatase disorder or
fetal exposure to chemicals that interfere with aromatase activity could play a role in
development of PCOS.

In both primates and sheep exposed to androgens prenatally, females developed
enlarged ovaries with multiple medium-sized antral follicles (60). In addition, the
female reproductive tract was permanently reprogrammed to respond differently to
hormonal stimulation. Animal studies suggest that in utero exposure to androgens
causes a loss of the negative-feedback mechanism of the hypothalamic–pituitary–
gonadal axis, thereby stimulating luteinizing hormone (LH) and androgen hyper-
secretion (60).

Birth weight and gestational age have been associated with PCOS (58). In normal-
weight patients with normal hormonal profiles, gestational age >40 weeks and birth-
weight >8.5 pounds were associated with a higher incidence of PCOS (58). Conversely,
intrauterine growth restriction (IUGR) has been associated with insulin resistance
later in life. It is possible that this could contribute to PCOS; however, no definitive
relationship has been established to date (62).

There is a paucity of studies on environmental exposures and development of
PCOS. BPA, which is known to be metabolized differently between men and women,
was found in higher concentrations in women with PCOS (21). It is possible
that rather than a direct association, this is due to androgen-related differences in
metabolism.

3.4. Premature Menopause
The average age of menopause in the general population is 51.4, and the onset of

menopause is preceded by infertility in later reproductive years. In younger women,
premature ovarian failure has been associated with infertility and earlier onset of chronic
diseases associated with the loss of reproductive hormones, such as osteoporosis.
Damage to the follicular pool or disruption of hormonal feedback controlling follicular
growth and ovulation may result in an earlier age at menopause.

There are some well-characterized causes of premature menopause including tobacco
smoke exposure. Tobacco smoke contains thousands of different chemicals including
heavy metals and PAHs and has been shown to be anti-estrogenic. PAHs bind to the
Ah receptor and activate the Bax gene resulting in an increase in apoptosis and oocyte
cell death (37). Smoking has been associated with a 1–2 year earlier age at menopause,
especially when smoking occurs around the time of menopause (63,64).

Some EDCs bind to the Ah receptor and are anti-estrogenic. The Ah receptor–ligand
complex has been shown to bind to the promoter region of estrogen-responsive genes.
Dioxins bind to the Ah receptor and have been associated with ovarian dysfunction
and anovulation in primates (65). In a study of women exposed after an industrial
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explosion, serum levels of TCDD were positively associated with an earlier age at
menopause (65). Each 10-fold increase in serum TCDD was associated with a 6%
increase in risk of early menopause. Although the association was not statistically
significant, there was a linear increase in RR with doses up to 100 ppt of TCDD.

The DDT metabolite, DDE, also has been associated with premature menopause (63).
Although the result was not statistically significant, there was approximately a 1-year
difference between the age at menopause for women with the highest DDE category
and the lowest DDE category (RR = 1.4, 95% CI: 0.9–2.1) (63). This study was limited
by a 20-year gap between the onset of menopause and measurement of organochlorine
levels for up to 25% of the subjects. Another study of Hispanic women found those
with the highest serum levels of DDE reached menopause 1.7 years earlier than women
in the lowest DDE category (66). However, no consistent dose–response effect was
evident across the exposure categories. DDE is anti-androgenic and may interfere with
follicular development, leading to increased apoptosis or atresia (63).

In contrast, a study of women who mixed or used “hormonally active” pesti-
cides, such as atrazine, DDT, lindane, or mancozeb/maneb, found a 5-month delay for
menopause (67). The differences in these studies may be due to small sample sizes or
different sampling or exposure-assessment techniques.

Several studies investigating exposure to PCBs have not found an association with
age of onset of menopause (63). This includes high levels of exposure associated with
widespread contamination of cooking oil in Taiwan (Yucheng) and contamination of
food by the flame retardant, PBB (39,68).

4. FEMALE REPRODUCTIVE EXPOSURES AND OUTCOMES

4.1. Fecundity Rates (Time to Pregnancy)
Compared with 1970, in 2002, fertility rates were lower in both developing and

industrialized countries (69). Lower fertility rates could be due to sociocultural differ-
ences in decisions not to have children and/or increased rates of infertility adjusted for
female age. Infertility rates are harder to estimate, because there is no national reporting
system in most countries. In the USA, the National Survey of Family Growth has
found a steadily increasing rate of women who report difficulty conceiving (impaired
fecundity) (70). In 2002, about 7.3 million US women self-reported impaired fecundity
compared with 6.1 million women in 1995 and 4.9 million in 1988. Although the trend
of couples to delay childbirth until later ages may account for some of the increases,
a previous survey found an increasing number of younger women reporting difficulty
conceiving. Between 1982 and 1995 in women under age 25, there was a 42% increase
as compared with a 12% increase in women aged 25–34 and 6% in women aged 35
and older (71).

Fecundity is the rate of conception in the absence of contraception. Time to
pregnancy (TTP) is often used as a measure of fecundity and is estimated by assessing
the time that elapses between stopping use of contraceptive and clinical recognition
of pregnancy. TTP takes into account both male and female reproductive capacity as
well as early survival of the fetus. An increased TTP is also associated with pregnancy
loss and extra-uterine pregnancies (72).

The causes of increased TTP are varied and can include both male and female
factors. Although there are some well-recognized causes such as endometriosis, PCOS,
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and tubal defects, a significant proportion remains unexplained. Exposure to endocrine
disruptors such as chlorinated hydrocarbons (PCBs, dioxins and furans, DDT, and
other organochlorine pesticides), pesticides, heavy metals, and cigarette smoke have
been hypothesized to interfere with female reproduction (73).

Cigarette smoke consistently has been associated with impaired fecundity. A meta-
analysis of active smoking in women of reproductive age found the relative risk of
infertility in smokers versus nonsmokers is 1.6 (95% CI: 1.34–1.91) (73). Smoking
is also with associated lower numbers of oocytes retrieved and fertilization failure
in infertility treatments (73). Cigarette smoke is known to be anti-estrogenic and
may interfere with feedback at the hypothalamic–pituitary–gonadal axis. Lower FSH
levels have been measured in women smokers, which may result in impaired oocyte
development and ovulation. Moreover, as noted previously, animal studies have found
that fetal exposures to PAHs in tobacco smoke are associated with a higher rate of
apoptosis and fewer oocytes at birth (38).

There is no clear association between organochlorine exposures and impaired
fertility. One study found regional differences in TTP and serum levels of the PCB
congener-153 and the DDT metabolite, DDE (74). A positive association was found
for these contaminants in serum and TTP in an Inuit population, but no association was
found in women from Poland or Sweden. Differences in diet, contraceptive use, and
contraceptive failure may account for these discrepancies. Another study of women
from the 1960s, a time when PCB and DDT levels were historically high, found
positive but nonsignificant associations between PCBs, DDE, and TTP (75).

Some studies have found that elevated DDT levels were associated with increased
TTP (53,76), but other studies have found no association between DDE levels and
increased TTP or failure of IVF (15,76). These inconsistencies require further study.

Studies of consumption of fish contaminated with PCBs have found conflicting
results on TTP with some finding an association and others finding no association (74).
The New York Angler Cohort Study reported an association between increased TTP
and maternal consumption of fish caught from Lake Ontario associated with a high PCB
index (77). Overall, epidemiological studies on associations between the chlorinated
hydrocarbons, DDT and PCBs, and increased TTP are weak and inconclusive.

However, animal studies have found an association between chlorinated hydro-
carbons and reduced female fertility. PCBs may adversely affect folliculogenesis by
decreasing circulating thyroid hormone, which is important for steroidogenesis in the
ovary and steroid metabolism (78). Organochlorine pesticides, such as methoxychlor
and kepone, were shown in animal studies to cause infertility, anovulation, and abnor-
malities in steroidogenesis (79). However, there have not been any studies investigating
these pesticides in the TTP in women. TCDD has been shown to decrease fertility in
rodents and nonhuman primates, but to date, there are no studies demonstrating an
association of increased TTP and dioxin exposures in women or men (73,79).

Work in an agricultural environment, which involves exposures to many factors
in addition to pesticides, has been associated with an ovulatory or tubal cause of
infertility and an increased TTP (80,81). There are a number of small studies that have
found associations between occupational exposures to pesticides and increased TTP,
although individual pesticides were not identified in these studies (82,83). Studies of
TTP in women exposed to pesticides at lower levels of exposure are lacking as are
studies of other types of pesticides such as organophosphates (parathion, malathion,
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and diazinon) and herbicides (atrazine and dimethyldithiocarbamate), which have been
found to cause infertility in animal models (79).

Exposure to the heavy metals, lead and mercury, has been associated with impaired
fertility. In a case–control study of infertile couples in Hong Kong, women with
unexplained infertility had average blood mercury concentrations 2-fold higher than
their fertile counterparts (37 mmol/L vs. 17.5 mmol/L, p < 0�001) (84). The elevated
mercury levels were associated with seafood consumption.

4.2. Pregnancy Loss
Spontaneous abortion (SAB) is defined as loss of a pregnancy before 20 weeks

of gestation. Most SABs occur in the first trimester and may occur before a woman
even realizes she is pregnant. Approximately 15% of recognized pregnancies and up
to 50% of all pregnancies end with SAB. Stillbirth is defined as loss of a pregnancy
and fetal death after the 20th week of gestation and occurs in about one in 200
pregnancies. Although the causes of SAB and stillbirth are not entirely known, chromo-
somal abnormalities, anatomic uterine abnormalities, autoimmunity, infections, and
low progesterone levels are all considered important causes.

Aneuploidy is an important cause of pregnancy loss accounting for 35% of SAB. It
is also a significant cause of birth defects. In a small study of Japanese women, BPA,
an estrogenic compound widely used in the production of polycarbonate plastics and
epoxy resins, was associated with recurrent miscarriage (85). BPA levels were more
than three times higher in women with a history of recurrent miscarriage (2.59 ng/mL
vs. 0.77 ng/mL, p = 0�024). Of the 13 aborted fetuses available for analysis, four were
found to be aneuploid. Although this was a small preliminary study, the results are
consistent with findings from animal studies. BPA has been shown in mice studies
to cause an increased rate of aneuploidy in oocytes (86). The doses the mice were
exposed to in these studies were quite low and comparable to those measured in
humans, providing biological plausibility for the ability of BPA to cause aneuploidy
and miscarriages.

In nonhuman primates, exposure to PCBs and TCDD is associated with pregnancy
loss (87,88). However, in humans, the association between exposure to the chlori-
nated hydrocarbons, PCBs, dioxins and furans, and early pregnancy loss is weak and
inconclusive (88).

Women exposed to high levels of PCBs and PCDFs from contaminated cooking
oil in Taiwan reported a 2.5-fold increased rate of stillbirth (4.2 vs. 1.7%, p = 0�068)
but not SABs (39). Likewise, exposure to PCBs through consumption of contaminated
fish has not been associated with SAB (89). Exposure to TCDD in Seveso, Italy,
was not associated with an increased risk of SAB, although many of the most highly
exposed women had not reached reproductive age at the time of the study (90). Other
retrospective studies of organochlorine exposures have found positive associations with
SAB (89). Many of these studies are limited by small numbers of subjects, incomplete
exposure assessment, and are subject to confounding.

Studies of exposure to DDT and other organochlorine pesticides also have found
conflicting results (35,89,91). Historically high levels of DDE have been associated
with pregnancy loss but lower concentrations are not consistently associated (92).
A preliminary study in Chinese women found that each ng/g serum increase in DDE
was associated with an OR 1.13 (95% CI: 1.02–1.26) for SAB, but in this study,
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DDE levels were measured 2 years after exposure (93). A follow-up prospective study
in Chinese women found a linear trend with preconception DDT levels and increasing
odds of early pregnancy loss (91). The relative odds of early pregnancy loss associated
with a 10 ng/g lipid increase in serum total DDT was 1.17 (95% CI: 1.05–1.29).
Another organochlorine pesticide, HCH, was found to be significantly higher in women
with history of miscarriage than in women with no history (53). Women exposed
as children to grain contaminated with the fungicide, HCB, were found to have an
increased rate of SAB (94). HCB has been shown in nonhuman primate models to
alter steroidogenesis (95).

A large study of Ontario farm families found that SAB was associated with pesticide
exposure. This study stratified results by preconception and postconception exposure
with early (<12 weeks gestation) and late loss of pregnancy (>12 weeks) (96).
Preconception exposures (3 months before and up to month of conception) to the
phenoxy-acetic and triazine herbicides were associated with early pregnancy loss. Late
pregnancy loss was associated with a different type of herbicide, glyphosate, and
another class of pesticides, thiocarbamates. Postconception exposures were generally
associated with late SABs. The study interviewed both male and female partners and
hypothesized that early pregnancy loss associated with preconception exposures could
be male-mediated due to sperm chromosomal damage. Other studies have implicated
pregnancy loss with paternal exposure to pesticides, such as Dibromochloro-propane
DBCP, dithiocarbamates, and carbaryl (97,98). Organophosphates have been associated
with aneuploidy in sperm (99).

Most studies of pesticides have small numbers of subjects and do not identify
or quantify pesticide exposure but rather infer exposure from the living or working
environment. A retrospective cohort study of farming households in the Philippines
found an increased risk of SAB with pesticide users compared with organic farmers
(RR = 6.2) (100). A moderate increase in SAB was observed in both female workers
and the wives of male workers in the floriculture industry in Colombia (101). However,
other studies have found no association [reviewed in (102)].

There is biological plausibility for the ability of many common pesticides to cause
embryo loss. A murine model of preimplantation embryos exposed to common mixtures
of pesticides at concentrations simulating exposures encountered by handling pesti-
cides, inhaling drift, or ingesting contaminated groundwater found an increase in
embryonic loss, reduced blastocyst development, and increased apoptosis (103).

Heavy metals also have been associated with pregnancy loss. Both high and moderate
(10–25 �g/dL) exposures to lead have been associated with SAB. In a prospective
study in Mexico City, a dose–response relation between blood lead levels and risk of
SAB was found (104). The OR for SAB was 1.8 (95% CI: 1.1–3.1) for every 5 �g/dL
increase in blood lead. In studies of rodents, lead suppresses FSH, affects gonadotropin–
receptor binding in the ovary, and alters steroid metabolism (79). Exposure to both
inorganic and organic forms of mercury has been associated with SAB (79). Exposure
to high concentrations of another heavy metal, arsenic, in drinking water (≥200 �g/L)
during pregnancy increases the risk of stillbirth but not SAB (105). Another study with
100 �g/L arsenic levels in drinking water found an association with both SAB and
stillbirth (106).
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5. PERINATAL OUTCOMES

5.1. Preterm Delivery
Preterm delivery is one of the leading causes of perinatal mortality. Over the past

two decades, preterm births have increased by 3.6% among blacks (from 15.5% in 1975
to 16.0% in 1995) and by 22.3% among whites (from 6.9% to 8.4%) (107). Although
extremes of maternal age and prenatal nutrition are known to be important factors, the
causes of preterm delivery are largely unknown. Multiple gestations also commonly
result in preterm delivery. Women who were born preterm are more likely to have
preterm labor suggesting a genetic predisposition (107). Environmental exposures to
chemicals such as endocrine disruptors that interfere with hormonal signals may also
be associated with preterm delivery.

Cigarette smoke, from both active smoking and secondhand smoke, is associated
with preterm delivery and low birth weight (108). It is hypothesized that these birth
outcomes are due to exposures to the tobacco smoke constituents nicotine and carbon
monoxide, resulting in vasoconstriction and reduced oxygen to the placenta, respectively.

Exposure to chlorinated hydrocarbons has not been consistently associated with
preterm delivery. Exposures to high levels of PCBs and PCDFs in contaminated
cooking oil in Taiwan was associated with high proportion of premature (<37 weeks)
births (24.6 vs. 8.1%) (89). However, in other studies of relatively high exposure
to PCBs, there was no association with preterm delivery (109). In studies of high
exposures to TCDD, maternal but not paternal exposure was associated with preterm
delivery (90,110). Exposure in women to high levels of TCDD in Seveso, Italy, was
associated with a 1.0–1.3 day nonsignificant decrease in gestational age and a 20–50%
nonsignificant increase in the odds of preterm delivery (90).

There is good evidence that exposure to historically high levels of DDT and the
metabolite, DDE, is associated with preterm delivery (35,111). In a study of pregnancy
outcomes between 1959 and 1966, there was a linear trend for increased odds of
delivery prior to 37 weeks with increasing maternal concentrations of DDE above
10 �g/L (111). For serum concentrations above 60 �g/L, levels currently seen in
countries using DDT, the adjusted OR was 3.1 (95% CI: 1.8–5.4). At levels currently
seen in the USA where the average serum concentration of DDE is now less than
15 �g/L, the OR for preterm delivery was 1.5 (95% CI: 1.0–2.3).

There are limited studies on effects of other pesticide exposures on preterm delivery.
Decreased length of gestation by several days has been found for organophosphates and
the organochlorine pesticide, HCB (112,113). However, these results were not clini-
cally relevant because the study population had a very low rate of preterm delivery. The
Ontario Farm Family Health Study found a weak association for paternal exposure to
mixing or applying herbicides and preterm delivery (OR = 2.1, 95% CI: 1.0–4.4) (98).
However, other studies have not found an association between parental pesticide
exposure and preterm labor (100).

Heavy metal exposure has been associated with preterm delivery. Exposures to high
levels of arsenic in drinking water (>100 �g/L) and lead were associated with preterm
delivery (79,106).

Phthalates are chemicals used as plasticizers in many consumer and medical products.
Di-(2-ethylhexyl)phthalate (DEHP) is one of the more commonly used phthalates, with
Mono(z-ethylhexyl)phthalate MEHP as its primary metabolite. In a preliminary study
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of gestational DEHP exposure, cord blood levels of MEHP were associated with an
approximate 1 week shorter gestational age compared with MEHP-negative infants (p =
0�033) (24). Cord blood levels of MEHP were not associated with preterm delivery
however, (<37 weeks) in this study. In addition to being anti-androgenic, DEHP is known
to be pro-inflammatory and potentially could cause uterine inflammation, a known cause
of preterm delivery (24).

5.2. Low Birth Weight/Small for Gestational Age (IUGR)
Low birth weight is associated with greater perinatal morbidity and mortality as

well as a number of adult conditions such as obesity, diabetes, hypertension, and
cardiovascular disease. Although there are good data on the links between IUGR and
adult disease, there are little data on the reproductive health of IUGR infants. IUGR
has been associated with a smaller uterus and ovaries in adolescent girls (62).

There are conflicting studies on the associations between chlorinated hydrocarbons
and impaired fetal growth. Exposures to high levels of PCBs and PCDFs in contam-
inated cooking oil and other industrial exposures have been associated with low birth
weight, but lower levels of environmental exposure have not shown consistent results (89).
Furthermore, inastudyofpregnantwomenfromthe1960s,maternalexposure to relatively
high levels of PCBs was not associated with low birth weight (109). Infants, especially
boys, with high cord blood PCB levels tend to have lower birth weight and smaller head
circumference (89,114). Animal studies have also found low birth weight to be associated
with PCBs and the oral reference dose for the commercial PCB mixture Aroclor 1016 is
based on birth weight effects in primates (109).

Low birth weight has been associated with consumption of PCB-contaminated fish
in a number of studies although other studies have found no association [reviewed
in (89)]. The differences in these fish consumption studies may be due to the omega-3
fatty acid content of the fish being consumed, which has been demonstrated to have a
positive affect on birth weight (89).

Exposure to relatively high levels of DDE (60 �g/L) in maternal blood was associated
with a decrease in birth weight (OR = 2.6, 95% CI: 1.3–5.2) (111). The present levels
of DDE in the population are considerably lower and have not been associated with
low birth weight (89).

There are conflicting studies of the pregnancy outcomes of pesticide exposure and
IUGR. The National Natality Survey and National Fetal Mortality Survey in the USA,
found that the risk of SGA infant was somewhat elevated with maternal pesticide
exposure at home, OR = 1.5 (95% CI: 1.1–2.0) [reviewed in (115)]. A recent study
measuring maternal urinary and cord blood organophosphates and cholinesterase levels
found no association with IUGR (113). A preliminary study found that IUGR was
associated with elevated levels of atrazine and other herbicides in drinking water in
rural Iowa (116). A small but significant decrease in birth weight was associated with
maternal pyrethroid use in the first or second trimester (115). Other studies have found
no association with agricultural occupations and low birth weight (102).

6. CONCLUSIONS

A number of synthetic chemicals have been identified as EDCs, including a variety
of pesticides, chlorinated hydrocarbons (dioxins/furans and PCBs), plasticizers (BPA
and phthalates), and heavy metals. Exposure to EDCs occurs throughout the human life
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cycle from preconception to postnatal life, during childhood and pubertal development,
and into the adult reproductive years.

Although controversial, EDCs have been associated with increased abnormalities in
menstrual cycles, endometriosis, hormonal changes, altered onset of puberty, premature
menopause, reduced fecundity, preterm labor, and IUGR. Emerging evidence indicates
that human body burdens of many EDCs are approaching or are similar to levels shown
to cause effects in animal studies. Exposures during adulthood have been associated
with adverse outcomes; however, the developing reproductive tract may be exquisitely
vulnerable to EDCs. Associations between chemical exposures during development
and during adulthood are summarized in Table 1.

Table 1
Chemical Exposures and Female Reproductive Outcomes

Exposure (sources) Developmental exposure Adulthood exposure

Bisphenol A (BPA):
monomer used to make
polycarbonate plastic
and resins

Altered puberty onset (A) Oocyte chromosomal
abnormalities (A)

Abnormal reproductive organ
development (A)

Recurrent miscarriage (H)

Chlorinated
hydrocarbons:
dioxins/furans,
PCBs, some
pesticides
(DDT/DDE and
HCH), and wood
preservative
(pentachlorophenol)

Reproductive tract
malformationsa (A)

Menstrual irregularitiesb

(H, A)
Menstrual irregularitiesb (H, A) Hormonal changes (H, A)
Reduced fertilityc (A) Premature menopause (H)
Hormonal changes (H, A) Reduced fertilityc (H, A)
Altered puberty onset x(H, A) Endometriosis

(H, A) (50,54,79)
Low birth weight (H, A) Fetal lossd (H, A)

Preterm delivery
(H) (35,91,117)

Polybrominated
biphenyls

Altered puberty onset (H)

Polybrominated
diphenyl ethers
(PBDEs)

Altered puberty onset (A)

Heavy metals: lead,
mercury,
manganese, and
cadmium

Hormonal changes (A) Fetal lossd (H,
A) (79,117–119)

Altered puberty onset (H) Reduced fertilityc (H)
Hormonal changes (A) (79)
Preterm delivery (H)

Pesticides: broad
category that includes
many classes of
insecticides, fungicides,
herbicides, rodenticides,
and fumigants

Altered puberty onset (A) Menstrual irregularitiesb

(H) (43)
Delayed time to
pregnancy (H, A)

Reduced fertilityc (H, A)

Hormonal changes (A) Fetal lossd (H, A)
Estrous cycle, (ovulatory)
irregularities

Reduced gestational
age (H)

irregularitiesb (A)

(Continued)
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Table 1
(Continued )

Exposure (sources) Developmental exposure Adulthood exposure

Phthalates:
plasticizers added to
soften plastics like
PVC, also found in
cosmetics, toys,
pharmaceuticals, and
medical devices

Altered puberty onset (A) Fetal lossd (A)
Estrous cycle (ovulatory)
irregularitiesb (A)
Reduced fertilityc (A)
Reduced oocyte number
(A) (120)
Endometriosis (H)
Preterm delivery (H)

DES Reproductive tract
malformationsa (H,A)
Altered hormone response (A)
Menstrual irregularitiesb (H, A)
Reduced fertilityc (H, A)
Uterine fibroids (H, A)
Fetal loss (H, A)

Cigarette smoke
includes active and/or
secondhand smoke

Reduced oocyte numbers (A) Reduced fertilityc (H)
Miscarriage (H)
Premature menopause (H)
Hormonal changes (H)
Menstrual irregularitiesb

(H)
Preterm delivery (H)
Intrauterine growth
restriction (H)
Reduced oocyte
number (H, A)

Adapted from Carlson (2005). (121)
A summary of epidemiological studies of endocrine-disrupting chemicals (EDCs) and relevant

animal studies. A, evidence from animal studies; H, evidence from human studies; H, A, evidence from
human and animal studies.

aMalformations of the reproductive tract: In males could include shortened anogenital distance in
animals or hypospadias (humans), undescended testicles (cryptorchidism), small testicles (hypoplasia),
and structural abnormalities of the epididymis. In females could include small ovaries, reduced number
of follicles (eggs), and structural abnormalities of the oviducts, uterus, cervix, and/or vagina.

bMenstrual irregularities could include short or long menstrual cycles, missed periods, abnormal
bleeding, and anovulation.

cReduced fertility could include infertility and increased time to pregnancy (reduced fecundity).
dFetal loss (typical in animal studies) is used as shorthand also for early pregnancy loss, miscarriage,

or stillbirth (human).

Conflicting data are present for nearly all of these outcomes. Many studies are
limited by small sample size, poor exposure assessment, differing methods of outcome
assessment, recruitment, or other forms of bias. Additionally, the timing of exposure,
exposures to mixtures or different congener profiles, and the genetic context of the
exposure all influence the outcome of a study. Animal studies have provided support for
many of these associations and have elucidated mechanisms of toxicity, adding some
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biological plausibility. However, further well-designed research studies are necessary
to clarify these associations.

Although it is often impossible to apply results from epidemiological or animal
studies to individual patient outcomes, clinicians can provide guidance on limiting
exposures to many common EDCs and avoiding unnecessary risks. Chapter 13 of this
book (Solomon and Janssen) specifically addresses how to communicate with patients
and the general public about EDCs. In addition, Chapter 14 (Brenner and Galvez)
discusses a community intervention to reduce exposures to EDCs.
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1. INTRODUCTION

There is scientific, governmental, and public concern over the potential adverse
human health risks of exposure to environmental endocrine-disrupting chemicals
(eEDCs). Human health endpoints of concern include, among others, (i) disrupted
reproductive function, manifest as infertility or early pregnancy loss, (ii) altered fetal
development, manifest as urogenital tract abnormalities in male newborns, including
hypospadias and cryptorchidism, (iii) altered thyroid function, and (iv) increased risk
of reproductive cancers including breast in women and testicular and prostate in men.
Other endpoints that have also been studied include increased risk of endometriosis
and altered birth sex ratios.

Given the wide range of potential health endpoints, it would not be possible to
synthesize the existing epidemiologic evidence in a single chapter. Therefore, we
made the decision to focus on a subset of literature, specifically male reproductive
and developmental health endpoints, for which there is some human epidemiologic
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evidence. In addition, because it has been hypothesized that several of the male
reproductive and developmental endpoints may be linked through a common casual
pathway, testicular dysgenesis syndrome (TDS) (1), which may include exposure to
environmental endocrine-disrupting chemicals (eEDCs), we welcomed the opportunity
to explore their relationship with eEDCs in depth.

Our understanding of the mechanisms through which environmental chemicals alter
the endocrine system is derived largely from experimental studies in laboratory animals
and in vitro systems. In observational epidemiologic studies, it is generally not possible
to explore potential mechanisms of the eEDCs. Nevertheless, epidemiologic studies
are essential to our understanding of the potential risks, or lack thereof, of eEDCs
on human reproductive function and development. Because this chapter is a synthesis
of the epidemiologic literature on eEDCs and male reproductive function and devel-
opment, experimental data on mechanisms of eEDCs are only briefly discussed. We
refer readers to Chapter 3 of this book by Cowin, Foster, and Risbridger for further
discussion of the basic biology of effects of eEDCs on male reproductive health.
Environmental eEDCs can alter male reproductive function and development through
multiple mechanisms. Two relevant mechanisms include anti-androgenic and estro-
genic effects. Anti-androgenic chemicals can act directly as androgen receptor (AR)
antagonists. This includes p�p′-DDE, the primary metabolite of DDT (2). Chemicals
can also act as anti-androgens without directly interacting with the AR. For example,
some phthalates can inhibit fetal testosterone synthesis by the fetal rat Leydig cells (3).

Chemicals that are estrogenic can, at high doses, alter male development by down-
regulating ARs (4). This may lower androgen action and elevate estrogen action
simultaneously, leading to an altered androgen–estrogen balance that may then alter
reproductive tract development (5). Evidence for this has been seen in experimental
studies with diethylstilbestrol (DES), a potent synthetic estrogen. However, weaker
estrogens, such as bisphenol A (BPA), at environmentally relevant levels have not
been shown to induce similar effects following neonatal exposure (5). These weaker
estrogens at lower doses had positive effects on the rat testis and accelerated normal
onset of pubertal spermatogenesis (6).

Polychlorinated biphenyls (PCBs) can alter endocrine function through estrogenic
agonist or antagonist activities that may be at the level of the estrogen receptor or may
influence biological effects of estradiol by altering its metabolism. For instance, PCB
metabolites (OH-PCBs) may alter metabolism of endogenous estrogens by inhibiting
sulfotransferases (SULT) (7). Furthermore, dioxin-like PCBs, as well as polychlorinated
dibenzo-p-dioxins (PCDDs) and polychlorinated dibenzofurans (PCDFs), may induce
activation of AhR, which induces the expression of CYP450 genes that are involved in
estrogen metabolism (8). Studies have shown that 2,3,7,8-tetrachlorodibenzo-p-dioxin
(TCDD) exposure in rats reduces plasma testosterone and dihydrotestosterone (DHT)
levels by inhibiting steroidogenesis and the mobilization of cholesterol to CYP450scc (a
mitochondrial enzyme that converts cholesterol into pregnenolone) (9). TCDD has also
been shown to have anti-estrogenic effects by down-regulating ER (10).

Because androgens and estrogens play key roles in regulating reproduction and
development, it is biologically plausible that environmental EDCs that possess anti-
androgenic activity or estrogenic activity (either directly at the level of the receptor or
indirectly through steroid synthesis or metabolism) may influence the human repro-
ductive system. However, despite the experimental data on the endocrine-disrupting
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mechanisms of eEDCs, human evidence of altered male reproductive and develop-
mental health in relation to eEDCs is limited.

Furthermore, although well appreciated by the scientific community, the potential
effect on human health from exposure to mixtures of eEDCs is not well studied. As
has been shown in the recent Third Report by CDC (11), humans are exposed to at
least hundreds of environmental chemicals, of which dozens are known EDCs. A major
limitation of epidemiologic studies is that they generally only measure human exposure
to a single EDC or at best to a set of isomers or congeners within a family of EDCs. A
fuller understanding of potential human health risks will require studying the complex
mixtures to which we are exposed. This limitation should be kept at the forefront as
we discuss the current epidemiologic evidence on health risks from eEDCs.

2. MALE REPRODUCTIVE FUNCTION AND DEVELOPMENT

Some epidemiologic studies suggest that human semen quality has declined during
the previous 50 years (12–14). Further evidence for this comes from a recent study
among healthy young men that found an unexpectedly high proportion of poor semen
quality (15). However, there are other epidemiologic studies that have not reported a
decline in semen quality (16–18). Epidemiologic studies also suggest that there are
temporal upward trends in the rates of testicular germ cell cancers (19–21) and male
urogenital tract abnormalities (22), such as cryptorchidism and hypospadias.

Some scientists hypothesize that environmental exposures to low levels of EDCs
may be partially responsible for these trends. Skakkebaek et al. (1) proposed that the
trends in semen quality, testicular germ cell cancer, and male urogenital tract anomalies
may share a common causal pathway and defined this triad as the TDS. The hypothesis
invokes a common pathway through which EDCs, and other environmental chemicals
and genetic factors, may lead to abnormal development of the fetal testis, producing
testicular dysgenesis. This in turn can manifest as an increased risk of urogenital
abnormalities in newborn males, as well as altered semen quality and testicular germ
cell cancer in young men.

Despite the concern raised by the trends in male reproductive and developmental
health endpoints, the epidemiologic data on their potential relationships with exposure
to eEDCs remain limited and generally inconclusive. There are epidemiologic studies
on the putative relationship between semen quality and adult exposure to three classes
of eEDCs: PCBs, pesticides (persistent and non-persistent), and phthalates. In addition,
there are also epidemiologic studies of the relationship between pesticides and phtha-
lates and the prevalence of hypospadias and/or cryptorchidism in newborn males.
Finally, a provocative recent study on the relationship between reduced anogenital
distance among infant boys and exposure to phthalates will be discussed as a potential
link between human exposure and alterations in urogenital tract development.

3. SEMEN QUALITY AND eEDCS

Although semen quality is measured in the adult male, it may be affected by EDC
exposure during earlier life stages, such as during gestation or peri-pubertal devel-
opment. In addition, as recently shown by Anway et al. (23), there are transgenerational
effects of anti-androgenic chemicals, whereby exposure of the maternal or paternal (or
even the grandparents) gametes to chemicals may confer an increased risk of altered
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semen quality in the offspring. Although evidence from studies in laboratory animals
and human studies on prenatal exposure of men to DES supports early life exposure
effects on spermatogenesis, the epidemiologic evidence on the relationship between
semen quality and exposure to eEDCs is limited to the assessment of adult exposure
to eEDCs. The explanation for this is simply that studies on adult exposures are more
straightforward to design and implement.

We specifically focus on epidemiologic studies that explored the relationship of
semen quantity and quality with PCBs, DDT, non-persistent pesticides, and phthalates.
The majority of the epidemiologic studies described are cross-sectional designs in
which exposure and semen parameters were assessed at the same time, in the adult. One
of the limitations of a cross-sectional design is that the onset and timing of exposure
in relation to outcome is not always clear.

In the majority of studies, subject participation rates were generally very low, raising
concern with selection bias (24). Recently, we showed that selection bias in the setting
of an infertility clinic was unlikely to be important (25). Finally, most studies collected
a single semen sample. Because of the known within individual variability in semen
parameters, there may be misclassification of semen quality, which would generally
tend to bias associations, if present, to the null hypothesis.

3.1. Phthalates and Semen Quality
The diesters of 1,2-benzenedicarboxylic acid (phthalic acid), commonly known as

phthalates, are a group of man-made chemicals widely used in industrial applica-
tions. High-molecular weight phthalates [e.g.,di(2-ethylhexyl) phthalate (DEHP)], are
primarily used as plasticizers in the manufacture of flexible vinyl plastic which, in
turn, is used in consumer products, flooring and wall coverings, food contact applica-
tions, and medical devices (26–28). Manufacturers use low-molecular weight phthalates
[e.g., diethyl phthalate (DEP) and dibutyl phthalate (DBP)] in personal-care products
(e.g., perfumes, lotions, cosmetics), as solvents and plasticizers for cellulose acetate,
and in making lacquers, varnishes, and coatings, including those used to provide timed
releases in some pharmaceuticals (26,29,30).

As a result of the ubiquitous use of phthalates in personal-care and consumer
products, human exposure is widespread. Exposure through ingestion, inhalation,
and dermal contact are considered important routes of exposure for the general
population (27–32). Parenteral exposure from medical devices and products
containing phthalates are important sources of high exposure to phthalates, primarily
DEHP (28,33). Upon exposure, phthalates are rapidly metabolized and excreted in
urine and feces (27–30). The most common biomonitoring approach for investigating
human exposure to phthalates is the measurement of urinary concentrations of phthalate
metabolites.

As compared with the laboratory animal data on the reproductive toxicity of phtha-
lates, the human data are limited (Table 1). In an early study on phthalates and semen
quality, Murature and coworkers (34) measured DBP concentrations in the cellular
fractions of ejaculates from 21 university students and found an inverse relationship
with sperm concentration. The study was small and did not adjust for potential
confounders. In another small study, conducted in India, Rozati and coworkers (35)
studied 21 infertile men with poor semen quality and 32 “control” men with normal
semen parameters. Phthalate esters were measured in seminal plasma, and the results
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were reported as the sum of a mixture of dimethyl phthalate, DEP, DBP, butylbenzyl
phthalate (BBzP), DEHP, and di-n-octyl phthalate. The concentration of phthalates
was inversely correlated with sperm morphology but not correlated with ejaculate
volume, sperm concentration, or motility. In this study, as in the Murature study, the
measurement of phthalate diesters raises concern with sample contamination from the
ubiquitous presence of the diester in the environment.

More recently, a larger study using urinary levels of phthalate metabolites was
conducted by Duty and colleagues (36). Study subjects consisted of male partners of
subfertile couples who presented to an infertility clinic in Massachusetts, USA. At the
time of the clinic visit, one sample of semen and of urine were collected from 168
men. There were dose–response relationships (after adjusting for age, abstinence time,
and smoking status) between monobutyl phthalate (MBP, the hydrolytic metabolite of
DBP) and below World Health Organization (WHO) reference value sperm motility
and sperm concentration (36). There was also a dose–response relationship between
monobenzyl phthalate (MBzP, the primary hydrolytic metabolite of BBzP) and below
WHO reference value sperm concentration.

In a recently published study from Sweden, Jonsson and colleagues (37) recruited
234 young Swedish men at the time of their medical conscript examination. Each man
provided a single urine sample used to measure concentrations of MEP, MEHP, MBzP,
MBP and phthalic acid.

In contrast to the US study, in the Swedish study there were no relationships of MBP
or MBzP with any of the semen parameters. MEHP was also not associated with any of
the semen parameters. Men in the highest quartile for MEP had fewer motile sperm and
more immotile sperm than men in the lowest MEP quartile. Contrary to their hypothesis,
phthalic acid was associated with improved function as measured by more motile
sperm and fewer immotile sperm. Phthalic acid is a non-specific marker of phthalate
exposure, formed as the result of the hydrolysis of any of the phthalates measured.
Interactions between urinary phthalate levels and PCB 153 (measured previously in
serum samples from these men) were assessed by including an interaction term in the
models. There was no evidence of multiplicative interactions between PCB 153 and
any of the phthalates with the reproductive markers (data was not shown). This is in
contrast to a previous study by Hauser et al. (38), who reported interactions of MBP
and MBzP with congener PCB 153 in relation to sperm motility.

Although the Swedish study had some similarities to the US study, as they were
both cross-sectional studies in which a single urine and semen sample were collected,
there were many important differences. One of the primary differences was in the age
of the study population and the method of recruitment. The Swedish study population
consisted of young men (median age 18 years, range 18–21 years) undergoing a medical
examination before military service. As approximately 95% of young men in Sweden
undergo the conscript examination, these young men reflected the general population of
young Swedish males. In contrast, in the US study, the median age of the men recruited
from an infertility clinic was 35.5 years and ranged from 22 to 54 years. None of the
men from the infertility clinic were 21 years of age or younger. The differences across
studies in the ages and source of the men may account for some of the differences
in the results between studies. For instance, it is unclear whether men presenting
to an infertility clinic are more “susceptible” to reproductive toxicants, including
phthalates, than men from the general population. Furthermore, it is also unclear
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whether middle-aged men, as compared with young men, are more “susceptible” to
reproductive toxicants because of an age-related response to the toxicant.

Other differences across studies include major differences in participation rates
(14% in the Swedish study and 65% in the US study). This is unlikely to introduce
selection bias, because the Swedish young men would have to participate differentially
in relation to both reproductive function and phthalate levels, which is unlikely as
they did not know their phthalate exposure or semen quality status. Another difference
across studies is differences in the analytical methods used to measure urinary phthalate
metabolites. The higher limits of detection and lower analytical precision in the Swedish
study may have contributed to measurement error of urinary phthalate levels and may
result in bias to the null hypothesis. However, by categorizing the phthalate levels into
quartiles for the statistical analysis, this would minimize concern with measurement
error resulting from the analytical imprecision and low detection limits.

In summary, the epidemiologic data on the relationship between semen quality
and phthalate exposure remains limited and inconsistent. Although the two recent
studies by Duty et al. (36) and Jonsson et al. (37) had some similarities, important
differences existed. Additional studies are critically needed to help elucidate possible
explanations for differences across studies and most importantly to address whether
phthalate exposure alters semen quality.

3.1.1. Semen Quality and Environmental PCB Exposure

PCBs are a class of synthetic, persistent, lipophilic, halogenated aromatic compounds
that were widely used in industrial and consumer products for decades before their
production was banned in the late 1970s. PCBs were used in cutting oils, lubricants,
and as electrical insulators. As a result of their extensive use and persistence, PCBs
remain ubiquitous environmental contaminants. They are distributed worldwide and
have been measured in air, water, aquatic, and marine sediments, fish, and wildlife (39).
Furthermore, they are biologically concentrated and stored in human adipose tissue.
The general population is exposed primarily through ingestion of contaminated foods
(e.g., fish, meat, and dairy products), as PCBs can bioaccumulate up the food chain.
However, exposure may also occur through dermal contact (soil and house dust) and
inhalation (indoor air in residential buildings and workplaces, as well as outdoor air).
For example, in the 1960s and 1970s, PCBs were used in sealants for commercial
building construction, and high levels of PCBs (up to 36, 000 ppm) have been found
to remain in the caulking of some public buildings, which may lead to contamination
of indoor air and dust (40). As a result of their persistence and ubiquity, measurable
levels of serum PCBs are found in the majority of the US general population (41).
Serum levels of PCBs are an integrated measure of internal dose, reflecting exposure
from all sources over the previous years; depending on the congener, the half-life of
PCBs in the blood ranges from 1 to 10 or more years (42,43).

In one of the early studies on environmental exposure to PCBs and semen quality,
Bush and coworkers (44) collected semen samples from fertile men (n = 33), men
with oligozoospermia (n = 50) or azoospermia (n = 50) and men status postvasectomy
(n = 25) (Table 2). The seminal plasma levels of the PCB congeners 153, 138, and
118 were inversely related to sperm motility but only among semen samples with a
sperm count <20 million/ml. Because an association was only found among a subset
of the subjects, caution should be used to interpret these results.
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In a more recent study in the Netherlands, Dallinga and colleagues (45) studied
men who were partners in couples visiting an infertility treatment center. Based on
progressive motile sperm concentration, they identified a group of men with good
semen quality (n = 31) and a group of men with very poor semen quality (n = 34).
Blood and semen were analyzed for PCB 118, 138, 153, and 180 and their hydroxylated
metabolites. Contrary to expectations, the sum of PCBs in seminal plasma of men with
good semen quality were higher than among men with poor semen quality (p = 0�06).
However, within the group of men with good semen quality, there were inverse
associations between serum levels of sum of PCB metabolites and sperm count (p =
0�04) and progressive motile sperm concentration (p = 0�02). There were also inverse
non-significant corresponding associations in the men with poor semen quality. Because
associations with semen quality were found for PCB metabolites and not the parent
PCBs, these results suggested that the PCB metabolites were the biologically active
compounds.

In Sweden, Richthoff and coworkers (46) studied 305 young men 18–21 years of
age undergoing a conscript examination for military service. There were significant
inverse associations between PCB 153, a good biomarker of exposure to total PCBs,
and percent motile sperm. There were no associations between PCB 153 and sperm
concentration or total sperm count. Although the participation rate was very low, only
13.5% of eligible subjects agreed to participate, it is unlikely that this would introduce
bias as young men are likely to be unaware of their fertility or exposure levels.

In India, Rozati and coworkers (35) studied infertile men and controls (study details
are provided Section 3.1.). They reported a negative correlation between seminal plasma
PCB levels and total progressive motility and a positive correlation with percentage of
single-stranded DNA in sperm. No correlations were found between PCBs and sperm
count, rapid progressive motility, or normal morphology. The authors reported results
for total PCBs and not for individual congeners. Potential confounders were considered
in the methods section, but no adjustments were made in the analysis.

Rignell-Hydbom et al. (47) studied 195 Swedish fishermen (median age 50.6 years,
ranged from 24–65 years) from the east and west coasts. The highest PCB 153 quintile
had decreased sperm motility compared with men in the lowest quintile. There were
no consistent associations of PCB 153 with sperm concentration. Although p�p′-DDE
was inversely associated with sperm motility, when age was included in the models,
the association became weaker and non-significant.

In the US, Hauser and colleagues (48) studied 212 male (mean age was 36.0 years)
partners of subfertile couples visiting an infertility clinic. Fifty-seven PCB congeners
including PCB 118, 138, 153, and 180 were measured. There were significant dose–
response relationships (increasing odds ratios with increasing PCB tertile adjusted for
age, abstinence time, and smoking status) between PCB 138 and below WHO reference
sperm motility and sperm morphology. Associations between semen parameters and
PCB 153 were not consistent. p�p′-DDE showed a weak non-significant relationship
with sperm motility.

Ayotte and coworkers (49) reported on the association between p�p′-DDE, a major
biologically persistent metabolite of DDT, and semen quality in 24 young men from
Chiapas, Mexico. The men, 16–28 years of age, were non-occupationally exposed to
DDT. The mean concentration of p�p′-DDE was several hundred fold higher than
levels in men from other countries, such as the US and Canada, where DDT was not
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recently used. p�p′-DDE was inversely correlated with both semen volume and sperm
count. Although the study was small and did not control for potential confounders, the
results are intriguing and worthy of replication in other cohorts.

3.1.2. Semen Quality and High PCB Exposure

Guo and colleagues (50) studied the relationship between semen quality and prenatal
exposure to PCBs and PCDFs after the poisoning episode in Taiwan in 1979 in
which PCB-contaminated rice oil was ingested. Twelve men with prenatal exposure to
contaminated rice oil and 23 healthy unexposed subjects of comparable age provided
a semen sample. The unexposed men had no unusual chemical exposure and were
recruited from a local high school. The mean (SD) age of the exposed men was
17.3 (1.2) years and 17.6 (1.0) for the unexposed men. The proportion of sperm
with abnormal morphology was increased in the exposed men. In the exposed men,
the percentage of motile sperm and rapidly motile sperm were reduced. In addition,
sperm from exposed men had reduced hamster oocyte penetration as compared with
unexposed men. This small study provided the opportunity to explore high prenatal
exposure to PCBs and PCDFs.

In a second study on men from the Taiwan PCB poisoning episode, Hsu and
coworkers (51) studied the relationship between semen quality and levels of PCBs
among men that consumed contaminated rice oil some 20 years earlier. They identified
40 exposed men and 28 unexposed men. Mean age of exposed (37.9 years) and
unexposed (40.4) were similar. Exposed men had a higher percentage of sperm with
abnormal morphology and a higher oligozoospermia rate. The ability of sperm to
penetrate the hamster oocyte was reduced in exposed men. The results of this study
provide evidence of adverse effects of exposure to PCBs and PCDFs among men
exposed 20 years earlier to the contaminated rice oil.

The data on the relationship between PCBs and semen quality support an inverse
association of PCBs with reduced semen quality, specifically reduced sperm motility.
The associations found were generally consistent across studies performed in different
countries (India, Netherlands, Taiwan, Sweden, and USA) that used different methods
to measure semen quality and PCBs. Furthermore, associations were consistently found
despite a range of PCB levels, that is there did not appear to be a threshold. The
PCB levels in these studies ranged from low-background levels (45,46,48) to high-
background levels due to consumption of contaminated fish (47), and to even higher
exposure levels due to ingestion of contaminated rice oil (50,51). Although the data
across studies generally support a relationship between PCBs and poor semen quality,
there are possible alternative explanations. One potential alternative explanation is that
PCBs are a surrogate for exposure to other environmental factors that may predict
semen quality. Although this is possible, there is currently no evidence identifying
potential alternative exposures. Another explanation is that there may be confounding of
the associations by some currently unrecognized or unmeasured confounders. However,
the more recent studies considered important potential confounders, and the results
were consistent across studies. In conclusion, although PCBs are no longer used, these
data, along with ongoing human exposure, albeit at lower levels than several decades
ago, raise concerns regarding altered human fertility due to adverse affects on semen
quality.
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3.2. Semen Quality and Non-persistent Pesticides
Non-persistent pesticides (also referred to as “contemporary-use pesticides”) are

chemical mixtures that are currently available for application to control insects (insec-
ticides), weeds (herbicides), fungi (fungicides), or other pests (e.g., rodenticides), as
opposed to pesticides that have been banned from use in most countries (e.g., many of
the formerly popular organochlorine pesticides such as DDT). Three common classes
of non-persistent pesticides in use today include organophosphates, carbamates, and
pyrethroids. Though environmentally non-persistent, owing to the extensive use of pest
control in these various settings, a majority of the general population is exposed to
some of the more widely used pesticides at low levels. Exposure among the general
population occurs primarily through the ingestion of foods that contain low levels of
pesticide residue or through inhalation and/or dermal exposure in or around the home
and in other indoor environments. Non-persistent pesticides that are applied indoors
or tracked in from outdoors may persist for extended periods while protected from
sunlight, rain, temperature extremes, and most microbial action (52). For example,
chlorpyrifos, a semivolatile organophosphate insecticide the use of which was recently
restricted in the USA by the US Environmental Protection Agency, was measured in
indoor air 4 years after pest control application in a home (53).

There are several epidemiologic studies on men exposed to non-persistent pesticides
during agricultural work (Table 3). A cross-sectional study on testicular function
measured sperm concentration, motility, and morphology in 122 greenhouse workers
defined as low, medium, or highly exposed to more than a dozen pesticides (54).
Adjusting for abstinence time and other potential confounders, a higher proportion of
abnormal sperm was found in the high exposure group compared with the group with
low exposure. Lower median sperm concentration was also observed in workers with
more than 10 years of work in the greenhouse compared with men with less than 5 years
of experience. In a cross-sectional study on traditional and organic farmers, Juhler and
coworkers (55) investigated the relationship between dietary exposure to pesticides and
semen quality. Estimating exposure through food frequency questionnaires and data
from pesticide monitoring programs, the authors found that men with a lower intake
of organic food had a lower proportion of normal-shaped sperm according to the strict
criteria (2.5 vs. 3.7%, p = 0�003). However, organic food intake was not associated
with the other 14 semen parameters measured in the study. Results in the study were
adjusted for age, urogenital disease, spillage, abstinence time, smoking, and alcohol
intake. Oliva and coworkers (56) recently investigated the impact of environmental
factors on infertility among 177 men in Argentina. Adjusting for age, body mass
index (BMI), abstinence time, income, health center, and smoking, a dose-related
response was observed in (primary) infertile men occupationally exposed to pesticides.
Significantly elevated odds ratios were reported for sperm concentration (< 1×106/ml,
OR = 3�4, 95% CI = 1�2 − 7�4), motility (<50% motile, OR = 3�6, 95% CI = 1�1 −
11�4), and morphology (<30% normal, OR = 4�1, 95% CI = 1�4 − 12�0) for men
exposed to pesticides compared with occupationally non-exposed men. Conversely, in
models adjusting for many of the same variables, Larsen and coworkers (57) found
only marginal differences among 15 semen quality parameters from Danish farmers
who sprayed pesticides compared with farmers who did not spray pesticides. These
studies show a possible association between pesticide exposure and human semen
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quality. However, the broad nature of the exposure assessments makes it impossible
to determine which pesticides, if any, were responsible for the observed effects.

Few studies have been conducted that provide information on specific chemicals or
classes of contemporary-use insecticides and altered testicular function. Padungtod and
coworkers (58) studied the relationship between occupational exposure to organophos-
phates (parathion and methamidophos) and testicular function among Chinese pesticide
factory workers. They found a significant reduction in adjusted mean sperm concen-
tration (28.5 vs. 49.4 million sperm/ml, p = 0�01), and percentage of motile sperm
(64 vs. 74%, p = 0�03) in the 20 exposed workers as compared with the 23
unexposed workers. In a recent Japanese study, pesticide sprayers exposed primarily
to organophosphates and pyrethroids showed spraying season-dependant reductions
in motile sperm velocity measures compared with unexposed controls (59). Another
recent study of 32 men occupationally exposed to the synthetic pyrethroid fenvalerate
in a Chinese pesticide factory found that the exposed workers had decreased sperm
counts, as well as declined sperm movement and progression, compared with men in
both internal and external comparison groups (60).

Two publications reported the results from a study on a small cohort of men exposed
to the insecticide carbaryl (1-naphthyl methyl carbamate, commonly known as Sevin®)
during the production and packaging of the compound (61,62). Although analyses
using sperm counts as a continuous measure failed to find significant differences
based on carbaryl exposure, the authors found a greater proportion of oligozoospermic
men among the carbaryl workers as compared with the chemical workers (61). In a
subsequent publication on the same cohort of carbaryl production workers, Wyrobek
and coworkers (62) studied the relationship between sperm shape abnormalities and
carbaryl. Morphological analyses showed an elevated percent of abnormal sperm in
carbaryl workers as compared with comparison subjects, which remained after strati-
fying on potential confounders such as smoking, medical history, or previous exposure
to hazardous agents. The proportion of men defined as teratospermics (>60% abnormal
sperm) was higher among the carbaryl workers than in the comparison group (28.6 and
11.8%, respectively). More recently, a Chinese study of 31 carbaryl-exposed workers in
a pesticide factory found significantly lower sperm motility and sperm motion param-
eters among the exposed men compared with men in internal and external comparison
groups (63).

Researchers are now utilizing urinary and serum biomarkers of pesticide exposure
to explore associations with reduced semen quality. In a US study on the male partners
of pregnant women, Swan and coworkers (64) compared urinary levels of pesticide
biomarkers in 34 men with sperm concentration, motility, and morphology below the
median (defined as cases) with 52 men with above median semen parameters (defined
as controls). They found elevated odds ratios [OR (95% confidence interval)] for
alachlor mercapturate [30.0 (4.3–210)], 2-isopropoxy-4-methyl-pyrimidinol (IMPY,
diazinon metabolite) [16.7 (2.8–98)], atrazine mercapturate [11.3 (1.3–99)], 1-naphthol
(carbaryl and naphthalene metabolite) [2.7 (0.2–34)] and 3,5,6-trichloro-2-pyridinol
(TCPY, chlorpyrifos metabolite) [6.4 (0.5–86)]. However, a small study size led to the
wide confidence intervals that restrict interpretation of the study results.

Also using urinary biomarker data representative of low environmental levels of
pesticides commonly encountered among the general population, Meeker et al. (65)
studied 272 men who were partners of an infertile couple. They found inverse



240 Part II / The Biology of EDCs in Humans

associations between urinary levels of 1-naphthol, a metabolite of both carbaryl and
naphthalene, and sperm concentration and motility. They also found a suggestive
inverse relationship between the urinary metabolite of chlorpyrifos and sperm motility.
When insecticide metabolite levels were categorized into tertiles, odds ratios (95% CI)
for medium and high tertiles of 1-napthol were 4.2 (1.4–13.0) and 4.2 (1.4–12.6)
compared with the lowest tertile for below reference concentration (<20 million
sperm/ml), and 2.5 (1.3–4.7) and 2.4 (1.2–4.5) for below reference motility (<50%
motile sperm). In multiple linear regression analyses, an interquartile range increase
in 1N (1.8–5.0 �g/l) was associated with a 3.9% (95% CI = −7�3 to −0.5%) decline
in motile sperm and a 16% (−29 to +1.0%) decline in sperm concentration. An
interquartile range increase in chlorpyrifos metabolite (TCPY, also 1.8–5.0 �g/l) was
suggestively associated with a 2.2% (−5.1 to +0.7%) decline in motile sperm. In
two follow-up studies conducted among an overlapping group of the same men, both
TCPY and 1N were associated with declined serum testosterone levels (66), whereas
TCPY was also associated with decreased free thyroxine (T4) and increased thyroid-
stimulating hormone (TSH) (67).

In summary, there are human data supporting an association between non-persistent
pesticide exposure and altered semen quality though it is somewhat limited. Although
the human data are suggestive, they are mostly derived from occupational studies
involving simultaneous exposure to several pesticides. The relationship between repro-
ductive health and exposure to specific non-persistent pesticides, and/or low-level
mixed exposures through diet and residential use among the general male population,
is not well understood. Additional research using biomarkers of exposure to specific
pesticides is needed to further our understanding of the potential reproductive health
risks associated with non-persistent pesticides.

4. CRYPTORCHIDISM, HYPOSPADIAS, AND eEDCS

4.1. Rationale for Linkage of Genital Anomalies to eEDC Exposure
The published literature addressing the possible role of eEDCs in the etiology of two

common male genital anomalies, cryptorchidism, and hypospadias has grown rapidly
in recent years. Several factors contributing to increasing levels of concern about the
etiologic basis of these anomalies include (i) their induction by certain classes of eEDCs
in rodents after prenatal exposure; (ii) their clinical correlation with risk of subfertility
and testicular malignancy, other conditions that have been hypothesized to be linked
to eEDCs; and (iii) reports of their increasing frequency in defined populations. The
significance of each of these observations will be discussed in turn, followed by specific
epidemiologic data regarding the association of specific eEDCs with cryptorchidism
or hypospadias in human populations (Table 4).

Several classes of endocrine-disrupting chemicals including phthalates, pesticides
and polychlorinated aromatic compounds are reproductive toxicants that can inhibit
genital development and testicular descent in male rat offspring after maternal
exposure (68,69) (see also Chapter 3 of this book by Cowin, Foster, and Risbridger).
The mechanisms of action of these agents include but may not be limited to inhibition
of AR activation, androgen synthesis inhibition, estrogenic effects, and/or inhibition of
insl3 expression, effects that may be strain specific. Testosterone and its metabolite,
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DHT, are essential (particularly DHT) for masculinization of the genitalia but partic-
ipate to a lesser degree in the process of testicular descent. Insl3 is critical for devel-
opment of the gubernaculum, a fibromuscular fetal structure that guides the testis to a
scrotal position. In rats, inhibition of nipple development and shortening of anogenital
distance are the most sensitive markers of anti-androgenic effect (70). By contrast,
phthalates, particularly DBP, are potent in inhibiting testicular descent, an effect that
may be related to specific inhibition of insl3 expression in addition to inhibition of
fetal testosterone production (71). However, the effective exposure levels are markedly
higher than those estimated for the general human population (72). Although of
concern, the applicability of these animal studies to human disease remains unclear, not
only because experimental exposures are extremely high, but also because the genetic
susceptibility of rats to cryptorchidism and hypospadias appears to be extremely low,
unlike that of larger mammals and man.

In human males, the risk of non-syndromic cryptorchidism in full-term newborn
males is 2–4% in most series (73) compared with a prevalence of hypospadias
of 0.3–0.4%; 4–13% of males with hypospadias also have cryptorchidism (74).
Cryptorchid males are at approximately 10 times increased risk for testicular germ
cell cancer compared with the general population although the overall risk remains
well below 1% (75). Reported paternity rates in previously unilaterally and bilaterally
cryptorchid men are 90 and 65%, respectively (76). In view of the associations amongst
these conditions, Skakkebæk et al. (1) hypothesized that a primary testicular abnor-
mality, defined as “testicular dysgenesis syndrome” and possibly induced by eEDCs,
is the common link between testicular germ cell tumors, reduced semen quality, and
other reproductive tract abnormalities. They propose that TDS is due to prenatal Leydig
and Sertoli cell dysfunction with secondary androgen insufficiency and impaired germ
cell development. This entity should not be confused with the well-defined clinical
entity known as dysgenetic testes, which is associated with genital ambiguity and a
high risk of testicular malignancy (77). Reductions in the normal postnatal surge in
androgen and LH production (78) and in germ cell maturation (79) in cryptorchidism
provide support for a TDS-like global testicular dysfunction; however, other studies
suggest that these findings are absent or less common than initially reported (75,80–82).
Similarly, hypospadias alone has not been defined as a clear separate risk factor for
infertility (74) or testicular cancer. The existence of TDS as a distinct clinical entity
and a possible association with eEDCs, if present, have yet to be defined.

Recent trends over relatively short time periods showing increases in the prevalence
of cryptorchidism and hypospadias are cited as evidence supporting an environmental
cause of these diseases (1). For cryptorchidism, the prevalence appears to be highly
variable and geographically specific (83), with temporal upward trends noted in some
locations but not others (22,84,85). Boisen et al. (83) correlated geographical differ-
ences in Denmark and Finland with correspondingly similar trends in testicular cancer
and fertility rates. However, in Lithuania, the prevalence of cryptorchidism was higher
than expected based on relatively low cancer and high fertility rates (86). Prevalence
data for cryptorchidism are hard to interpret, because of the limitations of registry-based
data and how they are obtained, changes in clinical practice that emphasize earlier
diagnosis and treatment, confounding factors such as birth weight and prematurity,
and inaccurate diagnosis related to changes in testicular position (spontaneous descent
or secondary “ascent”) over time (73). Similarly, data for hypospadias prevalence are
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conflicting. Although rates increased in some locations over time, trends were not
consistent, and most recent reports identified no changes over time 22,87–89. Ascer-
tainment bias may also easily exist for this anomaly, particularly for milder forms, as
both false-negative and false-positive diagnoses may be made in newborns based on
circumcision status.

In summary, animal studies suggest that many eEDCs are capable of altering
genital development at high exposure levels. Feminization of the genitalia (shortened
anogenital distance with or without hypospadias) is a more common outcome in these
studies than prevention of testicular descent (cryptorchidism). By contrast, in human
males, cryptorchidism is about 10 times more common than hypospadias, and there
have been no consistent trends in the frequency of these common anomalies over time.
Nevertheless, susceptibility to the adverse reproductive effects of eEDCs may vary
with species and with race/ethnicity differences in human populations. Such differences
are compatible with the possibility that eEDCs contribute to the risk of cryptorchidism
and hypospadias in human populations.

4.2. Epidemiological Evidence for eEDC Exposure in Males
with Cryptorchidism or Hypospadias

Data that directly correlate specific eEDC exposure during pregnancy with fetal
reproductive tract anomalies are limited to women treated with DES during pregnancy.
Although DES exposure is no longer clinically relevant, study of its effects is useful,
as it is a synthetic estrogen agonist that does not bind to maternal plasma proteins and
has both anti-androgenic and anti-insl3 effects in animal models. In a large cohort of
boys born to women who received high dose DES in a prospective study over 50 years
ago, the most common anomalies were epididymal cysts and testicular atrophy, with a
risk of cryptorchidism of only 5% (90). Long-term follow-up of this group identified
an increased risk of pathological semen but not of failed paternity, other measures
of infertility, or of testicular cancer (91,92). Similarly, in a recent review, Storgaard
et al. (93) found evidence for an association between indices of estrogen exposure and
testicular cancer but not cryptorchidism or hypospadias.

Evidence for specific eEDC exposure in males with cryptorchidism or hypospadias
is limited. Several studies have failed to identify consistently increased levels of DDT
or DDE in serum of mothers bearing offspring with cryptorchidism or hypospadias
(Table 4). Longnecker et al. (94) interpreted their data as showing a modest association
(OR = 1.3, 95% CI = 0.7–2.4) between maternal levels of DDE and cryptorchidism
in a large case–control study. In a smaller birth cohort study, maternal serum levels of
DDT and DDE during pregnancy did not correlate with the presence of cryptorchidism
or hypospadias in male offspring (95). These studies show only small increases in odds
ratios for the highest levels of exposure. However, the ability to detect associations
may be limited by population heterogeneity and size.

There are very limited data from epidemiologic studies linking exposure to
organochlorine compounds with cryptorchidism or hypospadias. Mol et al. (102)
performed a cohort study of children born in the Faroe Islands, a location of confirmed
increased PCB exposure due to dietary intake. Umbilical cord PCB levels were
available for the majority of a cohort of 196 boys (75% of those born during a 21-
month period in 1986–1987) evaluated for timing of puberty. Nineteen boys (10%) had
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a history of cryptorchidism, and half were bilateral. Although this is of high prevalence
compared with historical controls, no comparable low exposure group was studied, and
PCB levels did not differ between the groups with and without undescended testes.
In a small study conducted in Germany (103), fat samples were obtained at surgery
from boys undergoing orchidopexy for cryptorchidism (n = 18) and controls without
genital anomalies (n = 30). Of a panel of organochlorine compounds measured in these
samples including PCBs and DDT and its metabolites, only levels of heptachlorepoxide
and hexachlorobenzene, compounds not previously associated with genital anomalies,
were significantly elevated in the case group.

The relationship of parental or general community pesticide exposure with
hypospadias or cryptorchidism has been explored in several epidemiologic studies
(Table 4). Exposures were estimated in these studies based on geographical location
(proximity to agricultural activity), parental occupation in agriculture, and/or self-report
of exposures. Ascertainment of cases was also varied and based either on newborn
exams or medical record documentation of surgical treatment for cryptorchidism. These
populations are different, as a proportion of boys undergoing surgery did not have
documented cryptorchidism at birth, whereas others identified at birth have sponta-
neous resolution and do not require surgery (73). As such, these studies provide only
indirect evidence for exposure to a variety of eEDCs with varying degrees of repro-
ductive toxicity. Even in cases of direct known exposure (e.g., parental occupation as
a gardener or farmer), the timing and degree of exposure cannot be retrospectively
quantified. Also, as noted by Vidaeff and Sever (104), caution must be exercised
in interpretation of these studies because of sample size limitations, weak or incon-
sistent associations, the possibility of recall bias, and/or misclassification of exposure.
However, the reported data suggest a possible association between pesticides and the
occurrence of one or both genital anomalies. In another series, maternal vegetari-
anism was significantly correlated with hypospadias in a cohort of 51 affected males
(OR = 3.53, 95% CI = 1.56–7.98) and attributed to phytoestrogen exposure, although
increased risk related to concomitant pesticide exposure could not be ruled out (105).
Additional work that directly addresses the association of maternal and/or paternal
pesticide exposure with urogenital anomalies by measurement of exposure levels of
specific compounds is indicated.

Recent studies indicate that certain phthalate diesters and their metabolites are
measurable in breast milk, cord blood, and at higher than expected levels in certain
pregnant women (31,106,107), and indirect evidence suggests that certain phthalates
may affect Leydig cell function in the perinatal period. In a study of phthalate concentra-
tions in breast milk and hormone levels in 3-month-old male offspring, Main et al. (106)
identified a significant negative correlation between MBP, the active metabolite of
DBP, and free testosterone levels (determined by total testosterone: sex hormone
binding globulin ratio). However, phthalate levels did not correlate with the occurrence
of cryptorchidism that was present in approximately half of this cohort of boys. Interest-
ingly, levels of MBP were significantly higher in breast milk from Finnish as compared
with Danish mothers despite a significantly lower prevalence of cryptorchidism and
hypospadias (86) in Finland. In another study of phthalate exposure and male genital
development, Swan and colleagues (108) determined “anogenital index” (anogenital
distance/body weight) and testicular position in young boys (mean age 16 months)
and corresponding maternal levels of urinary phthalate metabolites at three separate
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clinical sites. In this study, the authors found significant inverse relationships between
the highest maternal levels of MBP, MBzP, MEP, MiBP, and anogenital index [OR for
MBP: 10.2 (95% CI = 2.5–42.2)], although MEP has not been linked to reproductive
anomalies in rodent studies. The prevalence of “incomplete testicular descent” ranged
from 6 to 20% with decreasing anogenital index, levels that are unusually high and may
reflect the high incidence of non-pathological testicular retractility in normal boys of
this age (73). Moreover, in boys, stretched penile length is the standard measure used
to assess male genital masculinization; the validity of anogenital index in this regard
is well defined in rats but not confirmed in human males. Scrotal anatomy, another
endpoint studied that may in part determine anogenital distance, is highly variable and
does not necessarily correlate with penile development or testicular descent.

In summary, the strongest epidemiological data that link eEDC exposure to
cryptorchidism and/or hypospadias are those suggesting an association between
residency in agricultural areas and/or measures of direct parental exposure to non-
organochlorine pesticides, without providing insight into specific potentially causative
agents. However, these data are not necessarily consistent for both anomalies or
congruent with observations made in animal experiments. Further studies will be
needed to provide a clearer understanding of the role(s), if any, of specific eEDCs in
the etiology of genital anomalies in man.

5. CONCLUSIONS AND CHALLENGES

Throughout this chapter, we have tried to provide insights into the current state of
the epidemiologic evidence on the relationship between eEDC and male reproductive
and developmental health. The chapter was not meant to be an exhaustive review of
the evidence but rather a synthesis of the current knowledge in an ever-changing field
of inquiry and discovery. The classes of chemicals included in this chapter represent a
number of contemporary and widely used compounds such as pesticides and phthalates.
In addition, although PCBs were banned several decades ago, they were also discussed
because recently many well-designed epidemiologic studies have been published.

Although there is current scientific, public, and governmental interest in the potential
health risks of exposure to eEDCs, the human evidence on associations of eEDCs with
altered male reproductive health endpoints remains limited. In addition, the quality
and quantity of studies varies widely across exposures and endpoints. For example,
although there are hundreds of different pesticides currently in use worldwide, limited
human data exists on risks to male reproductive endpoints for only a select few. Also,
for some of these chemicals, such as phthalates, the data across studies were not
entirely consistent. For instance, one study found associations of semen quality with
MBP and MBzP while another large epidemiologic study did not. The limited human
data, and in certain instances inconsistent data across studies, highlight the need for
further epidemiological research on these classes of eEDCs.

In addition to the classes of eEDCs discussed in this chapter, there are other classes
of chemicals that require further study as to their relation with human reproductive
and developmental health. These chemicals include, among others, alkylphenols, such
as 4-nonylphenol, BPA, and fluorinated organic compounds such as perfluorooctane
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octanoate (PFOA) and perfluorooctane sulfonate (PFOS). Alkylphenols are used as
surface active agents in cleaning/washing agents, paints, and cosmetics, whereas BPA is
used in the manufacture of polycarbonate plastics and epoxy resins. The perfluorinated
compounds are used to make fabrics stain resistant/water repellent and in coatings on
cookware and other products. Although human exposure to these chemicals has been
demonstrated, the epidemiologic evidence on potential health effects remains very
limited.

A future challenge in understanding the relationship between eEDC and male repro-
ductive and developmental health includes the changes in exposure levels among
populations over time because of the ever-changing patterns of production and use of
these compounds. Another challenge is to understand how simultaneous coexposures
to these chemicals may affect male reproductive health and development. It is well
known that most men are exposed to all of these classes of eEDC simultaneously,
as well as to many other chemicals. However, there is limited data on the interac-
tions between chemicals within a class or across classes of chemicals. Chemicals may
interact additively or multiplicatively, or antagonistically. An understanding of the
potential human health risks of exposure to mixtures of eEDC is important but remains
very understudied. Despite these challenges, evolving and innovative technologies
designed to improve the assessment of human exposure and male reproductive health
endpoints should provide enhanced opportunities for improving our understanding of
the relationship between eEDC and health. Innovations include improved biomarkers of
exposure and more sophisticated statistical methods that deal with multiple exposures
simultaneously.
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1. INTRODUCTION AND OVERVIEW

In today’s industrial societies, humans may be exposed to a wide variety of environ-
mental chemicals, including those with potential endocrine-disruptive properties.
Although for many endocrine-disrupting chemicals (EDCs) the health significance of
this exposure in humans is unknown, studies to investigate the prevalence of exposure
are warranted. As often indicated in animal studies, exposure to EDCs may have poten-
tially harmful health effects. To assess the effects of exposure, researchers have used
three tools: exposure history/questionnaire information, environmental monitoring, and
biomonitoring (i.e., measuring concentrations of the chemicals, their metabolites, or
adducts in human specimens). Assessing exposure to most environmental chemicals
of public health concern through a combination of biomonitoring data and indirect
exposure measures is usually adequate. In this chapter, we present an overview on
the use of biomonitoring in exposure assessment to EDCs using as examples phtha-
lates, bisphenol A (BPA), and phytoestrogens, among others. We discuss some factors
relevant to interpreting and understanding biomonitoring data, including selection of
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biomarkers of exposure and human matrices, and selection of toxicokinetic infor-
mation. To link biomarker measurements to exposure, internal dose, or health outcome,
additional information (e.g., toxicokinetics and inter- and intra-individual differences)
is needed. We will not discuss assessing potential health risks from biomonitoring
exposure data (human risk assessment) or risk management. For more information on
this latter subject, see Chapter 12 in this book by Woodruff.

2. USING BIOMONITORING IN ASSESSMENT OF HUMAN
EXPOSURE TO EDCS

Given their high production volumes and wide use, the probability of nonoccupa-
tional human exposure to chemicals used in consumer products—including potential
EDCs—is high. For the most part, little information exists about the extent of human
exposure to many such chemicals, and their potential toxic health effects in humans
are largely unknown. Because information on risk to human health from exposure to
EDCs is limited, studies to investigate the prevalence of these exposures are warranted.
Exposure assessment in epidemiologic studies is, however, complex; under controlled
conditions of dose–response (exposure or health effect) evaluations associated with
animal studies, human exposures do not occur.

Historically, exposure assessments for EDCs and other environmental chemicals
have relied on

• surveys of product use and food consumption,
• measurement of EDCs in food and various environmental media (e.g., air, water,

and dust),
• estimates of human contact, and
• pharmacokinetic assumptions based on animal data.

In other words, to assess human exposure to EDCs, researchers have generally used
indirect measures of exposure that combine environmental monitoring with exposure
history and questionnaire data. Advances in analytical chemistry have made measuring
trace levels of multiple environmental chemicals in biological tissues (i.e., biological
monitoring or biomonitoring) possible and have contributed to increased use of biomon-
itoring in exposure assessment (1,2). Biomonitoring data may in fact permit more
accurate assessments of human exposure—concentrations of EDCs or their metabolites
in biological matrices represent an integrative measure of exposure to these chemicals
from multiple sources and routes. Therefore, using biomarkers for EDC exposure in
combination with indirect measures of exposure are the most appropriate tools for
exposure assessment.

Biomonitoring data on EDCs (i.e., internal dose measurements) can also be used
in risk assessment and risk management. For risk assessment, information on EDC
concentrations or their metabolites concentrations in biological media—as well as on
the EDC pharmacokinetics—are required to obtain exposure estimates. These estimates
are compared with toxicological parameters (e.g., NOAELs—no-observed-adverse-
effect limits), obtained generally from studies in animal (most frequently rodent)
models. Considerations relating to these hazard data include, among others, choice of
species, identification of critical endpoints, and relevance to humans. Biomonitoring in
risk management is also useful for ascertaining the effectiveness of risk management
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practices; although, to develop effective risk management strategies, exposure pathway
information is needed. However, discussing in detail the issues pertaining to biomoni-
toring in risk assessment and management is beyond the scope of this chapter. Rather,
we focus on biomonitoring for exposure assessment—we will not address biomoni-
toring in risk assessment or risk management.

3. ANALYTICAL CONSIDERATIONS FOR BIOMONITORING

Biomonitoring for assessing exposure to EDCs and other environmental chemicals
generally requires measuring the analytes of interest at relatively low concentrations
(e.g., at or below parts per billion). Therefore, biomonitoring must employ state-of-the-
art analytical methods. These often include stable isotope-labeled internal standards
and mass spectrometry (3).

Biological matrices are complex; they can also be difficult to obtain and may be
available only in small amounts. Moreover, although environmental chemicals are
normally present in the matrix at trace levels, other matrix components occur at higher
concentrations. Thus, highly sensitive, specific, and selective multianalyte methods for
the extraction, separation, and quantification of these chemicals must be developed (3).

Furthermore, when developing sampling, storage, and analysis protocols for biomon-
itoring studies, researchers must consider (i) the chemical properties of the compounds
of interest; (ii) the composition of the matrix; and (iii) the matrix’s potential effects
on concentrations of selected analytes. Phthalates, a group of EDCs widely used
as plasticizers in consumer goods and in personal care products (4), illustrate these
considerations. Because some phthalates are environmentally ubiquitous, their direct
measurement in biological specimens is subject to error; during sample collection,
storage, and throughout the analytical measurement process, contamination can occur.
Consequently, because environmental exposure levels are normally much lower than
those resulting from sampling contamination, human studies using phthalate diesters
as biomarkers of exposure were limited to highly exposed populations (5–9). Phtha-
lates are nonpersistent compounds that are rapidly hydrolyzed, metabolized, and
excreted (10–13). To minimize contamination, the preferred biomonitoring approach
is to measure urinary levels of phthalate metabolites (5,14). Phthalates can, however,
be hydrolyzed to their monoesters by esterases present in milk (15), serum (16), and
saliva (17,18). Other matrices such as amniotic fluid and meconium may also contain
esterases. Concentration of phthalate monoesters in matrices other than urine can be
used to estimate exposure, but only with safeguards in place to minimize contami-
nation with phthalates during sampling, storage, and analysis. Otherwise, measured
concentrations may include an unknown contribution from hydrolysis of contaminant
phthalates by endogenous esterases. This phthalate example demonstrates that when
developing protocols for biomonitoring sampling, storage, and analysis in addition to
the chemical properties of the compounds of interest, the composition of the matrix and
its potential effects on the concentrations of the selected analytes must be considered.

4. SELECTION OF BIOLOGICAL MATRIX

After exposure, environmental chemicals may enter the body. Once they reach the
blood systemic circulation, they can distribute into various body compartments, where
they can be in equilibrium with blood concentrations, secretion concentrations (e.g., milk),
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or both. To compare concentrations in blood and other matrices, information is needed on
partitioning these chemicals from blood into tissues (19).

Blood (or its components) and urine are the most common matrices for biomoni-
toring. In general, the concentrations of persistent organic chemicals are measured in
blood or blood products, whereas those of nonpersistent chemicals are most frequently
measured in urine (20). Furthermore, traditional persistent lipophilic compounds
[e.g., organochlorine pesticides, polychlorinated biphenyls (PCBs), and polychlorinated
dibenzo-p-dioxins (PCDDs)] can partition from blood into adipose tissue and into milk
for lactating women (21–24). Nonpersistent chemicals can also be found in milk. For
example, phthalates and BPA, used to manufacture polycarbonate plastics and epoxy
resins, have been found in human milk (15,25–28).

In the assessment of exposure to EDCs and other environmental contaminants,
the use of unconventional matrices is becoming an increasingly important area of
research (29,30). Urine is generally the matrix of choice for nonpersistent chemicals—
urinary concentrations of metabolites are higher than blood concentrations, urine is
a relatively abundant matrix, and its collection is, in general, simple and nonin-
vasive (20). In turn, blood is the preferred matrix for persistent compounds. Amounts
of blood available for analysis are, however, normally limited, and blood collection
is complicated and invasive (20). Depending upon the time period of concern for a
particular exposure or health effect, alternative matrices to urine or blood may be
preferable. For example, meconium and amniotic fluid may be used for assessing
prenatal exposure to EDCs and other environmental chemicals (31–36). Although alter-
native matrices may not be practical for large screening programs (vide infra), they
may be very useful in specific situations. Some matrices are, for example, particularly
useful in assessing exposure during fetal and early childhood life, when humans are
most susceptible to potential adverse health effects of EDCs and other environmental
chemicals. Amniotic fluid, cord blood, and meconium are promising matrices for
monitoring prenatal exposures (31,32,36). Breast milk can be used to monitor neonatal
exposures, and its analysis can also provide an estimate of fetal exposures to some
chemicals (15,21–24,37–43).

5. SELECTION OF BIOMARKERS OF EXPOSURE

The extent of metabolism for nonpersistent chemicals can vary substantially.
Therefore, the choice of exposure biomarkers for nonpersistent chemicals is wider than
for persistent chemicals, for which the biomarker of exposure is generally the parent
compound. Nonpersistent EDCs can be partially or fully metabolized (e.g., phase I
biotransformations) to increase their hydrophilic character. Both parent compound and
phase I metabolites can be excreted unchanged or can undergo phase II biotransfor-
mations and may be used as potential biomarkers of exposure.

Low-molecular-weight phthalates mostly metabolize to their hydrolytic
monoesters (10,12,44). High-molecular-weight phthalates, such as those with eight
or more carbons in the alkyl chain (e.g., di[2-ethylhexyl] phthalate, DEHP), metab-
olize to their hydrolytic monoesters, which can be further transformed to oxidative
products (11,13,44–48). Oxidative metabolites are more water-soluble than are the
corresponding hydrolytic monoesters. This explains, for a given phthalate, why the
urinary oxidative metabolite concentrations are higher than hydrolytic monoester
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concentrations in human populations (49–54). Using hydrolytic monoesters of some
high-molecular-weight phthalates as biomarkers of exposure may permit exposure
comparison to the parent phthalate among studies. That said, however, using these
metabolites as sole biomarkers to compare relative exposures to various phthalates
can be misleading, especially when comparing monoester concentrations of high- and
low-molecular-weight phthalates. Metabolism of the former results in more metabo-
lites (11,13,44–48), thus decreasing the relative amounts of their hydrolytic monoester
metabolites. To date, research on the oxidative metabolism of phthalates has been
largely limited to phthalates with a defined chemical composition (e.g., DEHP). Most
high-molecular-weight phthalates are complex mixtures of isomers (e.g., di-isononyl
phthalate, DiNP). Their composition varies depending on the nature of the mixture
of alcohols used for their synthesis, which, in turn, may vary with manufacturers.
Metabolism of isomeric high-molecular-weight phthalates will result in multiple
hydrolytic and oxidative monoesters. In rats, hydrolytic monoesters represent a very
small percentage of the phthalate dose (47,55). Although metabolic differences among
species are possible, oxidative metabolites are the most abundant urinary metabolites
of isomeric high-molecular-weight phthalates in humans (56). To assess properly the
prevalence of exposure to these phthalates, research needs to focus on identifying
and characterizing suitable oxidative metabolites. Until then, researchers will likely
underestimate exposure to isomeric high-molecular-weight phthalates.

Oxidative metabolism is a common metabolic pathway in mammals. In a demograph-
ically diverse sample of US adults, the frequency of detection and urinary concentration
ranges of nonyl phenol (NP) were lower than those of BPA (57). Oxidative metabolism
may have contributed, at least in part, to the relatively low urinary concentrations and
frequency of detection of NP (57). Although ingested BPA is completely recovered in
urine as BPA-glucuronide within approximately 24 h after exposure in humans (Volkel
et al., 2002), only 10% of the ingested NP is excreted in the urine as NP or conjugated
NP within 8 h—the rest are unidentified NP metabolites (58). If oxidative metabolism
of NP prevails in humans as it does in animals, oxidative metabolites of NP may be the
preferred biomarkers to assess exposure to NP rather than NP itself. Moreover, 4-n-NP,
the measured NP isomer, represents a small percentage of the NP used in commercial
mixtures (59). The point is that unless the most appropriate urinary biomarker(s) is
used, exposure to NP may be underestimated.

Conjugation with �-d-glucuronide and sulfate (phase II biotransformations) may
reduce the bioactivity of nonpersistent EDCs and other chemicals while facilitating their
urinary excretion. Phenols with ED properties, such as the phytoestrogen genistein,
BPA, and parabens, are mostly excreted as conjugates (60–62). In these cases, the
parent compound or its conjugated metabolites can potentially be used as biomarkers
of exposure (62–64). Identifying and measuring the conjugated species of EDCs may,
however, be challenging. Conjugated standards are not always readily available, and
sensitive and accurate analytical methods are required to measure the concentrations of
these species at trace levels. An alternate approach is to measure the total concentration
of the compound (i.e., free plus conjugated species) after an enzymatic hydrolysis of
the conjugates. This approach has been used in the measurement of EDCs such as
phthalates, phytoestrogens, and BPA (14,56,62,64–72).

Individual variability to EDC exposure can result from changes in diet, daily lifestyle
activities, and physical condition. Although biomarkers of nonpersistent chemicals



258 Part II / The Biology of EDCs in Humans

in urine can accurately assess a person’s exposure at a single point in time, deter-
mining exposure over an extended time period may require multiple measurements.
Therefore, optimizing the design of exposure assessment in epidemiologic studies
requires information on the temporal variability of urinary levels of biomarkers of
nonpersistent EDCs. To date, two published studies have addressed this issue. The first
study documented relatively good reproducibility of phthalate monoester concentra-
tions in two first-morning urine specimens collected for two consecutive days from 46
African-American women. Day-to-day intra-class correlation coefficients ranged from
0.5 to 0.8 (73). In the second report, the temporal variability in phthalate metabolite
concentrations was evaluated among 11 men who provided up to nine urine samples
each during a 3-month period (74). Although substantial day-to-day and month-to-
month variability in each individual’s urinary phthalate metabolite concentrations
existed, a single urine sample was moderately predictive of each subject’s exposure
over 3 months, with sensitivities ranging from 0.56 to 0.74. Between- and within-
subject variances as well as the predictive ability of a single urine sample differed
among phthalate metabolites. This suggests that the most efficient exposure assessment
strategy for a particular epidemiologic study may depend on the chemicals of interest.
Furthermore, a cross-sectional study of more than 2540 people in the USA showed
variations in the population distributions of several phthalate metabolites depending
on the time of day the urine samples were collected (75). These observations, along
with the nonpersistent nature of phthalates, may reflect differences in the timing of
exposure to phthalates during the day.

Because collecting 24-h urine samples is not practical for epidemiological studies,
consideration should be given to standardizing the sample collection time. When the
goal is to compare relative exposures to various chemicals across populations or among
different studies, collecting first-morning urine samples is preferred. Nevertheless,
studies designed to explore potential health risks of EDCs should not restrict sample
collection to first-morning urine samples. The above data suggest that relevant exposure
opportunities in the course of a day may be missed and exposure misclassified. At
minimum, always record urine-collection timing.

6. BIOMONITORING PROGRAMS

Biomonitoring programs are useful for investigating human exposure to EDCs and
other environmental chemicals. In the USA, the Centers for Disease Control and
Prevention (CDC) annually conducts one of these programs. The National Health and
Nutrition Examination Survey (NHANES) is designed to collect data on the health
and nutritional status of the noninstitutionalized civilian US population (76). The
survey includes a physical examination and collection of detailed medical history
and biological specimens from participants. Although biological specimens are used
mostly for clinical and nutritional testing, some can be used to assess exposure to
environmental chemicals, including EDCs such as phthalates, phytoestrogens, PCBs,
and dioxins.

Beginning with NHANES 1999, concentrations of selected chemicals in urine and
blood of NHANES participants, presented by age group, sex, and race/ethnicity,
have been reported in the National Reports on Human Exposure to Environmental
Chemicals (77,78). These reports provide the most comprehensive biomonitoring
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assessment of the US population’s exposure to environmental chemicals. They may
also help prioritize and foster research on the human health risks that result from
exposure, which for many of the chemicals included in the reports are today largely
unknown.

Data estimates from NHANES are probability-based and hence are representative of
the US population. NHANES data can therefore be used to establish reference ranges
for selected chemicals, provide exposure data for risk assessment (e.g., set intervention
and research priorities, evaluate effectiveness of public health measures), and monitor
exposure trends. Reference ranges can be used to assist epidemiologic investigations to
correlate the levels to other NHANES parameters/measurements (including potential
health effects) and to identify (i) populations with the highest exposures, (ii) potential
sources/routes of exposure, and (iii) chemicals with highest prevalence/frequency (1).
Still, even a comprehensive program such as NHANES has limitations: persons under 1
year of age and older than 60 years of age are not included, and no data are collected on
fetal exposures. Therefore, a pressing need exists for assessing exposure during critical
periods of development—a period of increased susceptibility to the potential adverse
effects of EDCs. Furthermore, NHANES by design provides only cross-sectional data;
it intentionally excludes population groups that might be highly exposed to various
point sources but which could be examined to evaluate possible associations between
high exposures and adverse health effects.

In Germany, German Environmental Surveys (GerESs) have since the mid-1980s
conducted large-scale representative population studies for assessing general population
exposure to environmental chemicals (e.g., lead, mercury, pentachlorophenol,
polycyclic aromatic hydrocarbons (PAHs), cotinine). GerESs has used various tools,
including questionnaires, human biomonitoring, and both indoor and outdoor environ-
mental samplings (http://www.umweltbundesamt.de/survey-e/index.htm). Although
previous surveys focused mostly on adult exposures, the ongoing GerES IV will also
provide biomonitoring data on children between 3 and 5 years of age. For example,
di(2-ethylhexyl) phthalate metabolites were measured in a subset of samples collected
for the GerES IV pilot study (79).

7. BIOMONITORING OF EDCS (PHTHALATES, PHYTOESTROGENS,
BPA, AND HALOGENATED CHEMICALS)

Since the late 1990s, both in Europe and in the USA, urinary concentrations of
environmental chemicals, including EDCs or their metabolites, have been used as
biomarkers to calculate human exposure among the general population to EDCs such
as phytoestrogens, phthalates, and BPA (51,57,75,78,80,81).

In the USA, CDC reported the levels of seven urinary phthalate monoester metabo-
lites in three subsets of NHANES participants (75,78,80). The first study included
the analysis of a nonrepresentative call-back cohort of 289 urine samples, collected
from adults during 1988–1994 for NHANES III (80). NHANES 1999–2000 and
2001–2002 (75,78) provided nationally representative, population-based, phthalate
metabolite concentrations in urine for selected demographic groups in the USA.
Although the NHANES III and NHANES 1999–2002 data sets are not directly compa-
rable, the frequencies of detection of the phthalate monoesters were similar. The high-
molecular-weight phthalate monoesters (e.g., mono-2-ethylhexylphthalale (MEHP),
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mono-n-octyl phthalate, mono-isononyl phthalate) were detected less frequently and
at lower levels than the low-molecular-weight phthalates [e.g., mono-ethylphthalate
(MEP), mono-butyl phthalate (MBP), and mono-benzyl phthalate (MBzP)]. Still, the
mean and median concentrations of MEP, MBP, and MBzP were lower in the NHANES
1999–2002 than in the NHANES III subset population while the MEHP concentrations
remained essentially unchanged. These findings may be related to the small size and
nonrepresentative nature of the sampling for the NHANES III call-back cohort or to
reduced exposure to some phthalates for the NHANES 1999–2002 population. The
relatively low detection frequency of the high-molecular-weight phthalate monoesters
may have been, at least in part, because, unlike the oxidative phthalate monoester
metabolites, these hydrolytic metabolites may not be the most sensitive urinary
biomarkers (vide infra). Nonetheless, these investigations, which confirmed that human
exposure to selected phthalates is widespread, are also supported by studies assessing
exposure to phthalates in specific groups of individuals (52–54,56,82–92).

Similarly, urinary concentrations of four isoflavones (genistein, daidzein, equol,
and O-desmethylangolensin) and two lignans (enterolactone and enterodiol) were
measured in three subsets of NHANES participants (78,93,94). In the first report,
urinary concentrations of these six phytoestrogens were measured in 199 adult partici-
pants of a call-back cohort for NHANES III (93). NHANES 1999–2000 and 2001–2002
each included over 2500 persons 6 years of age and older and provided nationally
representative, population-based, urinary phytoestrogen concentrations for selected
demographic groups in the USA. In these three studies, all phytoestrogens were
frequently detected, and enterolactone was detected in the highest concentrations, with
daidzein being the isoflavone found at the highest median concentrations (78,94). This
research suggests that human exposure to phytoestrogens is widespread.

Another EDC of interest is BPA, used in the manufacture of polycarbonate plastic
and epoxy resins, which in turn are used in commercial products such as baby bottles,
as protective coatings on food containers, and for composites and sealants in dentistry.
BPA was measured in 394 archived urine samples, from a nonrepresentative call-back
cohort of US adult residents, collected during 1988–1994 for NHANES III (57). BPA
was detected in 95% of the samples examined at concentrations at or above 0.1 �g/L
of urine. The BPA concentration ranges were similar to those observed in other human
populations outside the USA. Despite the relatively small size of the sample population
and its nonrepresentative character, this study provided the first reference range of
human internal dose BPA levels in a demographically diverse human population.
The study also confirmed widespread exposure to this compound in residents of
the USA.

In addition to these examples of nonpersistent chemicals as potential EDCs, certain
persistent chemicals, such as PCBs, dibenzo-p-dioxins, and furans have been linked
with endocrine activity (95–97). The manufacturing of PCBs has been banned in most
countries since the 1970s. Nevertheless, because of these chemicals’ continued use
and environmental persistence, people continue to be exposed—although in general to
much lower amounts than a generation ago (98,99). For toxicological purposes, the
PCBs have been divided into three main classes: those containing no ortho chlorine
atoms (coplanar); those with one chlorine in the ortho position (mono-ortho); and those
containing chlorine substitution in two or more ortho positions. The first two classes
mentioned above are deemed to have dioxin-like activity and are discussed more
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with the dioxin-related chemicals. Although PCBs generally enter the environment as
commercial mixtures of congeners, the relative proportion of the various congeners
changes because of environmental degradation and animal metabolism. In humans,
generally the highest PCB concentrations are those with two or more ortho positions
with chlorine substitution and to a lesser extent mono-ortho PCBs. In addition to the
PCBs themselves, PCB-hydroxylated metabolites (OH-PCBs) have been reported to
have endocrine-disrupting properties. The levels of the OH-PCBs are generally in the
range of 10–20% of the PCB concentrations in blood lipids.

Exposure to PCBs is through the food chain, including high-fat foods and some
fish and wildlife. Therefore, the highest human PCB exposures are generally found
among high consumers of contaminated fish, wildlife, and dairy products (100–103).
People consuming these foods in the 1960–1970 decades have much higher internal
concentrations of PCBs today than do present-day consumers (98). The reasons for
this include much higher PCB environmental concentrations during the last century
and also the bioaccumulation and long half-lives of many of the PCB congeners.
Today, most of the human toxicological concerns center on newborns, infants, and
young adults. Because PCBs are lipophilic and because the within-person lipid blood
concentration can vary widely (e.g., because of recently eating a high-fat meal), PCB
blood concentrations are generally reported on a lipid-adjusted basis as well as on the
more traditional whole-weight basis.

PCDDs, dibenzofurans, and PCBs have been measured in NHANES since 1999.
The NHANES 1999–2002 concentrations for these compounds were comparable with
those reported in other countries (104,105) and were much lower than those reported
in occupational settings. Most importantly, the NHANES 1999–2002 data demonstrate
that human serum concentrations of these EDCs have decreased by more than 80%
since the 1980s (78,98,99). For example, in NHANES 2001–2002 (78), the 95th
percentile concentrations of 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD)—one of the
most potent of the dioxin-like chemicals—were 6.4 and 7.4 pg/g of lipid for women
and non-Hispanic blacks, respectively. The concentrations in the remainder of the US
population are most likely even lower than those reported for these two population
groups.

Biomonitoring may also be valuable when a point source for exposure to low levels
of EDCs is expected. For examples, exposure to BPA may occur following sealant
placement. Leaching of BPA from the dental sealant into patients may be related to
the quality of the sealant used (106). One important biomonitoring use is to assess
exposures not specifically addressed in large-survey situations that could otherwise
lead to biomarker concentrations well above the mean values found in the general
population. For example, some phthalates [e.g., diethyl phthalate (DEP) and dibutyl
phthalate (DBP)] can be used in enteric coatings for pharmaceutical agents, whereas
DEHP is extensively used in medical tubing and devices. Therefore, use of certain
medications (107,108) and medical interventions such as platelet donations (109,110)
or intensive care therapeutic treatments (111–113) can result in exposures much higher
than those experienced by the general population. Similarly, industrial accidents or
other catastrophes may result in very high exposures to EDCs, among other chemicals.
One example is the exposure to TCDD after an explosion at a chemical plant near
Seveso, Italy, in 1976, that released a mixture of chemicals, including TCDD and 2,4,5-
trichlorophenol (114–116). Another is the accidental poisoning by PCB-contaminated
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cooking oil in Yusho, Japan, and in Yucheng, Taiwan (117–124). Some of the concen-
trations found in such cases are among the highest ever reported. Thus, these popula-
tions can serve as benchmarks for comparison of human exposure and potential adverse
EDC health effects (125–137).

8. SUMMARY

Biomonitoring provides a reliable estimate of internal dose. Comprehensive biomon-
itoring programs, such as NHANES in the USA, must continue. However, under-
standing of toxicokinetics of the environmental chemicals (e.g., distribution among
body compartments and metabolism) and of their bioactivity at environmental exposure
levels is required to properly interpret biomonitoring measurements. Age; diet; route,
frequency, and magnitude of exposure; potential synergistic or antagonistic interactions
among chemicals; and genetic factors, among others, are critical in determining health
outcomes associated with exposure to environmental chemicals.

Because biomonitoring provides an integrated measure of exposure from all sources
and routes, adequate sampling and storage protocols, and validated analytical methods
that take into account both the nature of the matrix and the biomarkers must be
used. For relatively lipophilic nonpersistent compounds (e.g., phthalates and alkyl
phenols), formation of oxidative metabolites may be critical for facilitating their urinary
excretion, and these oxidative metabolites may be the most appropriate biomarkers of
exposure.

To maximize the impact of biomonitoring in public health, future research should
focus on (i) identifying the compounds best suited for use as biomarkers, in particular
those that may provide the greatest analytical sensitivity (e.g., oxidative metabolites),
(ii) characterizing their potential bioactivity in humans, (iii) improving the under-
standing of their toxicokinetics in different populations and with different doses with
emphasis on fetal and neonatal exposures, when susceptibility to potential adverse
health effects of environmental chemicals may be highest, and (iv) studying targeted
populations with known source(s) of exposure to facilitate relating internal exposure
to potential health effects.
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1. INTRODUCTION

The significance of endocrine-disrupting chemical (EDC) effects on human health is
becoming more apparent. EDCs are known or suspected to play a role in many illnesses,
such as breast cancer (1,2), which has been increasing, and other markers of population
health, such as age at onset for puberty, which has been going down (3). Ideally, the
role of public policies is to reduce and prevent these adverse health effects in the
human population. An environmental health framework (Fig. 1) shows how chemicals,
such as EDCs, are released from sources, such as industry or transportation. They can
then enter into environmental media, such as air, food, water, and consumer products,
where there is opportunity for human exposures. Levels of some contaminants can
be measured directly in people and eventually could manifest into illness. Reducing
and preventing illness requires a policy focus on the upstream events: sources
and releases into the environment. Monitoring for EDC-mediated health effects in
people is important for measuring policy success and assessing needs for further
interventions.

This chapter will discuss current policies and their limitations in identifying EDCs.
The process of collecting and synthesizing the available science for use in developing
policies and regulations to protect human health and alternative policy options at the
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Fig. 1. Conceptual framework to represent relationships between environmental factors and health
[adapted from kyle et al. (44)].

national level. A complementary discussion of biomonitoring for exposure assessment
is provided in Chapter 11 (Calafat and Needham).

2. WHO REGULATES EDCs?

Most laws addressing environmental contaminants passed by the US Congress are
administered by the US Environmental Protection Agency (USEPA). These laws cover
environmental contaminants and their sources primarily for air, drinking water, pesti-
cides in food and other exposures, contaminated waste, and land. USEPA develops
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regulations and policies intended to implement these laws. There are also important
sources of exposure to chemicals through consumer products, cosmetics, pharmaceu-
ticals, and chemical additives to food. The laws passed to address these routes of
exposure are primarily administered by the Food and Drug Administration (FDA).
Many of the laws governing environmental contaminants require assessing the potential
for harm to human health as support for the development of policies and regulations
designed to limit chemical exposures. It should be noted, however, that there are other
tangible factors, such as technology and costs and benefits, and intangible factors, such
as public comment and political pressures, that can also play a role, but will not be
covered in this chapter (4).

Assessing the potential for harm to human health requires assembling and synthe-
sizing the available science. The available scientific information comes primarily from
toxicological studies using animals as test subjects and epidemiology studies that
evaluate relationships between exposures and effects in humans. Toxicological studies
are the primary source of information for the vast majority of chemicals. A routine set
of toxicological information includes tests that evaluate toxicity from acute, subchronic,
and chronic exposures and evaluates health effects for reproductive and developmental
effects, neurodevelopment effects, effects on major organ systems, and cancer only
from chronic exposure (5). Although basic toxicity information may include testing for
some endpoints that could be endocrine-mediated, such as those related to reproductive
and developmental toxicity, conventional toxicological protocols for reproductive and
developmental effects are not generally designed to detect whether observed effects are
endocrine related (6). In addition, the tests do not adequately address exposures and
effects that are important for EDCs. For example, the routine tests do not include evalu-
ating the toxic effects that may occur from prenatal or early postnatal exposures (5).

As of 2006, the USEPA estimated that there are approximately 75,000 chemical
substances in commerce (7). Although many of these chemicals are used in small
quantities or within closed manufacturing systems, about 2,800 are used or imported in
high volumes (over 1 million pounds) (8). In addition, there are also pesticides (about
900 active ingredients and 2,500 inert ingredients), nuclear material, and chemicals in
food (about 3,000), and chemicals in drugs and cosmetics (about 5,000) (9) This brings
the total number of chemicals to about 87,000, although it is difficult to ascertain
the complete number of chemicals, because no single entity records the universe of
chemicals used in the US.

Of the 87,000 chemicals, there is limited basic toxicity information for many
chemicals. For example, as of 1998, there were 2800 high production volume chemicals
in commerce and just 7 % had the full set of basic toxicological data and 43 %
had no testing data (10). Because testing data for most chemicals are incomplete,
existing reproductive and developmental tests provide limited help to identify EDCs.
A voluntary industry initiative was started in 1998 to collect basic screening data and
some information has been added (8).

2.1. Identifying EDCs
Concern for EDC-mediated health effects in humans emerged in the early 1990s,

along with growing awareness that the existing laws and regulations were insufficient
for EDCs. This prompted a focus on improving the science base for EDCs as one means
of improving policies and regulations related to EDCs. Congress passed the Food
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Quality Protection Act in 1996, in large part because of concerns about the inadequacy
of the existing pesticide law to protect infants and children from pesticide exposures.
In the Food Quality Protection Act, Congress also recognized the emerging concern
for endocrine-related health effects and inadequate testing for potential endocrine
disruption. The Food Quality Protection Act requires USEPA to “develop a screening
program, using appropriate validated test systems and other scientifically relevant
information, to determine whether certain substances may have an effect in humans
that is similar to an effect produced by a naturally occurring estrogen, or such other
endocrine effect” (11). It further requires that the screening “(i) shall provide for the
testing of all pesticide chemicals and (ii) may provide for the testing of any other
substance that may have an effect that is cumulative to an effect of a pesticide chemical
if the Administrator determines that a substantial population may be exposed to such
substance” (11). Further language in the amendments to the Safe Drinking Water Act
also authorized USEPA to screen “contaminants in drinking water to which substantial
number of people would be exposed” (12).

USEPA established the Endocrine Disruptor Screening and Testing Advisory
Committee (EDSTAC), made up of a broad range of constituencies, to advise the
agency on developing a practical and scientifically defensible endocrine disruptor-
screening strategy (6). In 1998, EDSTAC proposed 71 consensus recommendations for
the agency (9), from which USEPA has developed an Endocrine Disruptor Screening
Program (EDSP) (13). USEPA adopted EDCSTAC’s recommendation to screen for
estrogen, androgen, and thyroid effects and to screen for human and ecological effects.
In addition, EDSP will include a broad universe of chemicals in the screening program
beyond pesticides and drinking water contaminants (9). As USEPA does not have
regulatory authority over cosmetics, food additives, and nutritional supplements, the
focus of the screening program will be on pesticides, industrial chemicals, and environ-
mental contaminants (6), although USEPA states it is committed to collaborate with
other appropriate federal agencies to facilitate examining the other chemicals (6).

USEPA proposed in 1998 a two-tiered approach to toxicity testing based on the
EDSTAC recommendations (9,13). Tier 1 is a screening battery of assays designed
to test for potential interactions with the endocrine system and includes in vitro and
in vitro screens (Table 1) (6,9). Those chemicals identified in Tier 1 as interacting
with the endocrine system will be tested in Tier 2 to identify adverse health effects
from endocrine disruption and to identify dose–response relationships (mammal-testing
requirements summarized in Table 1). This includes testing of the most sensitive
developmental life stages and multi-generational effects for five major taxonomic
groups (mammals, birds, fish, amphibians, and invertebrates) (6,9). The information
from the Tier 2 tests would then be used in a hazard assessment, which can then lead
to regulation (9).

In September of 2005, USEPA published the approach it will take for selecting an
initial group of chemicals to screen under the EDSP (14). The approach proposed to
select 50–100 chemicals for screening, with the list being named in a future proposal.
These chemicals will be selected from (i) pesticide active ingredients and (ii) chemicals
that are pesticide inerts that have relatively large overall volume considering both
pesticide and nonpesticide use (14). There were two types of chemicals that are
excluded from consideration. The first are chemicals that USEPA is using as “positive
controls” to validate screening assays. The second are chemicals which are anticipated
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Table 1
US Environmental Protection Agency-Proposed Testing under the Endocrine

Disruptor-Screening Program based on the Recommendations of the Endocrine Disruptor
Screening and Testing Advisory Committee

Tier 1 screening batter

In vitro screens
Estrogen Receptor (ER) binding/reporter gene assay
Androgen Receptor (AR) binding/reporter gene assay
Steroidogenesis assay

In vivo screens
Rodent 3-day uterotrophic assay (s.c.)
Rodent 20-day pubertal female assay with thyroid
Rodent 5–7 day Hershberger assay
Frog metamorphosis assay
Fish reproduction-screening assay

Alternative screening assays
In vitro placental aromatase
In vivo rodent 20-day pubertal male assay with thyroid
In vivo adult male assay

Tier 2 mammalian toxicity testing
Two-Generation Mammalian Reproductive Toxicity Study (currently

required for pesticides with widespread outdoor exposures expected to
affect reproduction). Alternative tests (somewhat less comprehensive, but can
include in utero and/or lactational exposures)

Alternative mammalian reproduction test (AMRT)
1-Generation reproductive test

to have low potential to cause endocrine disruption: polymers with numerical average
molecular weight greater than 1000 Daltons (these are considered unlikely to pass
through biological membranes) and strong acids or strong mineral bases (these are
considered highly reactive and would cause damage at the point of entry but would
not be expected to be associated with systemic toxicity) (14).

USEPA initially proposed in 1998 to develop the candidate list for the initial
endocrine-screening program based primarily on exposure and hazard-related data (13).
To supplement the lack of toxicity data and facilitate future endocrine-screening
priority setting activities, USEPA also proposed to investigate using a high throughput
prescreening for chemicals which are produced in excess of 10,000 pounds per year
(about 15,000 chemicals) (9,14,15). The prescreening method is an automated cell-
based test system that can detect estrogen and androgen receptor interactions on
thousands of chemicals (15). However, as of 2006, USEPA indicates that the high
throughput methods are “not yet sufficiently developed for regulatory purposes” (15),
thus limiting the toxicological data available for prioritizing chemicals for an endocrine-
screening program.

The final proposal in 2005 based the primary consideration for prioritizing the initial
group of chemicals on the potential for human and ecological exposures. The types
of exposure data considered for selecting pesticide active ingredients include presence
in food, presence in drinking water, residential use, and occupational contact (14).
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The initial high production/inert ingredients will be prioritized based on monitoring
data showing presence in human tissue, fish tissue, drinking water, or indoor air (14).
Although it is reasonable to primarily consider the potential for exposure, as many
of the chemicals will lack sufficient toxicological data for screening, the approach is
limited by the lack of comprehensive monitoring data in the four areas. For example,
chemical presence in human tissue is based primarily on biomonitoring data from the
National Health and Nutrition Examination Survey (NHANES), which includes about
150 chemicals (14). There are more chemicals monitored in the fish tissue and drinking
water databases, but the number is typically in the range of 100–300 chemicals, whereas
the potential universe of chemicals is in the thousands (14).

There has been great effort developing a screen to identify EDCs, and the program
could eventually produce a large amount of data on the endocrine potential for many
chemicals. However, the time frame for testing has been long and difficult to predict.
USEPA proposed in 1998 to develop a method for priority setting for Tier 1 phase 1
chemicals, which was to be completed by 2000 (13). This was pushed back to 2005,
when USEPA published the final priority-setting method (14). This initial effort will
just identify the first 50–100 chemicals for Tier 1 screening within the universe of
87,000. USEPA proposes to complete the Tier 1 screening for these approximately
100 chemicals by 2006 (14) compared with the original proposal of 2001 (13). Even
if 100 chemicals could eventually be screened through Tier 1 every year, it would
still take 28 years to screen just the high production volume chemicals using current
technologies. And this does not include the Tier 2 screens, which take more time. The
Tier 2 screens are required before making a hazard identification, which comes before
any regulatory activity.

There are many important issues to be deliberated in this process, and there are
many different interested stakeholders, including industry and environmental groups,
who are weighing in on the steps in the process, all of which add considerably to
the length of time for producing relevant scientific information. In addition, this only
considers the development of the screening methodology. Once the data start to come in,
evaluating the information adds another layer of deliberation and discussion. Although
it is important to have an open process, it also increases the length of time before any
action takes place, which has consequences for health.

The length of time to decision is compounded by USEPA’s reluctance to use existing
information to identify “potential endocrine disruptor” chemicals (14). In the initial
1998 proposal, USEPA proposed to include two other categories of chemicals (in
addition to those that are candidates and those that are excluded). These categories
comprise (i) chemicals that have sufficient data to bypass the Tier 1 screening, but need
further testing and (ii) chemicals for which there was adequate data to be referred for
hazard assessment (13). It was estimated that there would be some chemicals in these
categories (hundreds), which is still small compared with the thousands considered for
screening (6).

In the final 2005 proposal, USEPA decided to eliminate the categories where some
data existed that would allow a chemical to go either into the Tier 2 screen or directly
to hazard assessment (14). USEPA noted it “generally believes that it lacks sufficient
information and experience to determine whether a chemical should be designated as
a ‘potential endocrine disruptor.’ ” (14). In addition, it also states for pesticides:
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EPA has decided for this initial list that it would be impractical to establish criteria
for judging whether a chemical should be designated as a “potential endocrine
disruptor” and removed from the initial group for screening. Although a relatively
broad range of toxicity data are available for pesticide active ingredients regulated
under FIFRA, in most cases EPA has not yet established how the available data might
be confidently used to predict the endocrine disruption potentials of these chemicals.
This may be due to the non-specific nature of an effect or effects observed, questions
related to whether the mode of action in producing a given effect or effects is or are
endocrine system-mediated in whole or in part, or the lack of relevant data to make
a judgment altogether (14)

While the text primarily refers to pesticides, it has implications for other chemicals
as well. There appears to be a shift on how existing information is considered for
identifying chemicals as potential EDCs. In 1998, USEPA noted that the Tier 2 testing
for reproductive effects is the same as that currently used for pesticides with widespread
outdoor exposures that are expected to affect reproduction (13). Now, it appears that
even these pesticides are part of the chemicals required to be screened both in Tier 1
and in Tier 2 testing. This establishes a relatively high level of information before
deciding and regulating based on endocrine-related effects. Finally USEPA indicates
how it will evaluate the data, adding a further layer of complexity and time.

Although identifying chemicals that are potential EDCs requires some scientific
knowledge, for many chemicals there appears to be sufficient data to determine whether
they are potential endocrine disruptors as outlined in 1998. No official government
body has a list of chemicals that are potential endocrine disruptors, although scientific
reviews have identified many chemicals as potential endocrine disruptors, for example,
dioxins, PCBs, atrazine, and phthalates (16–18). How available scientific information
for potential EDCs is evaluated illustrates several important features that should be
considered in the policy context, which include differences between use of science in
the laboratory and policy setting and weighing the scientific evidence, and identifying
adverse effects.

2.2. Assessing Science Information and the Policy Process
Deciding whether a chemical is a “potential endocrine disruptor” is based on whether

there is available scientific information and on the synthesis of that information. The
synthesis is typically done through a weight of evidence evaluation, which considers
the scientific information as a whole and provides judgment on the potential for
harm from the chemical. This requires a judgment about the strength of the scientific
evidence, or level of proof required, to make a decision. Determining the level of
proof within the policy arena considers different factors than within the laboratory
setting.

Weighing the evidence in a laboratory setting typically requires a higher level of
proof, which emphasizes reducing uncertainties and minimizing false positives. These
are appropriate emphases in the laboratory setting, as the goal is to assure that observed
relationships are true. However, meeting these goals can require more time and effort
to gather sufficient evidence, and this can have consequences in the public policy
setting.

The policy process considers other factors in deciding on the level of proof when
weighing the evidence, such as risks from chemical exposure to the health of the public,
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benefits of the proposed chemical, alternatives to the chemical, and public policy
goals (19). Waiting to address all uncertainties in the science of EDCs before developing
regulatory policy can be time-consuming and without an identified end, which allows
for exposures to continue, potentially putting the public health at continued risk.
In addition, minimizing false positives can lead to increasing the number of false
negatives, also with potential adverse impacts on public health.

An example of this would be Diethylstibestrol (DES), a synthetic estrogen, which
was prescribed for women from the late 1940s through the 1970s (20). When it was
prescribed starting in 1947, it had undergone limited toxicological investigation, and it
was assumed to be safe, even beneficial, during pregnancy (20). However, it was later
discovered in 1971 that DES lead to vaginal clear-cell adenocarcinoma in the prenatally
exposed daughters (21), a clear case of a false negative. In addition, in the years after
discovery of the prenatal effects of DES, there have been over 20,000 publications;
yet, there are still uncertainties about the exact nature of DES and subsequent health
effects (19).

As has been described by D. Gee, there are many features of the methods used in the
scientific study of the relationship between environmental contaminants and health, and
a higher proportion of these features increase the chances of finding a false negative
(Table 2). Although minimizing false positives can lead to more comprehensive science,
it can also have untoward consequences for public health. In a public health context,
an emphasis on reducing false negatives may be more important if the goal is to
reduce harm.

In the context of identifying EDCs, USEPA states that that it lacks sufficient infor-
mation and experience to identify potential EDCs, which suggest a greater emphasis is
placed on a higher level of proof or scientific evidence before decision-making. This
has implications for policies addressing EDCs and other chemicals.

Part of the tension in deciding the nature of the chemical, such as whether it is
a potential endocrine disruptor, is the dichotomous decision, either yes or no, when
the evidence may be more graded. An example of another process that acknowledges
different levels of information is for assessment of hazard of carcinogenesis. This is
discussed in further detail below (section 2.2.1).

2.2.1. An Example of Weighing the Evidence Under Different Levels

of Available Scientific Information

There are other existing processes for using a gradation when assessing the weight
of evidence. For example, for cancer, the process used by the USEPA [which is
similar to that of the International Agency for Research on Cancer (IARC)] recog-
nizes that there are different levels of information linking chemicals and cancer, and
USEPA had adopted different descriptors that “represent points along a continuum of
evidence” (22). The highest level of evidence is for those carcinogens that are well-
established “Carcinogenic to Humans,” with lesser evidence for “Likely to Be Carcino-
genic to Humans,” “Suggestive Evidence of Carcinogenic Potential,” and “Inadequate
Information to Assess Carcinogenic Potential” (Table 3). An exception is for “Not
Likely to be Carcinogenic to Humans,” similar to “Carcinogenic to Humans,” requires
a high level of evidence.
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Table 2
Methodological Features in Environmental and Health Sciences and Their Directions of Error a

Scientific
study type

Some methodological
features

Mainb directions of error increase
chances of detecting

False positive False negative

Experimental
studies
(animal
laboratory)

High doses X

Short (in biological
terms) range of doses

X

Low genetic variability X
Few exposures to
mixtures

X

Few fetal-lifetime
exposures (high fertility
strains)

X

X (develop-
mental/reproductive
end points

Observational
studies
(wildlife and
humans)

Confounders X

Inappropriate controls X X
Nondifferential exposure
misclassification

X

Inadequate follow-up X
Lost cases X
Simple models that do
not reflect complexity

X

Both
experimental
and
observational
studies

Publication bias toward
positives

X

Scientific/cultural
pressure to avoid false
positives e

X

Low statistical power
(e.g., from small studies)

X

Use of 5 % probability
level to minimize chances
of false positives

X

aAdapted from D. Gee (19).
bSome features can go either way (e.g., inappropriate controls), but most of the features err mainly in

the direction shown.
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Table 3
US Environmental Protection Agency Cancer Descriptors Based on Weight of Evidence

Carcinogenic to Humans
This descriptor indicates strong evidence of human carcinogenicity. It covers different
combinations of evidence.

Convincing epidemiologic evidence of a causal association between human exposure and
cancer.

Exceptionally, with a lesser weight of epidemiologic evidence strengthened by the following
conditions:

(1) there is strong evidence of an association between human exposure and either cancer or
the key precursor events of the agent’s mode of action but not enough for a causal association;

(2) there is extensive evidence of carcinogenicity in animals;
(3) the mode(s) of carcinogenic action and associated key precursor events have been

identified in animals; and
(4) there is strong evidence that the key precursor events that precede the cancer response in

animals are anticipated to occur in humans and progress to tumors, based on available biological
information.

Likely to Be Carcinogenic to Humans
This descriptor is appropriate when the weight of the evidence is adequate to demonstrate
carcinogenic potential to humans but does not reach the weight of evidence for the descriptor
“Carcinogenic to Humans.” Adequate evidence consistent with this descriptor covers a broad
spectrum.

(1) An agent demonstrating a plausible (but not definitively causal) association between
human exposure and cancer, often with some supporting biological, experimental evidence,
although not necessarily carcinogenicity data;

(2) An agent that has tested positive in animal experiments in more than one species, sex,
strain, site, or exposure route, with or without evidence of carcinogenicity in humans;

(3) A positive study that raises additional biological concerns beyond that of a statistically
significant result, for example, a high degree of malignancy or an early age at onset;

(4) A rare animal tumor response in a single experiment that is assumed to be relevant to
humans; or

(5) A positive study that is strengthened by other lines of evidence, for example, either
plausible (but not definitively causal) association between human exposure and cancer or
evidence that the agent or an important metabolite causes events generally known to be
associated with tumor formation (such as DNA reactivity or effects on cell growth control)
likely to be related to the tumor response in this case.

Suggestive Evidence of Carcinogenic Potential
This descriptor of the database is appropriate when the weight of evidence is suggestive of
carcinogenicity; a concern for potential carcinogenic effects in humans is raised, but the data are
judged not sufficient for a stronger conclusion. This descriptor covers a spectrum of evidence
associated with varying levels of concern for carcinogenicity, ranging from a positive result
in the only study on an agent to a single positive result in an extensive database that includes
negative studies in other species. Some examples include

(1) A small increase in tumors observed in a single animal or human study that does not
reach the weight of evidence for the descriptor “Likely to Be Carcinogenic to Humans.”

(2) A small increase in a tumor with a high background rate in that sex and strain, when
there is some but insufficient evidence that the observed tumors may be due to intrinsic factors
that cause background tumors and not due to the agent being assessed;

(continued)
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Table 3
(Continued )

(3) Evidence of a positive response in a study whose power, design, or conduct
limits the ability to draw a confident conclusion, but where the carcinogenic
potential is strengthened by other lines of evidence (such as structure-activity
relationships); or

(4) A statistically significant increase at one dose only, but no significant
response at the other doses and no overall trend.

Inadequate Information to Assess Carcinogenic Potential
This descriptor of the database is appropriate when available data are judged
inadequate for applying one of the other descriptors.

(1) Little or no pertinent information;
(2) Conflicting evidence, that is, some studies provide evidence of

carcinogenicity but other studies of equal quality in the same sex and strain
are negative. Differing results, that is, positive results in some studies and
negative results in one or more different experimental systems, do not constitute
conflicting evidence, as the term is used here. Depending on the overall weight of
evidence, differing results can be considered either suggestive evidence or likely
evidence; or

(3) Negative results that are not sufficiently robust for the descriptor, “Not
Likely to Be Carcinogenic to Humans.”

Not Likely to Be Carcinogenic to Humans
This descriptor is appropriate when the available data are considered robust for
deciding that there is no basis for human hazard concern. The judgment may be
based on data such as

(1) Animal evidence that demonstrates lack of carcinogenic effect in both sexes
in well-designed and well-conducted studies in at least two appropriate animal
species (in the absence of other animal or human data suggesting a potential for
cancer effects);

(2) Convincing and extensive experimental evidence showing that the only
carcinogenic effects observed in animals are not relevant to humans;

(3) Convincing evidence that carcinogenic effects are not likely by a particular
exposure route (see Section 2.3.); or

(4) Convincing evidence that carcinogenic effects are not likely below a
defined dose range.

Although the cancer descriptors acknowledge different levels of certainty about the
nature of the relationship between exposure and cancer, they also allow for action in
situations where the science has not reached a definitive conclusion but is sufficient
to ascertain that a hazard is likely to exist. For example, regulatory decisions are
routinely made for carcinogens that are described as “Likely to be Carcinogenic to
Humans.”

A similar but slightly different hazard identification scheme is used for identifying
chemicals “known � � � to cause reproductive toxicity” under California’s Safe Drinking
Water and Toxic Enforcement Act of 1986, informally known as Proposition 65,
the ballot initiative number under which it was passed. In this hazard analysis, the



282 Part III / Implications and Mitigations of EDCs

finalclassification is “known � � � to cause,” but the types of information that can be
used for classifying a chemical as “known � � � to cause” include the same types of
scientific information as for “Carcinogenic to Humans” and “Likely to be Carcinogenic
to Humans.” For example, a single good animal or epidemiologic study could be
used to classify a chemical as a carcinogen under USEPA’s cancer classifications
or a reproductive toxicant under California’s Proposition 65. It is useful to evaluate
how evidence is judged for other types of health effects when considering hazard
assessments for EDCs. The cancer classification scheme acknowledges differing levels
of knowledge while also acknowledging the needs of the policy process. The policy
process need not depend on complete proof, and action can proceed with reasonable
assurance of harm.

It is important to note that the analysis and synthesis can only be fulfilled if
information exists. For example, one cancer classification is “Inadequate Information
to Assess Carcinogenic Potential” which includes those chemicals that have little or
no pertinent evidence (Table 3). In the policy context, this can have the unfortunate
side effect of being interpreted as no harm, as there is no classification and no risk
number. How do we address these chemicals where we have ongoing exposures yet
no information to ascertain their potential effects on humans? This quandary is highly
salient to EDCs.

2.3. Implications of Small Individual Effects on Large Populations
and Findings of Adverse Health Outcomes

The current program to identify EDCs emphasizes identifying adverse effects before
deciding which chemicals are potential EDCs (implemented through the two Tier testing
system described above section 2.1). USEPA proposed in 1998 “The purpose of Tier
2 is to determine whether the substance causes adverse effects, identify the adverse
effects caused by the substance, and establish a quantitative relationship between the
dose and the adverse effect. At this stage of the science, only after completion of Tier
2 tests will EPA be able to determine whether a particular substance may have an
effect in humans that is similar to an effect produced by a naturally occurring EAT,
that is, that the substance is an endocrine disruptor” (13). Some EDCs can contribute to
health outcomes that are clearly adverse, such as prenatal exposures to DES resulting
in vaginal cancers (21). However, for many of the EDCs, current ambient exposures
are relatively low, and the observed effects can be subtle or are not discernable as an
overt effect. For example, a study by Swan et al. (23) of pregnant women found that
certain phthalates were associated with reduced anogenital distance in the male infants.
The actual clinical or health meaning of reduced anogenital distance was not defined,
although reduced anogenital distance was significantly correlated with degree of testicular
descent, as well as penile volume and scrotal size in the Swan et al. study (23).

Evaluating these types of outcomes, which are upstream from more overteffects
(such as undescribed testiclies) and are typically measured on a continuous scale,
represent challenges to assessing adversity not always obvious when we have reached
an adverse outcome. Or outcomes measured on a continous scale certainly, at some
low (or high) enough value on the distribution of many measurements, most health
scientists would agree that the measured value is outside the norm and would be
considered adverse, even if there are no overt clinically observed effects. For example,
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small for gestational age in newborns is defined as lowest 10th percentile of birth
weight for gestational age, and although this is not an adverse effect in itself, it is a
risk factor for diseases later in child and adulthood (24–26).

In addition, these subtle outcomes can be an indicator of a future risk or an event
along the pathway to overt disease. Consider the prenatal phthalate exposure and the
reduced anogenital distance. Reduced anogenital distance is thought to be a marker
for reduction of androgen action, which is linked to several other observed health
disorders in males, such as cryptorchidism and hypospadia, testicular germ cell cancer,
and low sperm count (27). Preventry reduced AGD also prevents more downstream
counts from occuring.

Another aspect in assessing, adversity is that subtle changes at the individual level
may not be of significant consequence, but they can have important implications over
an entire population. Within a population, there is a distribution of clinical or other
health measurements. Exposures that are ubiquitous, as is the case for many EDCs, can
shift the distribution of response toward the adverse end of the distribution, and small
changes can have large consequences for those at the end of the distribution (Fig. 2).
An example is IQ. Lower IQ has been found to be linked to many adverse outcomes,
such as increased need of remedial education services and reduced life-time earning
potential (28), and individuals who have an IQ less than 70 are considered mentally
retarded. An increase from 10 to 20 ug/dL in blood lead is associated with a 1–3 point
reduction in IQ score (29–31). While a 1–3 point reduction in IQ does not seem much

Fig. 2. Example of the response distribution among a baseline or unexposed (solid line) population
and an exposed population. The arrow depicts the change in mean response between the baseline and
the exposed populations. Shaded areas represent the proportion of the population with a response
past a level (“A”) that is considered abnormal. For EDCs, as well as other chemicals, making policy,
regulatory, hazard and risk decision that reduce or prevent the incidence of upstream endpoints will
in turn mitigate more downstream overt effects.
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for the individual, it has the effect of shifting the population IQ down and has been
observed to triple the number of children with IQs below 80 (32). A similar argument
might be made the AGD.

Another feature of small changes at the individual level is that interventions
producing a small improvement in biological measurement has a small benefit to the
individual but great benefits at the population level, which support widespread policy
interventions (33). This is salient to EDCs where exposures can produce subtle effects
at the individual level and exposures are ubiquitous.

3. OTHER REGULATORY AND POLICY IMPLICATIONS

The current process of identifying and then regulating EDCs at the national level is
constrained by the current testing system and is likely to take many years to implement.
This does not mean that EDCs are not being addressed in the regulatory process.
There are ongoing regulatory and policy activities directed at chemicals in air, food,
drinking water, and hazardous waste. These regulatory programs often regulate on the
basis of health, and promulgate action to reduce risks of adverse health consequences,
often independent of how the adverse response is mediated. In addition, there is some
overlap in the required toxicity testing between the standard battery of toxicity tests
and those for EDCs (e.g., there are overlapping reproductive endpoints for the standard
reproductive test for pesticides and the proposed Tier 2 tests for EDCs). PCBs are an
example of an EDC that can cause adverse effects that are captured through other testing
methods. PCB exposure is linked to endocrine-related effects such as feminization (18).
PCBs were also banned for production in the USA in 1979 largely because of the
concerns about cancer under the Toxic Substances Control Act (34–36). There are
some regulatory programs that are not health based, such as those based on reducing
emissions in the most technologically feasible manner and would reduce the emissions
of any EDCs along with other chemicals. But these programs cover EDCs somewhat
precemeal and there some remaining concern systematic that EDCs can uniquely affect
human health. For example, exposures that occur during critical windows of prenatal
and postnatal development are an area of potentially unique concern (37) and would
require uniform testing.

In addition there are potentially important exposures to EDCs that occur outside
the regulatory and policy process. For examples, There are many potentially important
exposures to EDCs that can occur through consumer products, such as cosmetics.
Cosmetics are regulated by FDA and cosmetic products, and chemical ingredients
are not subject to FDA approval before putting on the market (except for color
additives). FDA can pursue enforcement actions against products after they are on the
market (38). Cosmetic firms are responsible for verifying the safety of their products
and cosmetic ingredients before releasing them onto the market. In addition, reporting
the chemical ingredients of cosmetics is voluntary (38). The lack of independent review
and oversight of chemicals in cosmetics before release suggests cosmetics are not
stringently regulated and there is very little control of exposures (37).

A further limitation for addressing potential EDCs is that not all sources of EDCs are
well described. For example, for phthalates, we know from measurements in humans
across the USA that there are ubiquitous exposures to many phthalates including di
(2-ethylhexyl) phthalate (DEHP) and dibutyl phthalates (DBP) (39), both of which
have numerous animal and some human studies finding effects on the endocrine system
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(40–49). The sources of exposure for these chemicals are not well known, although it
is suspected that exposure occurs largely through consumer products such as plastic
packaging, personal care products, and building products (40,41).

4. FUTURE CONSIDERATIONS

The issue of EDCs raises a larger issue of how chemical policy is conducted in
the USA. Chemicals in the environment are addressed through numerous existing
statutes, and this has resulted in important progress in many of the areas for which it
was intended. For example, air and water pollution for important contaminants have
been reduced; many substances have been banned because of their long persistence
in the environment (e.g., PCBs) or because they can inflict permanent damage on the
environment (e.g., chlorofluorocarbons). However, new emerging science, the rapidly
increasing ability to manufacture more chemicals and device new substances previously
unthought-of (e.g., nanotechnology), and our growing ability to both measure and
observe previously unknown effects of environmental contaminants requires that policy
and regulation also should evolve.

Some of the challenges that remain for EDCs are lack of adequate testing data and
the limitations of current technologies to achieve adequate data in a timely manner,
pressure to raise the level of proof before regulatory and policy decisions are made, and
a need for more comprehensive monitoring and source information related to EDCs.

There are emerging new initiatives in Europe and in some of the states that could
have implications for US chemical policy. The European Union has proposed the
Registration, Evaluation, and Authorization of Chemicals (REACH), which is the
European effort to increase the number of chemicals with basic toxicity information.
It will require chemical producers and importers of chemicals in volumes of 1 ton or
more per year to register and supply basic health and environmental information to
the European Union (42). REACH also requires that “high risk” chemicals, those that
cause cancer or problems with reproduction or accumulate in the environment, can
only continue to be used if the companies show that the risks are controlled or that
the social and economic benefits outweigh the risks (42). REACH essentially puts the
onus on the chemical manufacturers to produce basic health and hazard information for
their chemicals and encourages them to find substitutes for those that are more risky.
Similarly, there have been recent efforts in California to address the gap in chemical
information, where a recent white paper commissioned by members of the legislature
recommends a similar strategy as REACH in California (43).

While these initiatives can result in great progress in closing the chemical data gap,
considerations remain about the level of detail of the information, and the process and
considerations in weighing the scientific information. In addition, it is unclear if the
basic toxicity information would be sufficiently sensitive to cover the same type of
concerns that prompted the USEPA EDSP.

Consideration should be given to a multipronged strategy that includes (i)
new methods for high throughput screening for EDCs, possibly using new omics
technologies; (ii) using existing information with a more flexible weight of evidence
system for identifying EDCs; (iii) continue research to continue to assess the
relationships between EDCs and effects in humans; (iv) increased emphasis on
ambient monitoring and source identification for EDCs; and (v) advance models for
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comprehensive chemicals evaluation, such as those discussed above, at the local, state,
and national levels and develop effective; and (vi) improve chemicals regulations
policy.
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1. COMMUNICATION OF ENVIRONMENTAL HEALTH RISKS

Health care providers often discuss issues of risk and uncertainty with patients in
the context of surgery, diagnostic tests, immunizations, or treatment. Communication
of potential risks and benefits before making a voluntary decision is the foundation of
informed consent (1).

Communication about environmental health risk differs from medical informed
consent in that the hazard usually involves involuntary exposure, may be unfamiliar,
provides no benefit to those exposed, and there often is much less known about the
potential risks. Health care providers may not know where to find information to
answer questions related to environmental health generally, or endocrine disruption
specifically. Even when scientific information is available about the health effects
of chemical exposure, it is almost never enough to answer questions pertaining to
individual risk (as opposed to population risk) and rarely addresses issues related
to the long-term effects of poorly quantified exposure during vulnerable periods of
development of the fetus, young child, or adolescent (2).

Despite the paucity of relevant information, health care providers have an important
role to play in communication of risks associated with endocrine disruptors and
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other environmental toxicants. There is widespread concern among the general public
about environmental health risks, especially risks to infants and children (3). Patients
frequently come to their health care provider’s office with questions about environ-
mental hazards. A survey of pediatric patients found that exposure to “environmental
poison” leads the list of issues that parents worry about but that pediatricians rarely
gave advice on this topic (4).

There are three major settings in which health care providers may need to commu-
nicate with people about environmental health risks. The most obvious setting is the
clinic or office, where discussions occur about personal risk to specific individuals.
Second, health care providers are sometimes called upon to provide information in
workplaces, schools, or community settings, where there is a potential environmental
risk to a group of people, or a perceived cluster of disease. Third, health care providers
may occasionally be called upon to address the public at large and to comment on
the public health significance of scientific findings. The latter situations may involve
conversations with the media or policymakers.

This chapter will present a framework for conversations in all three of the general
settings outlined above. The key components for successfully communicating about
environmental health issues include (i) anticipating the general categories of questions
that may arise, (ii) preparing approaches to common specific questions, (iii) under-
standing theprinciplesof riskcommunication in theenvironmentalhealthcontext, and (iv)
rapidly gathering information from reliable sources to help answer questions that arise.

2. COMMUNICATING WITH THE INDIVIDUAL PATIENT

In the patient care or community setting, environmental health concerns tend to
focus on questions about individual risk. People bring worries about specific exposures
or illnesses to their personal physician or to a meeting at their workplace or school or
in their community. Because the science on endocrine disruptors and other environ-
mental health hazards does not pertain to individual risk, the challenge to the health
care professional is substantial. Even assuming that the physician is familiar with the
scientific data relevant to the issue in question, there remains the challenge of trans-
lating a combination of results from sources such as in vitro receptor-binding assays,
laboratory rodent studies, ecological epidemiology, and occasionally limited human
epidemiological research into something relevant to a patient’s individual situation.
This problem is further complicated by difficulties in exposure assessment, the fact
that most people are exposed to mixtures, and uncertainties about the different effects
of chemicals at different times during the lifespan. The resulting conversation must
therefore move away from a focus on trying to “answer the question” toward a more
open discussion of scientific uncertainty, risk, and prevention.

2.1. Categories of Questions
There are three major categories of questions that health care providers may

encounter in the office or community setting. These categories include

(1) Anticipatory guidance: Patients often come to their physician with questions or
concerns about potential environmental hazards in the absence of any specific medical
complaints. These concerns may be sparked by an article in the newspaper, something
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on the Internet, a conversation with a friend, or an observation they have made in their
home or community. Often, physicians do not know the answers to these questions and
may feel frustrated by their inability to respond. In addition to responding to questions
patients bring, physicians have the opportunity to provide anticipatory guidance on
environmental health issues such as endocrine disruption, yet rarely do so.

(2) Future risk: Patients may present after a known exposure in the workplace or
community. They are interested in understanding the future health risks faced either
by themselves or by their family related to this exposure. The specific concerns may
relate to whether they will develop cancer, they will have reproductive problems,
or their child will be healthy. In addition, patients are often interested in ways they
can take action to lower their risk. In the context of body burden monitoring for
endocrine-disrupting chemicals, patients may want to know how to interpret personal
biomonitoring results and how they can eliminate the chemicals from their bodies.

(3) Causation: Individuals who have experienced a disease or other health problem may
wish to know whether the disorder was likely to have been caused by an environmental
or occupational exposure. In some cases, there is an interest in determining causation
within a legal framework, and in other cases the question may be more general.
Nonetheless, the challenge remains in determining the likelihood that any individual
case of an illness may have been caused (entirely or in part) by a historical exposure.

It is impossible to prepare for all questions that may occur related to endocrine
disruptors within these three categories. In general, the questions that arise under
anticipatory guidance are easier to predict and should fall within the routine purview of
the primary care practitioner. Questions about future risk after an exposure or questions
of causation may require referral or consultation with a specialist, or additional focused
research to formulate a response.

3. RESPONDING TO COMMON QUESTIONS
ABOUT ENVIRONMENTAL EXPOSURES

It is difficult to predict what environmental health concerns or questions a health
provider may encounter. Some questions can be anticipated because of their ongoing
prevalence in the news media, popular press, or on the Internet. Others may be
based on specific community concerns. The questions that an individual patient asks
of their health provider may be very similar to those asked in a public meeting.
Likewise, whether speaking to an individual or group, the clinician’s response to these
questions is often very similar. The overall approach involves having some knowledge
of the toxicity of the contaminant of concern, assessing the route and likelihood of
exposure, and being able to communicate a science-based approach to reducing unnec-
essary exposures. Furthermore, health providers also can offer advice to groups or
individuals about reducing exposure to other contaminants they were not previously
aware of.

Patients often have concerns regarding exposures in their home or work environment
without a specific associated complaint or illness. Health professionals can easily and
efficiently answer common questions focusing on healthy food and drinking water
during a routine office visit. It is useful for health care providers to prepare science-
based responses for common questions, either in written form available as a handout
to patients in the office or for discussion when such questions arise. Approaches to
some illustrative situations are addressed in this section.
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3.1. Common Office Questions
A young mother comes with her toddler for a routine check-up. At her weekly
playgroup meeting, she was told that and it was the local tap water was polluted
and suggested she have a water filtration system installed in her home or drink
only bottled water. She lives on a limited budget and wonders if she should be
concerned.

Before investing in a water filter, check the local water utility company’s annual
water quality report. (For help interpreting water quality reports, this web site can
help: http://www.safe-drinking-water.org/rtk.html) In most cities, healthy adults can
drink tap water without concern. Pregnant women and young children may be more
vulnerable to some contaminants in water, such as lead or trihalomethanes. People
who have private wells should get their water tested for common contaminants. If any
pollutants are identified in drinking water, a filter that is appropriate for removal of
the specific contaminants can be chosen. Different types of filters take out different
contaminants, so there is no “one size fits all” solution (see Box 1 for information
about water filtration systems).

Bottled water is not necessarily a better alternative to filtered water. About one-
quarter of bottled water is ordinary tap water that has been filtered and packaged.
Bottled water quality is actually subject to less stringent regulatory standards than tap
water (5). Bottled water also can contain residues of the plastic it is bottled in. Some
bottled water was found to contain bisphenol A, a known endocrine disruptor in animal
studies (6).

Box 1: Types of water filtration

In general, there are two types of water filters, point of entry and point of use. All
filtration systems require regular maintenance for proper functioning.

(1) Point of entry units are more expensive, are installed in the pipes outside the home,
and treat all the water before it enters the house;

(2) Point of use filters such as countertop filters (e.g., filter pitchers), faucet filters, and
under-the-sink units generally use activated charcoal to remove bad tastes and odors
and chemical contaminants. Charcoal water filters are simple to install, relatively
economical, and effectively remove many toxins found in the environment and
comprise the majority of filters in use;

(3) For many people, an activated carbon filter bearing NSF Standard 53 certification
will filter out most pollutants of concern, including endocrine disruptors such
as heavy metals and pesticides. However, some contaminants that are suspected
endocrine disruptors, such as arsenic or perchlorate, may not be removed by charcoal
filters;

(4) In reverse osmosis filtration, water is forced through a membrane and then filtered
through charcoal; a method that removes most contaminants, including arsenic and
perchlorate. However, this filtration system wastes a lot of water and is much more
expensive.
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A Vietnamese child comes to your office for a well-child check. His father asks you
if it is OK for the family to eat fish caught in the local bay where he fishes everyday.
He saw a warning sign the last time he was there but had problems reading it. The
family eats the fish at least 4 times a week.

Fish contains many beneficial nutrients, including omega-3 fatty acids, which are
important for brain development in the fetus (7). However, certain types of fish are
known to contain high levels of endocrine disruptors such as mercury, polychlorinated
biphenyls (PCBs), and dioxins. The Environmental Protection Agency (EPA) and Food
and Drug Administration (FDA) have advised pregnant women, women of reproductive
age, and young children to avoid eating commercial fish high in mercury including
tilefish, king mackerel, shark, and swordfish. Tuna (especially ahi, bigeye, and canned
albacore) also contains high levels of mercury and consumption should be limited
before and during pregnancy. Several organizations have issued lists of fish that are
high or low in mercury (8,9).

Freshwater fish caught in waters contaminated with PCBs or mercury should not be
consumed at all. Contaminated fresh water fish are identified by state fish advisories
(http://www.epa.gov/ost/fish/) fish that may have high levels of PCBs, include bluefish,
striped bass (wild), farmed or Atlantic salmon, and croaker (9). When cooking fish, the
fatty portions should be removed to reduce exposure to contaminants that accumulate
in fat, such as PCBs.

A middle-aged woman comes in for her yearly check-up. She will be babysitting her
grandchildren for much of the summer and her daughter-in-law insists that they eat
only organic food. She wonders if this is really necessary.

Many foods contain pesticide residues. Some pesticides are known or suspected
endocrine disruptors and although the levels are often low, consumption should be
limited as a precautionary measure. Peeling or washing can reduce some surface
residues, although peeling can also remove some nutrients and fiber. The outer
leaves of vegetables such as lettuce and cabbage should be discarded. Organic
foods or pesticide-free foods can be more expensive and are not always readily
available. Reviews of government residue-testing data suggest that certain foods—
such as apples, bell peppers, celery, imported grapes, cherries, peaches, potatoes,
pears, raspberries, spinach, and strawberries—tend to be high in pesticide residues and
should be priorities for purchasing organically, whereas others—such as asparagus,
avocado, bananas, broccoli, sweet corn, onions, and peas—rarely contain residues
even if grown conventionally. More information on pesticide residues is available
at http://www.foodnews.org/walletguide.php. Patients should be encouraged to eat a
variety of fruits and vegetables to provide a variety of nutrients and to limit exposure
to a single pesticide.

A pregnant woman comes to your office concerned about the plastic toys she has
received as gifts from well-meaning friends and family. She has tried to have only
natural products in her home and has heard plastic toys are toxic. She feels guilty
throwing them away but does not want to give them to someone else if they are toxic.
She also was given many plastic baby bottles and wonders if they are safe to use.

Many soft plastic toys are made from polyvinylchloride (PVC), which often contains
phthalates to soften the plastic and make it more pliable. Testing has shown these
chemicals are not “bound” to the plastic but leach out of it over time (10). Chewing and
sucking on toys during play may increase the rate at which these toxic chemicals are
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released and increase children’s exposure to them. There are many different types of
phthalates, but those found in most consumer products are either known or suspected
endocrine disruptors. In the past several years, US toy manufacturers have voluntarily
agreed to remove phthalates from “mouthing toys” such as teethers and rattlers but not
from other plastic toys that might end up in a child’s mouth. Some soft plastic toys
are sold as “phthalate-free”. As a precautionary measure, use of soft toys, especially
those that are heavily mouthed, should be avoided in small children under the age of
3 years.

Many baby bottles are made from polycarbonate—a resin made with bisphenol
A. Bisphenol A is an endocrine-disrupting compound, and there are concerns that
human exposures are occurring at levels known to cause effects in animal studies (11).
Bisphenol A is known to leach from polycarbonate plastic bottles, including drinking
water bottles and baby bottles, especially as the plastic ages or if it is washed in harsh
detergents or bleach (11). Although they are not always marked, the type of plastic used
to manufacture a bottle or children’s cup can be identified by the number inside the
recycling triangle, often found at the bottom of a container. Polycarbonate (recycling
symbol #7) bottles are generally clear and rigid. When a baby bottle must be used,
it is preferable to choose an alternative, such as glass or the plastics polyethylene or
polypropylene (recycling symbols #1, #2, or #5).

3.2. Special Concerns and Issues Around Breastfeeding
and Infant Formula

A pregnant woman who is near her due date is in for a check up. She has been
preparing for her new baby and has many questions about breast feeding. She is
concerned because she recently read that many chemicals have been found in breast
milk. She worries about the effects of passing these contaminants onto her new baby
and wonders if it would be better to use formula.

Breast milk has been found to contain many contaminants including endocrine
disruptors such as PCBs, dioxins and furans, pesticide residues, flame retardants
polybrominated biphenyls (PBBs) and polybrominated diphenyl ether (PBDEs) and
the plasticizers phthalates and bisphenol A (12–14). Providers should reassure their
patients that despite this issue, the benefits of breast feeding outweigh the risks of
contamination. Breast-feeding may even protect a baby against the adverse effects of
exposures that occurred in utero (15).

Because of the benefits to baby and mother, the American Academy of Pediatrics
recommends breast feeding for at least the first 6 months of life. Breast milk provides
vital nutrients and antibodies that are passed from the mother to infant. These help
prevent infections and promote growth of the brain and nervous system. Some studies
have also shown that breast-fed babies are less likely to develop chronic illnesses as
adults such as asthma and cancer. (16) Breast-feeding also is beneficial to the mother
as it promotes bone strength, weight loss, and reduces the chances of pre-menopausal
breast and ovarian cancer (17).

Baby formula is not an equivalent substitute for breast milk. Formula is lacking in
many of the vital trace nutrients and antibodies found in breast milk. Studies have demon-
strated that formula-fed babies get sick more often than breast-fed babies (18). While
formula may not contain many of the contaminants found in breast milk, such as PCBs and
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dioxins, infant formula may contain other toxins such as manganese, lead, or cadmium
(19–21). In addition, exposure to toxins can occur if infant powder formula is diluted with
water contaminated with pesticides, heavy metals, or microorganisms. Soy formulas are a
particular concern because of very high levels of plant-derived estrogens (phytoestrogens)
in soy products. The amounts of phytoestrogens are 2200–4500 times greater in soy
milk than in breast milk and the long-term health effects are not very well studied (22).

3.3. Questions About Future Risk that may Arise
After an Exposure

A young woman comes to her annual physical with questions about her mercury
level. She recently participated in a study that measured hair mercury levels and sent
the results to the participants. She is hoping to become pregnant in the next 6 months
and is worried that her mercury level is too high and will harm the baby. She wonders
what she can do to lower her mercury body burden.

Patients may present with specific concerns about a known exposure in their
workplace or home or may have testing results for contaminants in their body. They
may be worried that an exposure will harm them or their children and may specifically
wonder if they are at an increased risk for adverse pregnancy outcomes or developing
a particular disease such as cancer. For the health care provider, addressing these
concerns often requires obtaining more history from the patient about the exposure—
including the specific chemical(s) of concern, the dose, timing, route of exposure,
number of exposures, and whether there were any associated symptoms that might
herald a substantial exposure. An example of an environmental exposure history for a
typical pregnant or breast-feeding woman is summarized in Table 1.

It is often impossible to quantify or predict how much greater risk a person faces
from an environmental exposure. In most situations, the exposure happens only once
or a few times, is at a low concentration, and it is not likely to substantially increase
the risk of adverse effects above that seen in the general population. In addition, there
is often little or nothing that can be done in retrospect about the exposure incident.
Providers can use this opportunity to offer reassurance and to educate the patient on
how to reduce future exposures.

On the contrary, some exposures occur at higher doses or on an ongoing basis—for
example, in an industrial or agricultural environment where higher concentrations of
chemicals or pesticides may be used. In these situations, the provider will need to
obtain a more thorough exposure history and more information about the toxicity of
the chemical to address the specific patient concerns. In the case of a reproductive
toxicant, any indication that an exposure may be significant or recurrent may warrant
closer monitoring, additional testing, or precautionary action to remove the patient
from the exposure.

Some people may ask about undergoing special treatments to reduce the level of
contaminants in their body. Some common treatments include chelation therapy, special
diets, or medicines. In general, most of these treatments are not effective, can have
serious side effects, and should be regarded with caution. Chelation therapy can be used
appropriately for treating acute, severe metal poisoning. However, it is not generally
accepted for use to decrease body burdens because of past exposures, especially in
adults with no symptoms of toxicity. All chelating agents have side effects; most
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Table 1
Environmental Exposure History a

Work/hobbies
What is your occupation? What are your hobbies?
Are you exposed to any of these substances at work, home, or school? Fumes,
vapors, dusts, pesticides, painting materials, strong odors, lead, mercury, or
other metals?
Have you ever felt sick after contact with a chemical?
Have you ever been in the military or worked on a farm?
Do you wear personal protective equipment at work or while doing hobbies?
Do your symptoms get better away from work/hobbies?

Residence
Was your home built before 1978? If so, has it been tested for lead paint? If
your home has lead paint, is it flaking? Have you done any recent remodeling?
Where does your drinking water come from?
Have you had your water tested for lead?
If you have a private well, has the water been tested?
What is the occupation of your spouse or others at home? (toxicants can be
brought home on clothing)
Do you know of any major industrial emissions in your neighborhood
(hazardous waste sites, dry cleaners, auto repair)?
Do you live in an agricultural area?
What kinds of chemicals are in your home/garage?
Do you use pesticides? In your home? Garden? On pets?
Do you have a mercury thermometer in your home?
Do you use any traditional healing or cultural practices?b

Do you ever smell chemical odors while you are at home?
Do your symptoms get better away from home?

Diet
What kind of fish do you eat? How often do you eat fish?
Do you or anyone in your home fish in local waters?
Do you eat foods high in animal fat (fast food, ice cream, cheese, whole milk,
fatty meats)?
Do you grow your own vegetables? (possibility of contaminated soil)
Do you take any dietary supplements?b

aAn example of questions that might be asked of a pregnant or nursing woman to identify current or
past exposures, reduce or eliminate current exposures, and reduce health impacts.

bMay involve exposure to heavy metals such as mercury or lead.

commonly, these include abdominal discomfort, nausea, liver damage, neutropenia,
decreased blood pressure, and allergic reactions. In addition, chelators may bind other
divalent mineral cations essential for normal physiologic function.

In the case of mercury, the half-life of the metal in the human body is about 60
days. Appropriate management of an asymptomatic patient with a confirmed elevated
mercury level would include advice about avoiding mercury from fish and a review
of other possible sources of mercury exposure. Repeat testing to assure that the level
is declining is also useful. A woman of reproductive age may be counseled to delay
pregnancy for 6–8 months as a precautionary measure.
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When there is concern about an exposure that may result in adverse effects, consul-
tation with a specialist in occupational/environmental medicine or toxicology may be
warranted. In all situations, patient education on how to prevent and reduce future
exposures is essential.

3.4. Questions of Causality After an Adverse Health Event
A migrant farmworker was recently diagnosed with testicular cancer. His job

involves mixing and applying pesticides, and he does not always wear protective
equipment. He wonders if the pesticides could have caused his cancer.

Patients may approach their health provider with concerns that a past exposure is
related to a specific condition, such as infertility or cancer loss. In some cases, the patient
is simply struggling to understand a bad health outcome; in other situations, a legal
case may be pending. This is often a challenging case for a physician as most health
outcomes have multi-factorial causes, including, in some cases, chemical exposures.

Although health providers may not be able to give an immediate answer, they can
take a thorough history to determine whether the exposure was substantial (Table 1),
give education about the health condition and the associated etiologies, discuss the
uncertainty and challenges in determining individual risk, and provide guidance on
how to avoid future exposure. Referral to an appropriate consulting specialist may be
necessary for complex exposures and determination of causality.

3.5. Precautionary Anticipatory Guidance
that Clinicians can Offer

People are routinely exposed to a wide variety of chemicals, some of which are
endocrine disruptors. Endocrine disruptors may be in the food people eat, the water
they drink, the air they breathe, and in consumer products.

Patients may not be aware of their ongoing exposures, and a visit to their health care
provider can be an opportunity for patient education on topics they were not previously
aware of. Instead of focusing the conversation on past exposures and unpredictable
health outcomes, health care providers can use this opportunity to educate patients
about prevention. The provider does not need to be an expert in environmental health
to discuss environmental exposures. Simple, common sense guidance for reducing
exposure to known or suspected endocrine disruptors can prevent unnecessary risks.

Provided here are a few topics that health providers can discuss with their patients
during the course of a routine office visit. Not all topics can be covered in one visit,
nor is there one best way to avoid all exposures. By starting the conversation, providers
empower a patient with information and a course of action.

Dietary Advice. Eat more fruits, vegetables, grains, and reduce consumption of fatty
animal products (beef, pork, and dairy). Eat a variety of fish and limit consumption
of those known to be high in contaminants. Many endocrine disruptors, such as PCBs
and dioxins, are lipophilic and accumulate in fat. Eating fatty foods can increase the
body burden and fat accumulation of these chemicals in humans over years and even
decades. When a woman breast-feeds, these contaminants are mobilized from fat and
end up in breast milk. Therefore, animal fat intake should be reduced beginning in
childhood.
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Reducing Pesticide Exposure. Many pesticides are known or suspected endocrine
disruptors. Pesticides are commonly used around the home and garden and on pets.
Pesticides are also found in head lice treatments. To reduce pesticide exposure, choose
non-chemical alternatives for home, garden, and pet use. If the use of a pesticide
is necessary, use the least toxic alternative. For examples of some alternatives, see
http://www.pesticide.org/factsheets.html. For insect and rodent control, baits and traps
are the best approach in conjunction with sealing cracks and cleanliness. Least preferred
are insecticide sprays or “bombs.” Pregnant women and children should not mix or
apply pesticides and should not be present in a home when treatments are applied. Head
lice can be treated with nit combs or other non-toxic alternatives. Further discussion
of reduction of pesticide exposure in the community is provided in Chapter 14 by
Brenner and Galvez.

Reduce Exposure to Heavy Metals—Such as Lead and Mercury. Lead is still
commonly found in the paint and pipes of older housing and can be found in the
consumer marketplace in pottery with lead glaze, some costume jewelry, and personal
care products such as hair dyes. People can reduce their exposure to lead by having
their drinking water tested for lead, by having a professional remove any lead paint
in their home, and avoiding use of products containing lead. Lead may be present in
garden soil and can end up in vegetables or be tracked into the home on shoes.

In addition to dietary exposure, mercury exposure can occur through occupations,
hobbies, magic-religious practices, and consumer products. The most common occupa-
tional exposure is in dentistry. Hobbies that may involve mercury include gold panning.
Some Caribbean religious practices involve sprinkling metallic mercury inside the home
or car as a purification ceremony. The resulting exposures to mercury vapor can be
very high. Imported skin-lightening creams and acne remedies may contain inorganic
mercury. Finally, thermometers, fluorescent lamps, and some types of batteries may
all contain mercury. People should recycle lamps and batteries, and exchange their
mercury thermometer for a digital one. Many communities sponsor collections of these
products. Further evidence for heavy metals as endocrine-disrupting chemicals is found
in Chapter 5 by Dyer.

Smoking. Both active and secondhand tobacco smoke exposure have been associated
with many adverse reproductive outcomes, including infertility, low sperm counts,
spontaneous abortion, low birth weight, and preterm labor. All couples should be
advised to stop smoking and to avoid secondhand smoke exposure when attempting to
become pregnant, while pregnant, or when there is an infant or child in the home.

4. COMMUNICATING WITH GROUPS

Although health care providers tend to focus on communication about environmental
health issues with individual patients, health professionals are also often called upon
to communicate with groups of people in a variety of settings, such as workplaces,
schools, and communities. These types of communications are somewhat different than
the discussions that occur in the medical office.

4.1. The Workplace Setting
An electronics company contracts with a local hospital for employee health services.

In less than 1 year, three women working in one area of the manufacturing process
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have spontaneous abortions, and the company requests that a physician from the
hospital come speak to the employees to answer their questions about whether the
miscarriages were related to chemical exposures at work.

Workplaces may be settings where people are exposed to significantly higher concen-
trations of industrial chemicals or pesticides than are usually encountered in the general
environment. In addition, some chemicals used in workplaces are not found in the
community, and the toxicity may be distinct. OSHA standards generally focus on
preventing undue acute toxicity but rarely are set on the basis of chronic effects. In fact,
for only four chemicals are the OSHA standards designed to protect against adverse repro-
ductive outcomes (23). No chemicals are regulated by OSHA specifically on the basis of
endocrine effects. The working population in the USA now includes a large percentage of
women, and it is not unusual for women to work during pregnancy or lactation.

Communicating with workers about workplace exposures requires a careful job
history, some understanding of the workplace setting, collection of material safety
data sheets (MSDS) for the products or chemicals handled, and an effort to gather as
much information as possible about exposure pathways, duration, and magnitude. It is
important to be aware that OSHA compliance does not necessarily imply that a workplace
is safe, especially for pregnant women, and that MSDS information is frequently
incomplete, especially for reproductive and developmental toxicity and endocrine
disruption. In fact, one review of MSDS for lead and ethylene glycol ethers (both known
reproductive toxicants) found that 60 % of the 700 MSDS surveyed failed to even mention
reproductive effects (24). Before communicating with a group of workers, it is helpful to
tour the workplace and review the scientific literature on the chemicals used.

Although it can be very difficult to answer questions about causation, especially
for multifactorial health outcomes such as spontaneous abortion, it is possible to use
communication opportunities to offer precautionary guidance to the employer and
workers about reducing exposures within the workplace. In this context, the hierarchy
of controls for management of risk in the workplace specifies elimination of the hazard,
such as by substitution of less toxic chemicals or processes whenever possible (25).
When elimination of the hazard is not possible, engineering controls that prevent
worker exposure are far preferable to administrative changes (e.g., rotating workers
through the most dangerous jobs) or to personal protective equipment (PPE) such as
respirators (which can fail or may not be worn properly). If workers do need to wear
PPE, it is important that they are properly trained in the reasons for its use and in
proper use procedures. Because the workplace is a more controlled environment than
the community, if an employer is willing to make the effort, it is often possible to
substantially reduce or eliminate exposures. If exposure is truly prevented, then there
is little need to worry about health risk.

4.2. The School and Community Setting
A worried mother calls about her child’s preschool. The building is in a low-income

predominantly African-American community and is situated next to a closed semicon-
ductor wafer fabrication facility, which is now a designated Superfund site. During
the cleanup process, workers accidentally ruptured an underground storage tank
containing trichloroethylene (TCE). Soil gas testing and air testing at the preschool
showed elevated levels of this chlorinated solvent. The parents are looking for a
physician who can talk to them at a community meeting.
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Conversations about environmental health risks in a community setting require that
the health care provider consider and address the exposures or illnesses that have
already occurred, the future risks to people in the local community, and the need for
public health action to protect the health of the people in the community. Physicians are
one of the most trusted and credible sources of information about environmental health
risks (26). It is important that health care providers listen to community concerns and
respond with honesty. Blanket reassurances are rarely appropriate and rarely believed.

Understanding different perceptions of risk is important to help understand how to
communicate about risk in a community setting. If the physician who is attempting to
explain a risk does not realize that the community may perceive risks differently, the
discussion is less likely to be productive and effective.

One important issue related to discussing risks in the community setting is the history
of environmental injustice in the USA. Low-income communities of color have become
increasingly concerned about a disproportionate and unfair burden of environmental
risk in their communities. Even a relatively small risk may be seen in the context of a
history of racial and socioeconomic discrimination in the distribution of environmental
risks and is perceived as adding to an already unacceptable background of risk.

The most significant predictor for the location of hazardous waste facilities
nationwide is the race of the local community (27). Regulation of facilities in commu-
nities of color is also deficient, with fines imposed for pollution in non-white commu-
nities averaging 54 % lower, and timelines for listing sites on the National Priority
List for cleanup 20 % longer (28). Similar disparities have been reported for exposures
to toxic air contaminants (29). Low income communities and communities of color
are also more likely to contain multiple environmental pollution sources. Reviews of
research have shown that children of color suffer disproportionate burdens of disease
with potential environmental aspects, including asthma, neurodevelopmental disorders,
and childhood cancer (30). In part because of these disparities, people living in these
communities may see a single incident such as a ruptured chemical tank near a day care
center as part of a bigger picture of environmental hazards and a history of environ-
mental injustice. If the health care provider ignores the history and context behind an
individual incident, the conversation can feel frustrating and confusing to all parties
involved.

In many cases, the actual risk to people in the community is essentially unquan-
tifiable. As a result, it may not be possible to assign a risk of an adverse outcome, even
at a community level. Therefore, support and precautionary guidance may be the most
useful information a health care provider can offer to a community. Whenever possible,
vulnerable populations such as pregnant women and children should be removed from
situations of potential exposure to endocrine disruptors or environmental toxicants.
Likewise, environmental pollution should be cleaned up and minimized whenever
possible.

5. COMMUNICATING WITH A BROADER AUDIENCE

Endocrine disruption is an environmental health issue that generally has effects at
a population level rather than to identifiable individuals. For example, environmental
agents that slightly lower average sperm concentration in the population, slightly
increase the risk of cancer of hormone-sensitive tissues, or that cause children to reach
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sexual maturity slightly earlier, are not likely to result in health effects that will be
readily discerned at the level of the individual patient. This characteristic of endocrine
disruptors creates particular difficulty for health care providers trying to communicate
about this issue to their patients or even to small groups of people.

The population-level implications of endocrine disruptors can instead make it far
easier for health care providers to communicate to a larger audience. In an expanded
role, physicians and other health care workers can communicate about the broader
public health implications of large-scale, subtle shifts in hormone-sensitive endpoints.
Contexts in which such discussions might occur include comments to the media, policy
discussions at medical and nursing societies, and health policy discussions at the local,
state, and national level.

Although many health care providers are reluctant to make public statements about
population risk, there are at least three reasons why they should consider doing so. First,
the scientific basis for extrapolating the results of current endocrine disruptor research
is far stronger when the extrapolation is at the population level rather than at the level
of the individual patient; second, health care providers are a trusted and important voice
that is rarely heard in public discussions about environmental health policy; and third,
the foundation of medicine is prevention, and the most useful prevention activities
around endocrine disruptors can occur at the population, rather than individual level.

In October of 2005, the governor of California signed legislation to require manufac-
turers of cosmetics to disclose any product ingredient that is on state or federal lists of
chemicals that cause cancer or birth defects (31). The legislation also allowed the state
Department of Health Services to demand that manufacturers supply health-related
information about other cosmetic ingredients and authorized a program to regulate these
products to protect beauty salon workers. The legislation was sponsored by several
breast cancer groups and was introduced because of studies that showed phthalates in
cosmetics and (high) levels of certain phthalates in the urine of women of reproductive
age (32,33). The discovery that cosmetics may contain chemicals that are considered to
be known endocrine disruptors and developmental toxicants raised significant public
concern, especially when it became clear that these chemicals are generally not listed
on the product label.

Health care providers played a role in the passage of this legislation. Physicians and
nurses testified before committees in the California Senate and Assembly, and health
organizations and individual health care providers sent letters of support. Some health care
providers stated that it was easier for them to support broad public health protection and
consumer information regarding phthalate exposure than to attempt to address this issue
with each individual patient. Communications in the press emphasized that exposure of
millions of women to phthalates on a daily basis could have subtle, long-term effects on
the health of these women or their babies. However, it was also clear that the risk to any
individual woman and child was unquantifiable and probably very small.

Communicating with the media or with policymakers requires a different set of
considerations than communicating with individual patients or small groups of people.
It is important to realize that the health care provider does not necessarily need to be
an expert in toxicology or endocrine disruption to be a spokesperson on these issues,
but there is a need to understand the basic state of the science, the level of scientific
uncertainty, and the potential public health implications of the scientific data. Before
speaking with a reporter or a policymaker, it is important to also review the policy
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proposal at issue and to determine whether it seems like a reasonable, precautionary,
science-based step toward protecting public health.

If the science and the policy seem reasonable, the next step is to either write out a
statement of support or develop key talking points. Communications experts suggest
identifying three or four major “messages” that summarize the main points that need to
be conveyed. For the legislative scenario discussed above, examples of such messages
could include

(1) Several phthalates have been linked to subtle abnormalities in fetal reproductive
system development, so widespread exposure to women of reproductive age should
be minimized whenever possible;

(2) The Centers for Disease Control and Prevention reports that women of reproductive
age have high concentrations of certain phthalates in their urine, and these chemicals
have been detected in cosmetics;

(3) Consumers should have a right to know about potential endocrine disruptors or devel-
opmental toxicants in products so they can make informed choices, especially during
pregnancy;

(4) The Department of Health Services needs more information about chemicals in
products to carry out its responsibility to protect the public health.

The talking points must be tailored both to the issue and to the perspective of
the person who will be speaking publicly. Although it is useful to know the science
supporting the points, and even to have anecdotes or stories to support the points, the
overall messages should remain broad and clear to the non-scientific listener. Health
care providers should take care to speak only within the talking points that they have
developed to avoid making mistakes or going astray into issues that are either irrelevant
or outside the speaker’s area of expertise. It is generally possible to answer almost any
question by restating a talking point, even if it means saying something such as: “I don’t
know the answer to your question, but the real issue here is � � � .” By pre-identifying
a set of talking points within a scientific and policy comfort zone and staying within
those points, the health care provider can assure both that the major issues will come
through clearly in any news story or policy hearing and also that his or her credibility
will remain intact.

6. PRINCIPLES OF RISK COMMUNICATION

Risk communication is the exchange of information about the nature, magnitude,
significance, and control of a risk. Different groups of people view risks differ-
ently. Government agencies and industry scientists often engage in quantitative risk
assessment that involves a series of steps (hazard identification, exposure assessment,
dose–response assessment, and risk characterization) to generate a number that can
be used for regulatory purposes (34). Officials tend to use the resulting numerical
regulatory limits to either dismiss a given chemical exposure as insignificant or take it
seriously.

Health care providers are more likely to engage in qualitative risk assessment. A
physician’s exposure assessment, for example, is less likely to involve actual measure-
ments or mathematical modeling of exposure and is more likely to involve questions
about the frequency and duration of the exposure, coupled with a rough assessment of
the magnitude of the exposure based on the medical history. Physicians however often
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defer to governmental regulatory limits without necessarily scrutinizing the basis for
the number.

The general public often distrusts quantitative risk assessment. This sentiment is
not without foundation, as the process is limited by failure to account for multiple
chemical exposures, failure to consider highly vulnerable groups (particularly fetuses
and infants), the use of highly uncertain assumptions about species differences in
extrapolating from high-dose toxicity studies in animals, and an absence of data on
important health outcomes such as endocrine disruption or developmental toxicity.
In addition, risk assessors often do not agree on which studies to include in their
calculations, and different studies often find different levels of concern.

Risk is not an objective issue but rather has both scientific and social components,
which are subject to interpretation. Historical and social context, as well as ethical
issues, may lead to greater concern about some risks relative to others. Therefore a
scientist’s perception of risk is not necessarily “correct,” and a lay person’s perception
is not necessarily “incorrect” (35). It is important to approach questions of risk humbly
with an understanding of the limitations of the science and the importance of the social
context. It is also important to understand factors that contribute to different perceptions
of risk to anticipate ways patients or communities may react to a hazard. Although
each person probably perceives risk differently, extensive research has identified some
common characteristics that influence risk perception: the nature of the hazard, the
characteristics of the person perceiving the risk, and the social context in which the
risk occurs (36).

Hazards that are seen as potentially catastrophic, although unlikely, are generally
perceived as posing a greater risk than hazards that are more likely but would result
in less serious or reversible outcomes (37). For example, the risk from a nuclear
power plant may be seen as greater than the risk from coal power plants, although
the likelihood of emissions that are hazardous to health is higher from coal plants.
Similarly, the risk of a dreaded outcome (such as cancer, birth defects, or brain damage)
is often seen as worse than the risk of a disease that is less universally dreaded (such
as liver, lung, or kidney disease) (38). Unfamiliar hazards are generally seen as riskier
than familiar hazards, and manmade hazards may be perceived as riskier than those that
occur naturally. The population affected by the hazard is also important. For example,
a hazard to infants is often judged worse than a similar hazard to adults (39). Finally,
hazards that are involuntary are almost always judged more serious than hazards that
are faced by choice (40). Thus, comparison of the risks associated with skiing or
drinking alcohol with risks from a hazardous waste incinerator will not be seen as
equivalent because the former are voluntary and under the control of the individual,
whereas the latter is imposed from outside.

The social context of risk communication is extremely important to perceptions of
risk. If the individual or organization imposing the risk is trusted by the community
(i.e., a local company that has provided jobs in the community for many years and is
well known to the community), the risk is often perceived as less than if the risk is
imposed by an outsider. Similarly, the level of trust in government regulatory officials
is important in the perception of risk (41). Risks seen as unfair are often seen as larger
than risks seen as fairly distributed (42).

Communication about risk yields optimal results only when there is a back-and-
forth dialogue. The affected people need to feel that their concerns have been heard
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and addressed. In the most progressive view, those involved not only develop a good
understanding of the risks but also search together for solutions that can mitigate their
concerns (43).

7. RESOURCES

Physicians who are faced with questions of environmental or occupational exposures
in their patients need quick, reliable sources of information. Provided here are scien-
tifically based resources that physicians can use to help in the care of their patients
with exposures to contaminants, including endocrine disruptors.

7.1. Clinical Referrals
7.1.1. The Association of Occupational and Environmental Clinics

(http://www.aoec.org)

Network of greater than 60 clinics and 250 individuals committed to improving the
practice of occupational and environmental medicine. Has clinical directory for finding
specialists in Occupational and Environmental Medicine: www.aoec.org/directory.

7.1.2. Pediatric Environmental Health Specialty Units (PEHSU)

(http://www.aoec.org/pehsu.htm)

Provides education and consultation for health professionals, public health profes-
sionals, and others about the topic of children’s environmental health.

7.2. Governmental Organizations
7.2.1. Centers for Disease Control and Prevention (CDC)

(www.cdc.gov)

7.2.1.1. Agency for Toxic Substances Disease Registry (ATSDR) (http://www.
atsdr.cdc.gov). The principal federal public health agency charged with responsibility
for evaluating the human health effects of exposure to hazardous substances. Produces
“toxicological profiles” for hazardous substances found at National Priorities List
(NPL) sites: www.atsdr.cdc.gov/toxpro2.html

7.2.1.2. The National Institute for Occupational Safety and Health (NIOSH)
(http://www.cdc.gov/niosh/homepage.html). Information on chemical safety, work-
place health hazard evaluations, and reproductive health and occupational exposures.

7.2.2. The National Library of Medicine (http://www.nlm.nih.gov/)

Has links to databases including

PubMed (www.pubmed.gov)—references abstracts from thousands of biomedical
journals.
ToxNet (toxnet.nlm.nih.gov)—network of databases on toxicology, hazardous chemicals,
and environmental health.
Household Hazardous Substance Database (householdproducts.nlm.nih.gov/ products.
htm)—links over 6000 consumer brands to health effects from MSDS and allows scien-
tists and consumers to research products based on chemical ingredients.
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7.2.3. The US Environmental Protection Agency (EPA)

Integrated Risk Information System (IRIS) (www.epa.gov/iris/) A database of human
health effects that may result from exposure to various substances found in the
environment.

7.3. Non-Governmental Organizations
7.3.1. The Collaborative on Health and the Environment

(CHE, healthandenvironment.org) (http://health and environment.org)

Tracks emerging scientific evidence on links between diseases, disorders and disabil-
ities, and possible environmental causes. Has produced many peer-reviewed overview
papers on environmental causes of disease and a large database showing the associa-
tions between contaminants and human disease: database.healthandenvironment.org

7.3.2. Pesticide Action Network, North America (PANNA)

(http://www.panna.org/)

Maintains a pesticides database: www.pesticideinfo.org/Index.html

7.4. Other Useful Websites
7.4.1. Our Stolen Future (http://www.ourstolenfuture.org)

Provides regular updates about the cutting edge of science related to endocrine
disruption and information about ongoing policy debates, as well as new sugges-
tions about what people can do to minimize risks related to hormonally disruptive
contaminants.

7.4.2. The National Pesticide Information Center (http://npic.orst.edu/)

A cooperative effort of Oregon State University and the USEPA—provides on-line
information about pesticide safety and toxicity. The organization also runs a toll-free
hotline for pesticide questions (1 800 858 7378).

7.4.3. E.Hormone (http://e.hormone.tulane.edu)

Hosted and run by the Center for Bioenvironmental Research at Tulane/Xavier
Universities—provides background and up-to-date information about endocrine
disruption and other environmental signaling.

7.4.4. Em-Com (http://www.emcom.ca)

Information resource about endocrine-disrupting substances directed by a group of
faculty at six Canadian universities.
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Sometimes as scientists we make assumptions and don’t rethink assumptions to see
how they fit in a natural situation � � �. Community people, because they are looking
at it from a fresh perspective, will question the assumptions in a way that actually
improves the science � � � (1).

1. INTRODUCTION

Concerns about chemicals with endocrine-disrupting properties burst onto the public
and policy stages in the mid-1990s as a result of a growing body of scientific
evidence from wildlife and animal laboratory studies on the adverse health effects of
many synthetic chemicals. The endocrine-disrupting chemicals (EDCs) of the greatest
concern to the community have been synthetically produced pesticides—insecticides,
herbicides, fumigants, and fungicides [e.g., dichlorodiphenyltrichloroethane (DDT),
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chlorpyrifos, pyrethroids]—as well as certain plastics [e.g., phthalates and bisphenol
A (BPA)] and other industrial chemicals [e.g., polychlorinated biphenyls (PCBs)] (2).
The major routes of exposure identified have included direct contact at home, or in the
workplace, or through ingestion of contaminated water, food, or air. These chemicals
can also be transferred from mother to child through the placenta and breast milk.

The publication of the book Our Stolen Future (3) galvanized many in the environ-
mental health science community to call for increased human subjects research on the
health effects of EDCs before drawing conclusions about the danger or “risk” posed by
these chemicals to humans. At the same time, environmental health advocates, backed
by media interest and support, began to actively organize efforts to reduce exposures
to these biologically active compounds, with or without scientific evidence. These
initiatives were most often guided by a belief in the Precautionary Principle. This
asserts that rather than waiting for scientific evidence that chemicals are hazardous as
evidenced by health effects in the general population or by waiting for the completion
of rigorous research on both short- and long-term health effects, we ought to minimize
or eliminate exposures until we are certain they do not have deleterious effects. It
provides justification for “public policy actions in situations of scientific complexity
and uncertainty where there may be a need to act in order to avoid, or reduce potentially
serious or irreversible threats to health or the environment, using an appropriate level
of scientific evidence and taking into account the likely pros and cons of action and
inaction” (4). Thus, action has taken the form of

(1) calling for increased government regulation of chemicals in both North America and
Europe,

(2) mounting consumer and media education campaigns, and
(3) advocating for the testing and dissemination of alternative methodologies and products

to prevent exposures, such as integrated pest management (IPM), organically grown
food, and ecologically “safe” cosmetics and personal care products.

Environmental activism combined with community- or population-based research
has resulted in protective measures—changes in policy and practice—to reduce
exposures and body burdens of some EDCs that have been shown to have neurotoxic or
neuroendocrine effects in utero and in early childhood. The Environmental Protection
Agency (EPA) has banned or severely restricted the sale and use of some pesticides—
DDT and chlorpyrifos—as well as PCBs. The Federal Drug Administration (FDA)
recently recommended that DEHP be removed from medical equipment that might
create exposures for fetal and infant males. The European Union has banned the use of
DEHP in toys intended for young children’s use. The city of San Francisco has recently
banned phthalates (5). Intervention studies that demonstrated the effectiveness of non-
toxic and non-chemical alternatives to pest control (e.g., IPM) have led to state and
local laws requiring prior notification of outdoor pesticide spraying in municipalities
and or requiring the use of IPM in all public buildings, including schools (6).

Public interest in the issue of EDCs remains high. Table 1 summarizes the most
recent issue of Environmental Health News. In the first 2 weeks of June 2006, there
were 22 ‘entries that reported on the emerging science of endocrine disruption (7).
However, studies have just begun to explore the possibility that human exposures to
hormonally active compounds, particularly in utero and during early childhood, may
be responsible, at least in part, for changes in semen quality, increasing incidence
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Table 1
Summary of the Most Recent Issue of Environmental Health News (2006)

Date Media channel Title/Topic

June 1 San Francisco Chronicle Milking it: Moms find industrial chemicals in
their milk outrage and a call to action

June 1 Oakland Tribune,
California

Scientists find new link between plastic,
cancer

June 1 Toronto Globe and Mail Want a full-time job? Live chemical-free
June 1 Los Angeles Times Chemical in plastics is tied to prostate cancer
June 2 Environmental Defense

Canada, from the report
Polluted Children, Toxic
Nation

Harmful pollutants were found in the bodies
of every child and parent tested in a national
study in Canada

June 2 Gannett News Service Residents raise PCB concerns
June 2 CBC Canada Tests show pollutants in kids’ blood, urine
June 2 Vancouver Press Organic food, exercise, but also PCBs
June 2 Toronto Globe and Mail Toxic Cocktail found in children
June 2 Montreal Gazette Study points finger at household items
June 3 Canadian? Chemical cocktails in children’s bodies: Study
June 3 Cincinnati Business

Courier
UC research sheds light on prostate cancer,
link to fetal chemical exposure

June 3 San Francisco Chronicle Supervisors to consider ban of certain plastics
June 4 New York Post What’s yer poison?
June 5 Detroit News Residents welcome removal of PCBs
June 6 International Journal of

Epidemiology
A survey of reproductive health of women
born to women exposed in the womb finds an
increased risk of menstrual irregularities and
possible infertility

June 8 San Francisco Chronicle Board bans chemicals that may harm infants
June 8 Environmental Sciences

Technology
Plastic chemicals alters female brains

June 9 Chemical and
Engineering News

San Francisco restricts bisphenol A and some
phthalates

June 9 Toronto Globe and Mail Chemical used in water bottles linked to
prostate cancer

June 11 Ottawa Citizen Cancer-causing agents found in everyday
items, says expert

June 11 BBB Sunscreen thyroid effect concerns

of congenital malformations of the reproductive organs, increasing rates of testicular
cancer, and an apparent increase in the incidence of early puberty in girls (8–10). These
topics are also covered in Chaps. 1, 2, 3, 9, and 10 of this book.

As we move from the laboratory to human subjects research, several key issues
remain. Proving cause and effect relationships between EDCs and health effects,
exploring biological pathways by which certain outcomes occur, demonstrating the
effectiveness of interventions to reduce exposures and/or risk, and translating these
findings into programs and policies will require more extensive population-based
research involving diverse communities and population groups. Up until recently,
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environmental health research at the population or community level has primarily
been the domain of scientists trained in epidemiology. However, the design and
implementation of effective community environmental studies has become increas-
ingly interdisciplinary, incorporating expertise in the areas of epidemiology, medicine,
toxicology, genetics, and the behavioral sciences, which includes the disciplines of
anthropology, social work, and health education.

Some epidemiologists have called for a paradigm shift arguing that the current
paradigm overemphasizes the individual level of risk to the exclusion of other organi-
zational levels of risk (11,12). This view asserts that health and disease must be studied
in a social context and with increased community participation. Such an approach
“implies working across disciplines and with the population itself, in defining variables,
designing instruments, and collecting data (qualitative and quantitative) that reflect the
ecological reality of life in that population as people experience it” (13). Within such
collaborations, “epidemiologists would not be required to surrender rigor, but they
would be required to share power.”

2. WHAT WE KNOW

Although there are still limited scientific data on the health effects from exposure
to EDCs on human growth, development, and disease, we now know much more
about exposure to these chemicals. In the most ambitious body burden survey ever
undertaken, the Centers for Disease Control measured 116 of the thousands of EDCs
in modern use. From this report, we know that EDC exposure is ubiquitous in human
populations (14,15). See also Chap. 11 of this book for further discussion of body
burdens in humans.

2.1. Pesticides
Insects, weeds, rodents, and fungi—together classified as pests—all have the

capability to affect our health, plant life, and food supply. Concerns about these effects
have led to an overwhelming reliance on pesticide use, that is, chemicals of natural
or synthetic origin used to control these pests. Today, there are more than 50,000
commercially available pesticides. According to a report by the EPA in 2002, world
pesticide expenditures totaled more than $33.5 billion in 1998 and 1999, accounting
for 5.6 billion pounds of pesticides (16). Expenditures in the USA alone account for a
third of worldwide expenditures or 1.2 billion pounds per year.

Pesticides are classified into several categories: insecticides and rodenticides, which
target insects and rodents, herbicides, which target unwanted plants and weeds, and
fungicides, which kill molds and fungi. The principal classes of insecticides in use in
the US are the organophosphates, carbamates, and pyrethroids. The organophosphates
and carbamates are toxic to the nervous system, and some of the pyrethroids are
believed to be toxic to the reproductive system and disruptive to endocrine function.

Widespread use of pesticides in various settings has translated into multi-tiered levels
of exposure including the food supply, homes, neighborhoods, schools, playgrounds,
farms, and work sites. Exposures in the home are of concern due to the constant nature
of the exposure and the predominance of time spent in the home. In a Minnesota study,
as many as 97 % of households surveyed stored pesticides. Eighty-eight percent of the
households reported using pesticides in the past year (17).
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Research on the health and developmental effects of exposure to pesticides in utero
and in childhood has been conducted by the Centers for Children’s Environmental
Health and Disease Prevention Research, a joint undertaking of the National Institutes
of Environmental Health and the EPA. Initial results of cohort studies of pregnant
women conducted in California and in New York showed elevated exposures to
organophosphate pesticides used either indoors for pest control or for outdoor agricul-
tural use. Health outcomes included slightly stunted fetal growth, shorter gestation
and lower birthweights, smaller head circumference, and suboptimal neurodevel-
opment (9,18,19). Additional studies are showing that the potential for damage from
these chemical exposures may be affected by genetic susceptibility of both the child
and the mother (18). Thus, interactions between genes, the environment, and the timing
of exposure can all contribute to a later susceptibility to develop diseases and disorders.
These cohorts continue to be followed for health and developmental effects from 7
years of age.

2.2. Phthalates
Phthalates are a family of synthetic compounds used widely as plasticizers that have

come to be used in an enormous variety of consumer and technical products. Worldwide
production has increased from very low levels in the mid 1940s to approximately 3.5
million metric tons per year (20,21).

Phthalates are found in many common consumer products such as detergents, food
packaging, vinyl flooring and wall covering, toys, and personal care products including
fragrances, cosmetics, and nail polish. Phthalates are also used as either inert or active
ingredients in some pesticide formulations (22). As plasticizers, phthalates are added
to vinyl chloride and other naturally rigid polymers to make them soft and flexible,
and these flexible plastics are then used in infant bottles, pacifiers, intravenous tubing,
blood bags, and flexible airways. Phthalates are not chemically bound to the plastics to
which they are added. In consequence, they readily leach out to cause contamination
of household dust or can be directly swallowed. Phthalates are readily absorbed by
inhalation, from the gastrointestinal tract, or through the skin. Human exposure occurs
mainly through the diet (>1 ug/kg/day) with limited exposure through inhalation and
dermal contact. Additional exposure is possible through cosmetics, as they can represent
from 0.1 to 25 % of the ingredients.

National serological surveys conducted by the CDC indicate that phthalates have
become nearly ubiquitous in the bodies of Americans (23). Exposures to phthalates
in the general US population are estimated to be on the order of tens of �g per kg
per day (24). On the basis of data from the general US population aged 6 years and
older (25), urinary metabolites of four of the phthalates were found at detectable levels
in at least half of the tested sample (N = 1029). These four phthalates are, in order
of decreasing geometric mean of their metabolites: diethyl phthalate (DEP); dibutyl
phthalate (DBP); benzyl butyl phthalate (BBP); di-(2-ethylhexyl) phthalate (DEHP). A
number of phthalates that have been found to exhibit estrogenic activity include DBP,
BBP, and di-hexyl phthalate (DHP) (26).

We know that levels of phthalates are highest in children and women of reproductive
age, creating the potential for developmental effects on the fetus (27,28). Metabolites
of DBP, commonly found in cosmetics, reach higher levels in women than men, higher
in African American than non-Hispanic whites, and higher in children than adults. The
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metabolite of DEHP (used as a plasticizer in polyvinyl chloride and thus common in
toys, flexible tubing, shower curtains, etc.) is also higher in children than in adults.
In fact, the FDA has recently recommended that DEHP be removed from medical
equipment that may result in disproportionate exposures for premature infants. The
European Union has banned the use of DEHP in toys intended for young children’s
use. The European Union also mandated removal of DBP and DEHP from cosmetics
in 2002 (29).

2.3. Bisphenol A
BPA is one of the highest volume chemicals produced in the world and exposure is

widespread. BPA is a plasticizer used in production of epoxy resins and polycarbonate
plastics, commonly found in canned food products, plastic food and drink packaging,
dental sealants, adhesives, varnishes, and CDs (30). In 2002, 2.3 billion pounds were
sold. Ingestion is the primary route of exposure with measurable levels identified in a
wide range of canned foods (31), in recycled paper products (32), and in the saliva of
persons with teeth that have been treated with dental sealant (33). BPA is detectable in
urine and was found to be related to the consumption level of canned beverages (34).
It has been found in 95 % of the urine samples from people in the USA, and to a
similar extent is found in human blood as well (35,36).

New studies continue to add to our knowledge of potential health effects. Recently,
a team of Spanish and Mexican researchers reported that the EDC, BPA causes insulin
resistance in mice similar to that seen prior to the onset of type 2 diabetes (37).

3. WHAT WE NEED TO LEARN

• What are the baseline exposure levels in a cross-section of communities and population
groups?

• What are the effects of exposure in populations over time, taking into consideration the
individual’s social and biological environment?

• How do differences in genetic makeup within a population influence exposure levels
and potential health effects?

• What applied prevention interventions and environmental advocacy efforts are effective
in minimizing both exposure and risk and thus improving health?

Answering these questions and others will require cross-sectional exposure studies,
prospective cohort studies, and prevention intervention research, including randomized
controlled trials that enroll large numbers of individuals from diverse population groups.
It will also require an investment by communities in research participation. To gain this
investment, the groups or communities must participate in research that is relevant and
valuable to them. Trust must exist between the researcher(s) and the population and/or
community to be studied. In contrast to many clinical studies, this may be hard to
achieve when results or benefits are not immediate and when knowledge gained cannot
be rapidly applied or easily translated into practice or policy changes. Populations that
are known to be more vulnerable to EDC exposure, such as pregnant women and
children, or people who are economically disadvantaged, may be difficult to recruit
and retain in longitudinal studies due to a number of factors, including distrust and
concerns about exploitation, the transient nature of some populations, time availability,
and financial barriers. The growing importance of genetics and molecular epidemiology
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in explaining causation requires that our research include a representative sample of
the population, including population groups that have been traditionally skeptical about
being “studied” and hard to reach.

4. COMMUNITY-BASED PARTICIPATORY RESEARCH:
A COMMUNITY-BASED RESEARCH MODEL

Epidemiologists and behavioral scientists have sought new approaches to involving
communities in research in order to overcome the barriers cited above. The
terms community-based participatory research (CBPR), community-involved research,
or community-centered research are often used interchangeably. Some community-
based research is so coined because it is conducted in a community setting but without
the active involvement of community members. A basic characteristic of true CBPR
is the “emphasis on the participation and influence of nonacademic researchers in the
process of creating knowledge” (38).

4.1. Definition of CBPR
CBPR in public health is a partnership approach to research that equitably involves,

for example, community members, organizational representatives, and researchers in
all aspects of the research process, in which all partners contribute expertise and share
decision-making and responsibilities (39). The aim of CBPR is to increase knowledge
and understanding of a given phenomenon and integrate the knowledge gained with
interventions and policy change to improve the health and quality of life of community
members. CBPR has been recognized as a community-driven and action-oriented
approach to health research that is highly consistent with the mission and core values
of public health (1). Principles of CBPR include the following:

• it is participatory;
• it is co-operative, engaging community members and researchers in a joint process to

which each contribute equally;
• it is a co-learning process;
• it involves systems development and local capacity building;
• it is an empowering process through which participants can increase control over their

lives; and
• it achieves a balance between research and action (38).

“A primary goal of CBPR is to increase a community’s capacity to address and
solve its own problems through the development of effective and sustainable interven-
tions” (40). To build this capacity, scientists must partner with grassroots organizations,
community residents, church groups, and leaders to first determine the health concerns
most pertinent to the residents of the community and then to continue these conversa-
tions as the project develops through design into implementation and finally into health
strategies and policies that improve health. This is accomplished by the dissemination
of knowledge gained through all phases of the study, which includes venues such
as community forums, community newsletters, and other community events (41). In
engaging community members in the process, the research is meaningful to those living
in the communities and also directly benefits them through the sharing of knowledge
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Table 2
Summary of Community-Based Participatory Research Aims

Identify health priorities in underserved urban communities
Encourage partnership with community members, community-based
organizations, leaders of the community, health centers, academic institutions,
and local, regional, and national health departments
Incorporate existing expertise and resources available within communities into
research projects
Devote time to developing and conducting participatory processes and practices
Allow opportunity for all collaborators to provide input into study design and
implementation
Share knowledge gained with all collaborators and community at large
Develop culturally sensitive intervention strategies that promote health
Disseminate knowledge to the broader public via publications and presentation

Adapted from principles of collaboration, Metzler et al. 2003.

and resources ongoing with the project and the development of culturally sensitive
intervention strategies (42).

This model requires that scientists share power with community leaders and/or
research participants, behaviors that are not intrinsic to the scientific method. It is
important to emphasize that while the sharing of power or decision-making may require
learning new behaviors and engaging in a process of dialogue and communication,
scientists “would not be required to surrender rigor” (13).

As discussed in the literature, there are numerous benefits gained from using a
CBPR approach (38,42). As reviewed elsewhere and summarized in Table 2, among
the key benefits are that it:

1. ensures that the research topic comes from, or reflects a major concern of the local
community;

2. enhances the relevance and application of the research data by all partners involved;
3. brings together partners with different skills, knowledge, and expertise to address

complex problems;
4. enhances the quality, validity, sensitivity, and practicality of research by involving the

local knowledge of the participants;
5. extends the likelihood of overcoming the distrust of research by communities that

traditionally have been the “subjects” of such research;
6. increases the potential for bridging the cultural differences that may exist between the

partners;
7. provides resources (e.g., financial, training, employment) for communities involved;
8. aims to improve health and well-being of the involved communities (38).

5. CASE STUDY: GROWING UP HEALTHY IN EAST HARLEM—A
COMMUNITY INTERVENTION TRIAL TO TEST IPM

Growing Up Healthy in East Harlem, a community intervention trial designed to
test the feasibility and effectiveness of IPM in a low-income, multi-ethnic community,
illustrates CBPR principles, methods, and outcomes (43). This study was part of
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the Mount Sinai Center for Children’s Environmental Health and Disease Prevention
Research from 1998 through 2003. The Center was funded by the National Institute
of Environmental Health Sciences (NIEHS) and the EPA. Fetal and early childhood
exposure to neurodevelopmental toxicants was the unifying theme at the Mount Sinai
Center. Exposures of concern included organophasphate pesticide products, which were
used extensively in New York City to control indoor cockroach and mice infestation.
The goal of this study was to identify, elucidate, and prevent developmental deficits
that resulted from exposures to environmental toxicants in the inner city.

The Growing Up Healthy in East Harlem intervention study grew out of a shared
community and medical school concern about reducing prenatal and early childhood
exposure to pesticides, while at the same time reducing cockroach infestation. Safely
reducing exposure to cockroach allergen was important in the East Harlem community
where rates of childhood asthma were among the highest both in New York City
and the country. Many landlords and tenants of poorly maintained tenement buildings
and public housing projects applied large amounts of pesticides to control cockroach
infestation.

The study investigators hypothesized that exposures to developmental toxicants in
the inner city could be reduced through education, action, and behavioral change.
However, to be effective these methods needed to be culturally and linguistically appro-
priate, affordable, and developed in close collaboration with East Harlem community
representatives. To achieve this, Mount Sinai academicians reached out to form research
partnerships with two federally qualified health centers located in East Harlem, a
community of 117,000, 52 % of whom identify as Hispanic and 38 % identify as
African American (44). The median income level of East Harlem is among the poorest
in the country.

The health centers provide primary and prenatal care to the Puerto Rican, Mexican,
and African-American families residing in East Harlem, and both centers were governed
by Boards whose members represented community residents and health care consumers.
With the advice and active participation of these community partners, IPM at the
household level was chosen as the major intervention to be tested to reduce cockroach
infestation and pesticide exposure. IPM is an approach to pest control that relies
principally on non-chemical approaches and community education (45).

The pesticides in heaviest use in East Harlem when the study began were the
organophosphates, chlorpyrifos and diazinon (both subsequently banned for sale), and
the carbamate, propoxur. Chlorpyrifos had been shown to be a developmental neuro-
toxicant in rodent studies published prior to initiation of our work, a finding that has
subsequently been confirmed in additional investigations (46–48).

5.1. Specific Aims of the Intervention Study
1. To identify and quantify household exposures to neurodevelopmental toxicants, specif-

ically pesticides and PCBs, through collection of baseline home environment samples,
biological samples, and dietary data in a sample of pregnant women living in East
Harlem.

2. To design, implement, and evaluate the efficacy of culturally sensitive IPM-based
methods designed to reduce household pesticide exposures.

3. To conduct a community-wide education and intervention campaign to reduce exposures
to developmental neurotoxicants across East Harlem.
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CBPR principles were applied from the inception of this study throughout both
study design and study implementation (40). There were guiding principles for shared
decision-making and power sharing between the academic and community partners:

• There would be joint selection of field staff, with emphasis on hiring from the community.
• Because study participants were going to be recruited from the health center’s patient

population and because the study required home visits and home exposure data collection,
field staff would be employed by each health center. In theory, this was to integrate
the field staff into the life of each center and accountable to the center’s administrators.
Field staff—a health educator, community outreach workers, and a handyman—were
employed by the health centers.

• The health centers would receive jointly agreed upon funding from the research grant
to implement their study arms, and administrative overhead would be paid to each
center. Primary care physicians from both Centers served as co-principal investigators,
overseeing the study at each site.

• Research protocols and recruitment/retention strategies would be fully reviewed and
agreed upon.

• Questionnaires, both content and wording, would be reviewed and agree upon.
• Educational materials designed for recruitment, intervention, and community dissemi-

nation would be reviewed by the community partners before use.
• All partners would participate in selecting Community Advisory Board (CAB) members

and developing a CAB agenda.

5.2. Community Advisory Board
A CAB, composed of 20 active community stakeholders, was formed. The CAB

met semi-annually to advise the Growing up Healthy research team on dissemi-
nation of information and to help design and participate in broader community-wide
education and intervention campaigns that sought to change behaviors and policies
related to pesticide use and pest control. Members included tenant association leaders
and members, housing managers, schoolteachers and parent association leaders, social
service agencies, community health providers, and local elected officials. This group
became particularly interested in promoting the adoption of IPM by building owners
and managers as well as by individual tenants.

5.3. Study Recruitment, Retention, and Methods
A total of 131 families and households were enrolled in the study from September

1999 to June 2002. Seventy-six were recruited to the intervention (IPM) group from
among women who received their prenatal care at Boriken Health Center. Fifty-five
were recruited into the non-intervention control group from among pregnant women
living in East Harlem who received prenatal care either at Settlement Health or at The
Mount Sinai Hospital Prenatal Clinic.

Eighty-eight or 67.2 % of the households remained in the study for a 6-month follow-
up visit (50 intervention/IPM and 38 controls). These families were demographically
similar overall and differed only by country of origin with a higher number of Mexicans
in the intervention group and more Puerto Ricans in the control group. The major
reason for drop out at 6 months and also at subsequent visits was moving out of East
Harlem.
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Upon enrollment, study personnel administered a questionnaire in either English
or Spanish to all participants in both groups to obtain information on home environ-
mental conditions and sociodemographic characteristics. A home visit was arranged to
monitor pesticide levels, collect baseline information on cockroach infestation levels,
and conduct a visual inspection of the home.

5.4. Exposure Assessment and Cockroach Monitoring
Pesticide levels among intervention and control groups were assessed through

sampling of urine, household air, dust, hand, and toy wipes. Roach levels were assessed
through visual inspection and the placement of glue-surface cockroach monitors. These
monitors were placed in up to eight locations in the kitchen and bathroom and collected
2 weeks following the baseline visit. In intervention households, cockroaches were
counted at 2-week intervals for the first 2 months and then monthly for the next 4
months. Follow-up visits were made to both intervention and control households at
6 months and again at 1 year to assess the results of the intervention. In addition,
participants were asked at 1 year to assess or rate the extent to which they still had a
cockroach problem and whether they continued to use pesticides.

5.5. Intervention
An individual IPM intervention plan was developed for each intervention household

based on results of the environmental questionnaire and baseline home inspection. A
bilingual, bicultural team—health educator, community outreach worker, handyman,
and an IPM consultant—worked with the head of household to introduce and teach
IPM. Methods included sealing cracks and crevices in apartments through home
repairs, plugging holes, and systematically applying low-toxicity baits and gels (active
ingredient, hydramethylnon) to kill existing cockroaches and their eggs. The IPM
consultant returned to monitor results and reapply gel, if necessary, at intervals of 2
weeks for the first 2 months and every month thereafter for the next 4 months. The
educational component of the intervention, which provided information on how to
maintain a pesticide-free household, was expected to change behavior, permanently
reduce roaches, and eliminate the use of pesticide sprays. Intervention participants
were assisted in contacting their landlords/managers responsible for repairs and pest
control and to advocate for changes to reduce pesticide exposure. Control households
received no IPM education or application but did receive a home injury prevention
intervention as an incentive to participate.

5.6. Results
Three quarters of the families in both groups of this study reported a cockroach

infestation problem in the home at baseline. No seasonal fluctuations in baseline
infestation were observed. Approximately 60 % of families in both groups reported
that pesticides had been applied in their homes during pregnancy by an exterminator,
landlord, or family member. After 6 months of the IPM intervention, there was a
significant decrease in cockroach infestation among intervention households (from 80.5
to 39.0 % of households; p < 0�0001, McNemar’s Test). By contrast, control households
showed no reduction (from 78.1 to 81.3 % of households). Table 3 demonstrates that
infestation levels in the intervention group at the 6-month follow-up (39.0 %) were
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Fig. 1. Percent of intervention households (median and inter-quartile range) with any cockroaches
during a 6 month period, assayed by the pesticide intervention project, New York City, 1999–2002.
There is a significant decrease in the number of households with any cockroaches in the intervention
group at baseline compared with the 6 month follow up. (p < 0�0001, trend test). Note: n = 41 for
all ages except 3 months (n = 40).

significantly lower than in the control group at the same interval (81.3 %) (p < 0�001,
Chi-square test).

Figure 1 shows the visit-by-visit change in cockroach infestation levels in inter-
vention households during the 6 months of the study. Most of the decline occurred
within the first 6 weeks of introduction of IPM. The decline in cockroach count
measures persisted during the 6-month period, and in half the homes the cockroach
count fell to zero. The costs of adopting building-wide IPM in a typical East Harlem
apartment building were estimated to be $46–$69 per unit in the first year (including
repairs) and $24 per unit per year in subsequent years. In comparison, the costs of
traditional, chemically based pest control are estimated to be $24–$46 per unit per
year, not including repairs, because repairs are not typically undertaken in traditional
pest control.

5.7. Behavioral and Policy Outcomes
Investigators concluded that IPM could be effective in reducing cockroach infes-

tation in low-income urban households and even in those buildings that were in need
of repair and that residents and landlords could be taught to apply and maintain IPM
at a reasonable cost. Guided by the positive results and lessons learned from the inter-
vention trial, a community-wide campaign to adopt IPM and reduce pesticide use was
planned and carried out in 2003. The campaign included:

• Educational seminars on indoor environmental risks, including pesticides, pests, mold,
and lead, were developed.
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• “How To” remediation strategies and techniques were held in English and Spanish at
community agencies serving families and children and at parent associations.

• Sessions included seminars on how to conduct IPM and how to find and use environ-
mentally safe household products of all kinds.

• Visual and written materials on pesticides, IPM, and safe household products were
widely disseminated.

• “How to Be a Good Consumer of IPM” seminar was developed for building owners,
managers, and superintendents in East Harlem.

• A collaboration was formed with the New York City Department of Health and the New
York City Department of Housing Preservation and Development Anti-Abandonment
Program to identify buildings in East Harlem with serious pest control problems and to
provide technical assistance and financial incentives to landlords to make repairs and
utilize environmentally safe pest control methods.

• Building-wide IPM was promoted to the management companies of several East Harlem
buildings of 70 units or more and was subsequently adopted by several of these buildings.

• Evidence on the effectiveness of IPM on reducing cockroach allergen and pesticide
use was prepared and given to the New York City Council Committee on Health in
support of Intro 328A, which opted New York City into the New York State Pesticide
Neighborhood Notification law, and Intro 329A, which requires New York City to use
alternative to chemical spraying as pest control methods on all city property, including
schools, by city agencies and contractors (49).

6. GROWING UP HEALTHY IN EAST
HARLEM II: AN OBSERVATIONAL STUDY

The IPM community intervention trial provided the groundwork for continued
community research partnerships in East Harlem. In 2003, the Mount Sinai Center for
Children’s Environmental Health and Disease Prevention Research and its community
partners and CAB worked together to choose a focus for a grant renewal. A shared
decision was made to shift gears from studying pesticide exposures in the community
and to focus instead for the next 5 years on understanding the environmental risk factors
for childhood obesity in East Harlem. By 2003, the rates of obesity among East Harlem
adults had risen to the highest for any neighborhood in New York City. Addressing
this concern through research and effective interventions was of highest priority in
the community. The result was receipt of funds from the NIEHS and the EPA for
Growing Up Healthy in East Harlem phase II, whose goal is to work in partnership with
community leaders in East Harlem to assess urban environmental exposures, structural
as well as chemical, that may influence somatic growth and risk of obesity in inner city
children. The research is an observational study that will follow 6–8 year old boys and
girls who reside in East Harlem over a 3-year period. It is based on the premise that
the urban built environment, the structural features of the city as well as its complex
mix of chemical contaminants, exerts profound and pervasive influences on the health,
growth, and development of children and that these effects are especially magnified
in poor and minority children. Research will focus on contemporary-use endocrine
disruptors (EDCs)—phthalates, alkyl phenols, especially BPA, pesticides, and phytoe-
strogens. These chemicals have become widely dispersed in the urban environment.
Significant levels are found in the bodies of nearly all Americans, and levels of many
are highest in children and in minorities. Obesity is being assessed annually by an
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extensive anthropometric battery, including weight, height, and percent body fat and
waist–hip circumference. The CAB has been an integral component in directing the
implementation of the research and the ways in which information is disseminated
back to the participants and the community at large. The knowledge gained through
this study will provide a needs-assessment of the built environment of an inner city,
East Harlem, New York as it relates to childhood overweight and obesity. Barriers to
healthy eating and physical activity at the community level will be identified with the
aid of community members. Innovative ways to share knowledge with the community
at large will be developed as in the past community-based research project.

7. BENEFITS AND CHALLENGES OF CBPR MODELS

7.1. Benefits
The academic–community partnership that shaped the Growing Up Healthy in East

Harlem study brought forth concrete benefits. Access to a low-income, urban population
that had not previously participated in research was a major benefit, particularly when
the study required gaining access to participant homes. Community partners acted as
an important bridge between the study investigators and a culturally, linguistically, and
economically diverse population. Existing and earned trust between the staff of the
community health centers and their prenatal patients was the key element to successful
study recruitment and retention.

The community partners also played a significant role in shaping an intervention
design that was realistic and could be implemented, reflecting and taking into consid-
eration cultural and socioeconomic variables and conditions. In particular, they were
instrumental in revising the original control group design to ensure that the control
group received an intervention of value—a home injury prevention intervention.

The community partners piloted and reviewed study questionnaires to adapt them
to the language and literacy levels of the study population. Equally important was the
guidance that study staff received in methods of collecting exposure data. The original
plan was to measure pesticide levels through dust samples. However, our community
partners knew that most households that we would enter did not have carpeting and
we rapidly switched to air sampling to measure exposure levels.

A consistent concern expressed by the community partners was how their patients
and the community would benefit from this intervention study as results and outcomes
were not immediate. They helped investigators develop and disseminate culturally and
linguistically appropriate information to the community as soon as the intervention
ended. The campaign and multi-level efforts to inform the community about alternatives
to pesticide use reinforced the perception that research can have a community benefit
and led to strong community support for continuing children’s environmental health
research in East Harlem.

7.2. Challenges
7.2.1. Costs Incurred and Lack of Resources

Effective academic–community partnerships require time and resources or infras-
tructure support to establish and maintain trust, attend meetings, jointly participate
in all phases of the research process, and foster capacity building for all partners.
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This can be difficult to sustain as the non-academic research partner has many other
demands on limited time, resources, and staff. Community organizations’ time may
not be adequately compensated, and there are opportunity costs for time taken away
from other job responsibilities (50,51). Research investigators also find that the CBPR
model is labor intensive and takes time from publishing and prospects for promotion
and tenure (51). Few grants provide the time frame, funds, and infrastructure support
required for establishing a partnership, and researchers and community agencies
“donate” their time and resources to support the partnership. Community partners who
do not perceive or receive a direct benefit from the research are difficult to engage
or to sustain high levels of participation. If the research does not increase the number
of clients or funds and the results from the study are not immediately “useful,” the
incentive to participate diminishes.

7.2.2. Institutional Constraints

Many institutional constraints are faced in conducting CBPR (38,52). For examples,
working closely with community partners and following an equality of ownership
principle may not be supported by the constraints of an academic institution. University
institutional review board (IRB) processes may not take into account the needs of
CBPR projects (e.g., the need to be flexible and revise protocols based on community
input), overhead issues, long delays associated with data analysis and returning results
to the community, and hiring policies that require traditional job descriptions and
educational degrees.

7.2.3. Lack of Trust and Respect: Institutional History

Building and maintaining trust between the study investigators and the community
as well as between community partners is a challenge (38,53). “There is often an
understandable distrust in the community, especially marginalized communities, of the
motives of the academic institution, based on the long history of researchers collecting
data and leaving without feeding back the results or providing any benefits to the
community. Tensions also may exist between the community partners involved, for
example, if multiple ethnic groups are involved that do not have a history of prior
positive working relationships” (52).

7.2.4. Ensuring Community Participation and Influence

Related to time constraints and costs, another challenge faced by CBPR partnerships
is ensuring community participation and influence 38,53–55. The process of community
building is a very important and often overlooked step in building a “collaborative,
equitable” partnership, which requires skill and takes time and commitment on the part
of all partners to foster participation and shared decision-making.

7.2.5. Lack of Training and Experience in Conducting CBPR

Another challenge faced by many researchers and community partners is limited
training and experience in conducting CBPR. Although there is a large and growing
literature on how to carry out CBPR efforts (56), many researchers in the field have no
training or mentoring and have limited opportunity to engage in learning opportunities.
This is particularly challenging when community involvement is a requirement from
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the funding source and few researchers fully understood what the implications of that
meant. For many community partners, the conduct of research is not what they have
been trained to do, and often their experience with research has not been positive.

7.2.6. Different Emphasis on Goals, Values, Priorities,

and Perspectives

There are a number of areas where community and academic partners may differ
in their emphasis on goals, values, priorities, and perspectives (38). For example,
community partners may be eager to implement the interventions and disseminate
preliminary results, whereas researchers are concerned that the premature dissemi-
nation of results would contaminate study findings and lead to scientific criticism and
consequences for publications and future funding (52). When members of partnerships
have different values, beliefs, and cultures, it important that these various differences
not suggest a “right” or “wrong” way that partnerships should operate, only that they
consider and accommodate diverse perspectives (38).

8. LESSONS LEARNED AND RECOMMENDATIONS

In a recent article summarizing CBPR outcomes in eight Centers for Children’s
Environmental Health and Disease Prevention Research, the authors identify the lessons
learned and recommendations for the future (52). In summary, these are:

1. Sufficient time, resources, and benefits are needed for all partners to ensure active and
meaningful participation. Examples are financial resources, overhead funds, training,
technical assistance, career development and promotion opportunities, and interventions
based on research findings.

2. Considerable commitment and time are needed to establish and maintain trust. Trust is
established and maintained in CBPR partnerships through a process of frequent inter-
actions, honest and respectful communication, shared decision-making and influence,
following through on promises made, and demonstrated caring and support.

3. Jointly developing and following operating norms and CBPR principles/core values
is essential. These can go a long way in creating a common vision and clarifying
expectations of all the parties involved, and in developing processes for establishing
mutually agreed upon priorities, goals, and objectives.

4. Acknowledging and addressing power and equity issues is critical. There are often
inequities that exist among partners that are difficult to eliminate, for example, power
differences due to class, ethnicity, and gender, that play out to varying degrees even
in CBPR efforts that are trying to achieve equity, and are reflected in things such as
salary differentials, job flexibility, perceived credibility, and authority levels.

5. Funding and academic institutions need to extend their criteria for research excellence
and productivity (e.g., the randomized control trial in which one group receives no
intervention may not always be feasible or desirable within a CBPR context), and be
flexible to incorporate the input of community partners (e.g., IRB review and approval
processes). Guidelines specific to appraising CBPR, e.g., those developed by Green and
colleagues (57), should be used by both the funding agency and academic institutions
who are attempting to assess the merit of such work.

6. Commitment to translating research findings into interventions and policies is of utmost
importance. The results of basic research studies need to be shared with the community
in ways that are understandable and useful. Researchers need to commit to work with
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community partners on determining intervention and policy implications based on these
results, and joining with partners in carrying out such endeavors, or linking them with
others who can contribute to this process.

7. Hiring and training staff from the local community is essential. Not only can locally
hired staff play a critical role in all aspects of the research process—but the enhanced
knowledge and skills gained ensure a sustainable impact of the CBPR effort in the
community at-large. Community partners need to be actively involved and share
decision-making over the hiring of local community staff.

8. Recognizing, respecting, and embracing different cultures of the partners and partner
organizations are imperative for successful CBPR efforts. Although there are challenges
associated with these differences, it is the very richness and diversity of experiences,
knowledge, and perspectives that contributes to the quality, validity, and relevance of
CBPR. Partners need to recognize, respect, and embrace these differences and speak
openly about them and establish ways of building upon and celebrating the diversity
that exists.

9. CONCLUSION

As research on chemicals with endocrine-disrupting properties continues to move
from the laboratory to human subjects, community participation will be increasingly
valuable and necessary. Proving cause and effect or evaluating the effectiveness of
an intervention will require understanding the social, cultural, and educational context
within which community populations live. It will also require skill in recruiting,
enrolling, and retaining sufficient numbers of study participants who are representative
of the populations of interest. Physicians, epidemiologists, and other scientists can
benefit from interdisciplinary collaborations that borrow from and combines scien-
tific rigor with the behavioral sciences. Although still being refined and tested, CBPR
models have demonstrated success in engaging community populations in studies
research while providing benefit to both the researcher and the community.
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1. INTRODUCTION

Endocrine-disrupting chemicals are widely distributed in the environment and have
the potential to cause large-scale damage to the health of humans and other species.
Here I discuss policies that could be implemented to reduce these hazards. I examine
three frameworks for environmental policy that define a spectrum of approaches,
from a version of the status quo to comprehensive reform. I show that the problem
of endocrine disrupters is so complex and poorly characterized, because of the vast
number of chemicals in commerce and the diversity of endocrine mechanisms and
impacts, that the current framework of reactive chemical-by-chemical regulation has
little or no chance of success. To fully address the hazards of endocrine disruption
(ED), a comprehensive sustainable chemicals policy will be required, based on the
principles of Green Chemistry, Clean Production, and Precaution.

Synthetic chemicals known to disrupt endocrine-signaling mechanisms are now
globally distributed, and human exposure to these substances is truly universal (1–5).
The global burden of endocrine disrupting compounds (EDCs) exists in large part
because many of these chemicals are highly persistent, so they gradually accumulate in
the environment and are transported long distances on currents of wind and water; also,
many are hydrophobic and resistant to metabolism, so they multiply in concentration
as they move up the food web to upper trophic species, including humans (6). EDCs
disrupt hormone-regulated signaling and can thereby affect development, reproduction,
and other processes at very low doses. In some cases, human exposures are at or
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near the range at which health impacts have been documented in the laboratory (7–
13). Clear links have been established between environmental EDC exposure and
severe health impacts in wildlife (reviewed in refs. 6,14–16). Many studies suggest
that large-scale environmental exposure to EDCs may be linked to specific forms of
reproductive, developmental, neurobehavioral, and immunological impairment in the
human population (see, for example, refs. 17–35 and reviewed in refs. 6,36,37).

The purpose of this chapter is to consider steps that society might take to reduce
health hazards to humans and other species from these chemicals. I consider three
frameworks for policy. The first is the Predict and Permit approach, which dominates
current policy; this framework uses risk assessment to determine acceptable exposures
to each chemical and then permits environmental releases that are predicted not to
exceed that level. The second is an Identify and Restrict approach, which would restrict
the production and use of chemicals that are known to be endocrine disrupters in favor
of safer alternatives. The third strategy is a more comprehensive sustainable chemicals
policy, which would emphasize broad reforms in the use and regulation of all synthetic
chemicals. Although there are a virtually infinite number of possible regulatory actions,
these three define a spectrum of options from the status quo to an entirely new policy
approach; evaluating their strengths and weaknesses illuminates the issues at stake
in formulating actions to address ED. In this chapter, I pay special attention to the
complexity of EDCs’ biological mechanisms and impacts and the implications of this
complexity for potential policy approaches.

2. PREDICT AND PERMIT

In the current regulatory system in the United States—with only rare exceptions—
industrial chemicals are permitted to be produced and released, so long as discharges of
individual substances from individual facilities remain within limits predicted by risk
assessment to be safe or acceptable. The dominant methodology for risk assessment-
based regulation of each chemical involves determining a “no observed adverse effect
level” based on studies of laboratory animals; this dose is then conservatively adjusted
to yield the acceptable human exposure. Because carcinogenic chemicals have the
potential to increase cancer risk at any dose, such substances are assessed by inferring
a quantitative dose–risk relationship; regulations then attempt to limit local human
exposures to the dose associated with a maximum “acceptable” additional risk (typically
between 10−4 and 10−6). In some cases, specific pollution control technologies are
required as the best means to meet permitted levels.

For numerous reasons, this Predict and Permit framework cannot reliably address the
problem of endocrine-disrupting chemicals. First, it makes the erroneous assumption
that our knowledge of chemical hazards is more or less complete. Any substance
for which no toxicological or exposure data are available is assumed to contribute a
risk of zero. Similarly, any health impacts that have not been studied, or for which
dose–response relationships have not been quantified, are excluded from the risk
estimate. As a result, a lack of evidence is misconstrued as evidence of safety, and
untested or poorly studied chemicals go unregulated. But little or no toxicological
data are available for the vast majority of the approximately 87,000 chemicals now in
commerce (38,39), because virtually no testing is required for chemicals already on
the commercial market.
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A second flaw of the Predict and Permit approach is that by focus on licensing
“acceptable” discharges based on predicted short-term, local exposures, global contam-
ination is allowed to accumulate. Many synthetic chemicals persist in the environment
or in the food web and are transported long distances; as a result, even dilute discharges
are globally distributed and gradually build up over time to higher and higher levels.
When discharges from thousands of individual sources are each assessed and permitted
separately—even at levels that do not pose local health hazards—they contribute to a
global pollution burden that the local view never considered.

A third flaw in the current framework is that predictions of “safe” doses using
limited toxicological methods are not always reliable. “No observed adverse effect
levels” often reflect the dose at which analytical and statistical tools can no longer
detect subtle health impacts, rather than exposure levels that are truly safe. But such
subtle health impacts, when distributed among a large exposed population, may be very
important from a public health perspective. This problem is evident in the discovery
of adverse health impacts of certain substances at lower and lower levels previously
thought safe, as substances have been reassessed using more sensitive methods (11,40).
Moreover, chemicals are assessed and permitted one-by-one, but in the real world
people are exposed simultaneously to thousands of pollutants. Because the toxicity of
a substance may be radically modulated by the presence of other substances, exposure
levels predicted to be safe in isolation may cause health impacts in mixtures (41,42).

The fourth major problem with the Predict and Permit framework is that for virtually
all industrial chemicals, regulatory limits are met by using pollution control technologies.
These methods capture hazardous chemicals from one place or environmental medium
and move them to another. For example, limits on air emissions from industrial facilities
can usually be met by installing scrubbers or precipitators, but the residues from these
devices must then be disposed of in wastewater effluents or landfills, resulting in release
of the same pollutants to ground or surface waters, respectively. Moving pollutants away
from the source in this way can help avoid severe local contamination, but it does nothing
to prevent the gradual growth of a global pollution burden.

It is for these reasons that the Predict and Permit strategy has allowed global
contamination by persistent toxic chemicals, including many EDCs, to accumulate.
Designed to prevent severe local contamination by specific substances, this framework
is ill-suited to preventing the slow and diffuse global accumulation of hazardous
pollutants because of a chemical-intensive economy that produces a vast number of
substances, many of them long-lasting. Global chemical pollution exists not because
we have no regulations but because we have the wrong kind.

3. IDENTIFY AND RESTRICT

One alternative approach to address the cumulative burden of EDCs would restrict
their production and use, instead of merely limiting their releases in a local context.
This framework would begin with the recognition that there is no reliable way to
determine “acceptable” discharges of or exposures to EDCs, precisely because many
of them accumulate in the environment, are hazardous at very low doses, and can
act together to produce cumulative health impacts. This framework, then, would be
designed to eliminate production and use of identified EDCs whenever feasible, and to
reduce them as much as possible otherwise. I refer to this approach as Identify and
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Restrict, because it takes strong action against substances known to have specifically
hazardous qualities. If applied to all known endocrine disrupters, such a policy would
cause the burden of identified EDCs to decline radically.

How could such a goal be achieved? A strategy to eliminate and reduce the
production and use of known EDCs would be implemented using three related concepts:
Clean Production, Green Chemistry, and the Substitution Principle. Clean Production
is based on the common-sense idea that chemicals that are not produced do not
end up in the environment, whereas those that are produced will, to a large extent,
ultimately be discharged. Clean Production therefore shifts the focus of regulation and
technical change from the back end of industrial processes to the front end: instead of
attempting to capture and safely dispose of hazardous chemicals after they are produced,
technologies for manufacturing useful products are altered to prevent the generation
of hazardous substances in the first place. This goal is accomplished by changing
material inputs, products, and/or processes (43,44). For example, wood pulp for paper
manufacture is often delignified and bleached with chlorine gas or chlorine dioxide,
which produces large amounts of organochlorine by-products, including polychlori-
nated dibenzodioxins and dibenzofurans, which are extremely potent and persistent
EDCs. A Clean Production approach to this problem might substitute oxygen-based
chemicals such as ozone and peroxides for this purpose, eliminating the input of
chlorine and completely preventing the generation of organochlorines (45).

Many alternatives exist already for EDCs and the processes that generate them. In
addition to chlorine-free bleaching, these include substitute polymers for plastics that
contain or generate EDCs—particularly such major sources as polyvinyl chloride and
polycarbonate (46)—and non-chemical pest control methods or alternative synthetic
chemicals for endocrine-disrupting pesticides (47,48). To completely substitute for
known EDCs, however, continuing technological innovation will be necessary.

The principles of Green Chemistry (49) provide a guide for such efforts (see Box 1).
Green Chemistry is a subfield of chemical engineering, the goal of which is to design
materials and techniques that eliminate the use and generation of hazardous substances
in production, use, and disposal. Green Chemistry seeks to develop effective new
materials that degrade in the environment and are reintegrated into natural materials
cycles without causing harm to living organisms or the systems that sustain them (50).
Key goals of Green Chemical design are to avoid persistent and toxic substances, to
rely upon natural feedstocks, and to develop synthetic organic chemicals composed
only of those elements employed in natural mainstream biochemistry (carbon, nitrogen,
oxygen, hydrogen, sulfur and phosphorous, plus ionic or metallic forms of iron, zinc,
potassium, calcium, and chloride).

Box 1: Principles of Green Chemistry

• Prevention: It is better to prevent waste than to treat or clean up waste after it has
been created.

• Atom Economy: Synthetic methods should be designed to maximize the incorporation
of all materials used in the process into the final product.

• Less Hazardous Chemical Syntheses: Wherever practicable, synthetic methods should
be designed to use and generate substances that possess little or no toxicity to human
health and the environment.
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• Designing Safer Chemicals: Chemical products should be designed to effect their
desired function while minimizing their toxicity.

• Safer Solvents and Auxiliaries: The use of auxiliary substances (e.g., solvents,
separation agents) should be made unnecessary wherever possible and innocuous
when used.

• Design for Energy Efficiency: Energy requirements of chemical processes should be
recognized for their environmental and economic impacts and should be minimized. If
possible, synthetic methods should be conducted at ambient temperature and pressure.

• Use of Renewable Feedstocks: A raw material or feedstock should be renewable
rather than depleting whenever technically and economically practicable.

• Reduce Derivatives: Unnecessary derivatization (use of blocking groups,
protection/deprotection, temporary modification of physical/chemical processes)
should be minimized or avoided if possible, because such steps require additional
reagents and can generate waste.

• Catalysis: Catalytic reagents (as selective as possible) are superior to stoichiometric
reagents.

• Design for Degradation: Chemical products should be designed so that at the end
of their function they break down into innocuous degradation products and do not
persist in the environment.

• Real-time analysis for Pollution Prevention: Analytical methodologies need to be
further developed to allow for real-time, in-process monitoring and control before the
formation of hazardous substances.

• Inherently Safer Chemistry for Accident Prevention: Substances and the form of a
substance used in a chemical process should be chosen to minimize the potential for
chemical accidents, including releases, explosions, and fires.

source: ref. 49

Green chemistry applications include oxygen-based processes for disinfection,
chemical synthesis, and bleaching; the use of supercritical or liquid carbon dioxide for
cleaning and coating operations; plant-derived polymers; and non-toxic catalysts that
specifically accelerate desirable chemical reactions while reducing the production of
hazardous by-products (51).

Current regulations do not require or effectively encourage investment in Clean
Production and Green Chemistry alternatives. Indeed, by requiring commitments to
pollution control and disposal technologies, they even discourage investment in changes
to production processes themselves (52). The Substitution Principle is designed to
reorient policies toward the replacement of hazardous substances and the processes that
produce them; it requires that toxic chemicals be replaced whenever less hazardous
substitutes are available (53). To implement this principle, regulations in the Identify
and Restrict framework would require the production and use of known EDCs to be
gradually phased-out and substituted with alternative substances and processes that do
not produce EDCs or other significant hazards. For each application of an EDC, the
central question of the assessment and regulatory process would become, “Are there
safer, feasible methods for fulfilling society’s needs that do not require the use of
potentially dangerous chemicals?” If so, a timetable would be established for phase-out
of the EDC. Under the Substitution Principle, quantifying the exposure level predicted



334 Part III / Implications and Mitigations of EDCs

to be hazardous or safe for each chemical is not necessary; instead, the focus is on
identifying opportunities to continually reduce the generation of hazardous substances.

Policies based on the Substitution Principle would go far toward reducing the health
and environmental hazards associated with endocrine-disrupting chemicals. Under
current policies—that is, in the absence of this principle—the vast majority of known
EDCs remains in deliberate production today or continues to be generated as an
accidental by-product, perpetuating global contamination and exposure. In an Identify
and Restrict framework, only those EDCs that serve a compelling need and for which
no safer alternatives are available would remain in commerce. The schedule for elimi-
nation of each EDC could be determined by considering the severity of the health
threat and the economic implications of implementing the alternatives. Applications
posing less severe hazards or requiring larger investments could be phased out on a
longer timeline. Those chemicals that are the most hazardous and for which feasible
alternatives are most affordable would be phased out first.

4. CAN WE IDENTIFY ALL EDCs?

The Identify and Restrict framework I have just described would effectively
address all the EDCs that are known. Its effectiveness in protecting public health
and the environment, however, would be limited by the fact that only a fraction of
endocrine disrupting chemicals have been identified. All “unknown” EDCs would
remain completely unregulated under an Identify and Restrict program.

How significant is this limitation? It is impossible to know precisely how many
unidentified EDCs there are, but the number is likely to be large. As discussed above,
only a small fraction of the >80,000 chemicals in commerce have been subject to even
rudimentary toxicity testing for ED or for the kinds of transgenerational deficits that
are among the most important endpoints of EDC exposure. Of those substances that
have been assessed, however, scores or hundreds have turned out to be EDCs (see
lists in 6,36,54–56). If the fraction of EDCs among the vast number of unassessed
chemicals is anywhere near the fraction of EDCs among those substances that have
been well tested, then the number of EDCs yet to be identified would be extremely
large. Even if the fraction were lower by one or two orders of magnitude, then number
of unknown EDCs would be quite significant. We must therefore conclude that an
Identify and Restrict strategy, although it would represent a significant step forward,
does not in itself represent a general solution to the hazards posed by EDCs.

In principle, the problem of unknown EDCs might be addressed with an ambitious
testing program to comprehensively identify chemicals that disrupt the endocrine
system. The most ambitious such effort has been established by the U.S. Environmental
Protection Agency (EPA). The stated goal of EPA’s Endocrine Disrupter Screening
Program (EDSP) is to identify commercial chemicals, pesticides, and environmental
contaminants that are endocrine disrupters and to characterize their dose–response
relationships (57). Subjecting each chemical in commerce to the kinds of detailed
investigation required to definitively rule ED in or out would take centuries, so EPA
designed a hierarchical approach to radically streamline the process. First, existing
data on chemical production volume, exposure, and health impacts are used—together
with the results of computational and rapid molecular methods that predict binding
to hormone receptors—to prioritize chemicals thought to have the highest likelihood
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of being significant endocrine disrupters; chemicals given low priority at this stage
are not examined further. The high-priority chemicals are then screened using a few
short-term in vivo and in vitro assays, such as reporter-gene expression assays in cell
culture; chemicals that are positive in these screens move on to the next phase—
comprehensive, multigenerational testing to determine dose–response relationships for
various endocrine-mediated impacts—whereas the rest are not subject to further evalu-
ation. The program is proceeding quite slowly: eight years after it was established,
only 50 to 100 chemicals had been selected for the first round of screening, which
had not yet bugun. The European Union (EU) has also begun an ED identification
program, but this strategy is based primarily on interpretation of existing data rather
than new testing (58).

A program of this type is likely to identify many new endocrine disrupters, but
the crucial issue for the Identify and Restrict strategy is the rate of false negative
judgments about ED. Because the outcome of a false negative result is to allow an EDC
to go completely unregulated, a testing program should ideally have a false-negative
rate of zero; more realistically, that rate must be very low, given the vast number
of substances in production. If just 5% of 80,000 chemicals are EDCs, a screening
program that could identify even 95% of these substances would leave 200 EDCs
unidentified and completely unregulated. That is on the same order as the number
of substances currently known to be EDCs. Several considerations, detailed below,
suggest that no feasible testing strategy can be expected to reliably discover even the
majority of EDCs.

• Unintentionally produced chemicals. In addition to the many tens of thousands of
synthetic substances that are deliberately produced, many more are generated acciden-
tally as by-products of industrial processes or as breakdown products of environmental
or metabolic degradation. In wastes, effluents, and air emissions of reactive industrial
processes such as waste incineration, organic chemical synthesis, bleaching, and disin-
fection, the number of accidental by-products is typically in the hundreds or thousands
(see refs. 59–61 reviewed in ref.6) By-products and breakdown products are seldom
assessed; none are slated for analysis in EPA’s program. A testing strategy could be
expanded to include by-products and breakdown products, but the majority of substances
generated in the manufacture, use, and disposal of synthetic chemicals have not been
chemically identified, because of the limits of analytical methods (e.g., refs. 61,62
reviewed in ref. 6). Still, more substances are formed by breakdown and metabolism
when products and by-products are released into the environment, and many of these
are also unidentified. The majority of contaminants in human and wild fish tissues,
by number and mass, are also unidentified (37,63,64). Of course, substances whose
structures and names are not known cannot be evaluated toxicologically. Thousands of
unidentified chemicals therefore cannot be assessed; these would continue to be treated
as non-EDCs in an Identify and Restrict regime, although some may in fact cause ED.

• Diversity of hormones and receptors. Most research in ED has focused on substances
that disrupt the estrogen, androgen, and thyroid (EAT) hormones and their receptors.
These three systems are the only ones that will be assessed in EPA’s program, precisely
because they are the best studied and the only ones for which batteries of convenient
assays have been validated. Restricting regulatory assessment to only the best-studied
systems means, of course, that chemicals that disrupt the less-studied hormones and
receptors will be treated as non-EDCs and continue to be unregulated.
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How significant is this limitation? It is clear that synthetic chemicals can disrupt many
hormone-receptor systems other than the EAT receptors. There are a total of 49 members
of the nuclear receptor superfamily in humans (65), virtually all of which are potential
EDC targets. Specific chemical pollutants have already been found to disrupt signaling
by the progesterone receptor, glucocorticoid receptor, estrogen-related receptors, perox-
isome proliferator activated receptors, constitutive androstane receptor, progestin X
receptor, and retinoid X receptors (66–77). Because these receptors play crucial roles
in regulating reproduction, development, immunity, and metabolism, their disruption
has the potential to have significant health consequences. In addition to these nuclear
receptors, some synthetic chemicals are known to disrupt signaling by other receptor
families, such as the aryl hydrocarbon receptor, which regulates development, immunity,
and reproduction (78), and receptors for peptide hormones (e.g., insulin and pituitary
hormones refs. 79,80). Others pollutants can antagonize receptors for or decrease the
synthesis of neurotransmitters, including gamma-aminobutyric acid GABA, dopamine,
and serotonin, with potential impacts on neurodevelopment, cognition, and behavior
(12,81).

In principle, a testing program could be expanded to cover the biological diversity
of receptors, and an expanded database in these areas is scientifically essential (82).
A comprehensive program to test commercial chemicals for all plausible forms of ED,
however, would require orders of magnitude more time and resources than the current
program, which itself will take many years. This is clearly not a practical option when
the goal is to provide a foundation for a rapid response to reduce public health risks.
Furthermore, convenient in vitro and in vivo assays for disruption of many non-EAT
hormones and receptors have not been validated, and in many cases, even background
knowledge of the receptors’ physiological effects is inadequate to allow the design of
effective in vivo assays for the downstream impacts of their disruption. As a result, we
must conclude that the effects of chemicals that disrupt the majority of hormone-receptor
systems will remain largely unassessed for the foreseeable future.

• Diversity of mechanisms. In a hierarchical testing program, the false negative rate at early
stages is very important, because chemicals that “pass” are not tested further. Compre-
hensive whole-animal testing to identify EDCs is time consuming and resource-intensive,
so screening efforts such as EPAs typically begin with in vitro assays of receptor
binding and reporter gene expression.These methods are effective for identifying receptor
agonists and antagonists, but there are many other mechanisms by which synthetic
chemicals can and do disrupt endocrine function. For example, some pollutants reduce
hormone synthesis by inhibiting the expression of enzymes and regulatory proteins that
control the rate of biosynthetic pathways for steroid and other hormone production
(83–85). Some down-regulate expression of the receptors or scavenge hormone-binding
globulins in the blood (86–90). Others affect the turnover rates of receptors and their
associated cofactors, or sensitize the cell to the transcriptional effects of constant
hormone levels by inhibiting chromatin-modulating proteins, activating signal trans-
duction cascades that cross talk with receptors, or changing DNA methylation status
(76,91). EDCs that act through such non-traditional non-receptor mechanisms will not
be detected by rapid assays focused on receptor-ligand interactions. In an Identify and
Restrict framework, these unidentified EDCs would remain unregulated.

• Diversity of in vivo impacts. At the level of the whole organism, the manifestations
of ED are often diverse, subtle, and challenging to detect. In-depth analyses cannot be
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applied to thousands of pollutants in a reasonable period to determine definitively which
are endocrine disrupters. Relatively rapid in vivo assays can detect certain classic short-
term effects caused by endocrine disrupters, such as estrogens and androgens; these are
typically used to identify EDCs for further characterization, as in EPA’s program. They
are, however, insufficient to comprehensively identify EDCs—even those that affect
only the EAT hormone-receptor systems.

The first cause of false negatives in in vivo assays is the long delay that may separate
exposure and effect. By definition, short-term assays must exclude periods in which
organisms are most sensitive to ED, because in many cases the period of greatest
sensitivity is in utero, but the effects of such exposures do not appear until maturity
(92–95). In addition to classic “organizational” effects of early hormone exposure, EDCs
have recently been found to cause transgenerational impacts by altering gene imprinting
(96,97).

A second problem is unanticipated, non-classic endpoints. The manifestations of ED
are diverse and not easily represented in a resource-efficient testing program. Most toxico-
logical work, such as that in EPA’s screening battery, focuses on a limited number of
classic effects, such as increases in the weight of the uterus or the height of the vaginal
lining after exposure to estrogen, or acceleration of metamorphosis in frogs exposed to
thyroid hormone. But pollutants have the potential to contribute to many other functional
impacts that are under endocrine regulation, such as reduced fertility, obesity, diabetes,
behavioral changes, cognitive impairment, immune suppression, and a great variety of other
impacts (see, for example, refs. 19,74,98). In many cases, the doses of natural hormones or
xenobiotics required to produce these effects are far lower than those required for classic
impacts (99–102). For example, bisphenol A disrupts estrous cycling, alters male repro-
ductive development, and accelerates puberty in the offspring of exposed rats at very low
doses; only at very high doses does it increase uterine growth, and in some studies it does
not do so at all (103–105). It is possible to study these kinds of non-classic effects, but the
time and resources required are too great to be applied routinely to a very large number of
compounds.

• Mixture effects. Humans and other species are exposed to a complex mixture of pollu-
tants, some of which modulate each other’s effects. In some cases, the effects are
additive or inhibitory, but there are many examples of synergistic interactions among
toxic substances (for classic examples, see refs. 106,107). These typically occur when
two or more compounds contribute to the same endpoint through different mechanisms
(42). Greater-than-additive interactions have been demonstrated for various hormones
and synthetic EDs in mixtures (108–112). Antagonistic interactions are known as well
(113). When chemicals are tested only in isolation, those that produce significant effects
only in a mixture will be judged as harmless—or as much less potent than they are in a
real-world context. For example, a mixture of estrogenic pesticides, each present below
its threshold concentration, strongly stimulates proliferation of cultured breast cancer
cells; in the mixture, the no-effect level for one dichlorodiphenyltrichloroethane (DDT)
isomer is about two orders of magnitude lower than when it is assessed in isolation
(41,42). Identifying the causal role of each potential endocrine disrupter in the context
of possible mixtures is not feasible. As a result, a practical testing program is not likely
to identify endocrine disrupters that produce detectable effects only in the presence of
certain other pollutants.

• Variability across species and strains. Most toxicological studies are conducted on one
or a few common model organisms, but there can be significant differences among



338 Part III / Implications and Mitigations of EDCs

species that undermine predictions made on this basis. The chicken ER� has an affinity
for the pesticide chlordecone 100-fold higher than that of the rat (114). Endosulfan,
dieldrin, and methoxychlor bind with high affinity to the ER�of trout but not to that of
human, mouse, chicken, or lizard (115). Bisphenol A activates the steroid X receptor
(SXR) of humans, but it has no effect on the same receptor in mouse (116).

The taxonomic scope of ED extends well beyond the vertebrates normally used for
EDC identification. In mollusks, tributyltin induces imposex—development of male
reproductive organs in females—an effect that could never be predicted from tests of
vertebrates (117). Estrogen receptors have recently been discovered in protostomes, the
vast clade of invertebrate animals that last shared a common ancestor with vertebrates
more than 600 million years ago (118,119).

Substances that are endocrine disrupters only in “non-model” species could have
significant ecological effects. Lipophilic signaling molecules play critical roles in
nitrogen fixation in some bacteria (120), growth regulation in plants (121), and sexual
development in some fungi (122). Nitrogen fixation in particular has been shown to be
disrupted by bisphenol A and the pesticides pentachlorophenol and methyl parathion
(120,123).

Even within species, there are major differences in sensitivity that can result in
false-negative conclusions and underestimates of health risks to certain individuals.
The CD-1 strain of mice, commonly used in toxicological studies, suffers no repro-
ductive impairment when exposed to a dose of estrogen 16 times higher than that which
completely eliminates the maturation of sperm cells in several less frequently studied
mouse strains (124). Similarly, bisphenol A stimulates vaginal tissues to proliferate in
some but not all rat strains (125). Tests that happen to be done on the “wrong” strain or
species will yield false-negative judgments or underestimates of potency.

5. PRECAUTION: TOWARDS A SUSTAINABLE CHEMICALS POLICY

Section 4 indicate that no feasible testing program can reasonably be expected to
identify all or nearly all endocrine disrupters. Only a fraction of all synthetic chemicals
that can disrupt endocrine signaling through one or more mechanisms in one or more
species is likely to be identified. A comprehensive testing program would still be
extremely valuable: it would provide important scientific information, significantly
expand the list of known EDCs, and allow a new set of previously uncontrolled
hazardous substances to be regulated. Even with an ambitious testing strategy, however,
the Identify and Restrict framework would leave the problem of EDC exposure and
release only partially addressed. We need some way to make effective policy despite
the huge number of substances currently produced and our lack of knowledge about
how each one affects health and the environment.

The problem of ignorance is a thorny one for policy. How can substances of unknown
hazard be effectively regulated? What action can we take to prevent hazards we do not
yet understand, without inducing a kind of paralysis in which everything is forbidden?
This is precisely the challenge that the Precautionary Principle was designed to address.
This principle states that where there is reason to believe that a technological practice
may cause severe, widespread, and irreversible damage to health and the environment,
that practice should be avoided whenever possible by replacing it with the safest
available alternatives (126,127). The point of the precautionary principle is to facilitate
action to safeguard health and the environment without waiting for scientific proof
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that a specific practice has already caused specific forms of damage. The principle
has both an ethical and a scientific foundation. Ethically, waiting to take action until
after health damage has occurred and causal links established amounts to a “body
count” approach to policy. Scientifically, it is clear that natural systems are so complex,
causality is so multifactorial, and the tools available to environmental and public health
science are so blunt that proof of specific causal links is often very difficult to generate
(for a discussion, see ref. 54). The precautionary principle says simply that when the
consequences of inaction may be very high and our knowledge is incomplete, we
should err on the side of caution.

For chemicals management, precaution implies a shift in the burden of proof with
regard to the manufacture and use of synthetic chemicals. In the current policy regime, a
lack of data is misconstrued as evidence of safety, and all the untested and unidentified
chemicals are assumed to be safe. But most synthetic chemicals that have been tested
have one or more toxic effects, so this presumption is usually wrong. In a precautionary
framework, the burden of proof shifts to those who want to produce or use a synthetic
chemical; they must demonstrate in advance that their actions are not likely to pose
a significant hazard and/or that there is no safer alternative available. The focus of
scientific assessment and policymaking thus shifts from determining how much of
each chemical is “acceptable” to assessing which materials and techniques represent
the safest and most effective ways to meet social and economic goals.

When Precaution is added to the principles of Clean Production, Green Chemistry,
and Substitution, we have the elements of a comprehensive sustainable chemicals
policy. In such a framework, synthetic chemicals reasonably judged to have the
potential to cause widespread, long-term and severe forms of damage—such as ED—
would be replaced, whenever feasible, with safer alternatives, rather than continue to be
permitted in “acceptable” amounts. Two obvious questions then arise: (i) How do we
judge which chemicals are potentially severe hazards, and (ii) How do we determine
which is the safest available alternative? In both cases, science must play a central
role, but the way science is used changes fundamentally from the current system.

As for the first question, chemicals can be provisionally judged to pose poten-
tially severe hazards if they are known to have specific intrinsic qualities that justify
such concern (such as persistence, bioaccumulation, endocrine activity, mutagenicity,
or low-dose toxicity to development, reproduction, or physiological functions) or if
they are members of chemical classes whose members tend to have these properties.
Whether a class tends to exhibit these properties can be evaluated inductively—
by examining the frequency of their occurrence among class members that have
been evaluated—and based on fundamental chemical and biological principles. For
example, a prima facie case of hazard can be made that members of the class of
organohalogens can be presumed hazardous unless demonstrated otherwise, because
virtually every organohalogen ever tested has one or more of the qualities of concern,
and these properties can be explained by the effect of halogenation on the stability,
hydrophobicity, and toxicity of organic substances—particularly because of the size
and electrophilicity of the halogen atom (6,128–130). Synthetic aromatic organics and
heavy metals would likely be deemed priority classes for avoidance, as well. The vast
majority of known endocrine disrupters fall into one of these three classes.

For substances deemed potentially hazardous by these criteria, an assessment of the
availability of safer alternatives would then be undertaken. The principles of Green
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Chemistry would play a crucial role in this assessment to determine whether potential
substitutes are compatible with natural systems and technically appropriate. Various
analytical frameworks have been developed for comparing materials and production
processes and selecting the most environmentally, socially, and economically sound
options (131,132). If one or more safer and effective alternatives were determined to
be available, the hazardous substance would be subject to a timeline for phase-out.

The major concern about this strategy is that it will require substantial investment
in developing, evaluating, and installing new technologies. Because environmentally
sustainable, healthy technologies are generally viewed as economically beneficial in
the long run, a sustainable chemicals policy can be viewed not only as an environ-
mental imperative but an economic development program, as well (43). As with all
technological change, there will be economic costs and displacement, as well as many
new opportunities. As such, a Sustainable Chemicals policy cannot be implemented
haphazardly but should be developed as a long-term, carefully managed program with
transparency and extensive public input.

6. BEYOND ENDOCRINE DISRUPTION

A Sustainable Chemicals policy is intended to move beyond the reactive, piecemeal
approach that characterizes present-day regulations and catalyze a broad transformation
of the technologies of production toward sustainability and away from hazardous
chemicals. Such a change would represent a very ambitious change in policy from
the current Predict and Permit regime. It would incorporate elements of the Identify
and Restrict approach to individual chemicals but move beyond it to require a more
general process of evaluation and potential substitution for all synthetic chemicals.

Some movement in this direction is evident around the world. At the time of this
writing, the European Parliament had just approved a new EU-wide chemicals policy,
which requires chemical manufacturers to subject all high-volume chemicals currently
in commerce to toxicity testing; untested chemicals will not be allowed to remain on the
market after a specified deadline. Chemicals judged of high concern—because they are
persistent, bioaccumulative, or highly toxic—will have to be removed from the market
if suitable alternatives are available. Although there are loopholes and weaknesses
in the law that reduce its effectiveness, the new framework represents a significant
improvement over the current Predict and Permit approach used in the USA and many
other nations. In addition, Sweden, Canada, and several US states have policies that
emphasize preventative environmental management of the broad universe of synthetic
chemicals (summarized in ref. 43). The Substitution and Precautionary Principles have
both been incorporated into law and implemented as part of environmental regulations
in Norway and Sweden (53,133).

It is worth emphasizing that a Sustainable Chemicals policy is not solely or specifi-
cally focused on ED. The endocrine system is not the only low-dose target of synthetic
chemicals, and it is not the only one that is complex and diverse enough to make
comprehensive identification of every hazardous chemical nearly impossible. Nor is ED
the only type of biological impact for which the current Predict and Permit framework
has failed to protect health. Carcinogens, neurotoxicants, immunotoxicants, and devel-
opmental toxicants are also globally distributed in the environment; many are almost
certainly unidentified, and a comprehensive program would almost certainly fail to
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identify every one, just as is the case for EDCs. ED is therefore not the only kind of
impact that requires a new approach to chemical assessment and policy, and it is not
the only kind that could be successfully addressed by a new framework.

It is worth pointing out that the actions I have described as necessary to fully address
ED place very little specific emphasis on ED per se; rather, they would consider a
far broader set of potentially hazardous qualities and do not require establishing ED
as a mechanism for the biological impacts of any chemical. It is tempting to think
that a program to protect health from endocrine disrupters must begin by identifying
endocrine disrupters per se. But, as I have shown, this is not only impractical but also
unnecessary: if our goal is to prevent damage to health, establishing the mechanism
by which a toxic chemical produces such damage is of scientific interest, but it is not
necessary to reduce exposures. Solutions and strategies in engineering and policy do
not have to be conceived according to the same categories that we use to describe
biological problems. ED is a category of biological effects—or, more precisely, the
etiological mechanisms for the production of those effects—but this category does
not map clearly onto any classification of pollution sources or chemical applications.
Focusing on ED per se does not lead directly to any practical solutions.

The kinds of policies required to address EDCs are identical to those required to deal
with many other health impacts of chemical pollution. Moving toward a Sustainable
Chemicals policy, both technologically and politically, will help society to address a
range of problems that extend far beyond ED.
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