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Abstract
There is growing interest in the possible health threat posed by endocrine-disrupting chemicals (EDCs), which are substances in our environment,

food, and consumer products that interfere with hormone biosynthesis, metabolism, or action resulting in a deviation from normal homeostatic control

or reproduction. In this first Scientific Statement of The Endocrine Society, we present the evidence that endocrine disruptors have effects on male and

female reproduction, breast development and cancer, prostate cancer, neuroendocrinology, thyroid, metabolism and obesity, and cardiovascular

endocrinology. Results from animal models, human clinical observations, and epidemiological studies converge to implicate EDCs as a significant

concern to public health. The mechanisms of EDCs involve divergent pathways including (but not limited to) estrogenic, antiandrogenic, thyroid,

peroxisome proliferator-activated receptor γ, retinoid, and actions through other nuclear receptors; steroidogenic enzymes; neurotransmitter receptors

and systems; and many other pathways that are highly conserved in wildlife and humans, and which can be modeled in laboratory in vitro and in vivo

models. Furthermore, EDCs represent a broad class of molecules such as organochlorinated pesticides and industrial chemicals, plastics and

plasticizers, fuels, and many other chemicals that are present in the environment or are in widespread use. We make a number of recommendations to

increase understanding of effects of EDCs, including enhancing increased basic and clinical research, invoking the precautionary principle, and

advocating involvement of individual and scientific society stakeholders in communicating and implementing changes in public policy and awareness.
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I. General Introduction to Endocrine Disruption
An endocrine-disrupting compound was defined by the U.S. Environmental Protection Agency (EPA) as “an exogenous agent that interferes with

synthesis, secretion, transport, metabolism, binding action, or elimination of natural blood-borne hormones that are present in the body and are

responsible for homeostasis, reproduction, and developmental process.” Our understanding of the mechanisms by which endocrine disruptors exert
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their effect has grown. Endocrine-disrupting chemicals (EDCs) were originally thought to exert actions primarily through nuclear hormone receptors,

including estrogen receptors (ERs), androgen receptors (ARs), progesterone receptors, thyroid receptors (TRs), and retinoid receptors, among others.

Today, basic scientific research shows that the mechanisms are much broader than originally recognized. Thus, endocrine disruptors act via nuclear

receptors, nonnuclear steroid hormone receptors (e.g., membrane ERs), nonsteroid receptors (e.g., neurotransmitter receptors such as the serotonin

receptor, dopamine receptor, norepinephrine receptor), orphan receptors [e.g., aryl hydrocarbon receptor (AhR)—an orphan receptor], enzymatic

pathways involved in steroid biosynthesis and/or metabolism, and numerous other mechanisms that converge upon endocrine and reproductive

systems. Thus, from a physiological perspective, an endocrine-disrupting substance is a compound, either natural or synthetic, which, through

environmental or inappropriate developmental exposures, alters the hormonal and homeostatic systems that enable the organism to communicate with

and respond to its environment.

The group of molecules identified as endocrine disruptors is highly heterogeneous and includes synthetic chemicals used as industrial

solvents/lubricants and their byproducts [polychlorinated biphenyls (PCBs), polybrominated biphenyls (PBBs), dioxins], plastics [bisphenol A (BPA)],

plasticizers (phthalates), pesticides [methoxychlor, chlorpyrifos, dichlorodiphenyltrichloroethane (DDT)], fungicides (vinclozolin), and

pharmaceutical agents [diethylstilbestrol (DES)].

Natural chemicals found in human and animal food (e.g., phytoestrogens, including genistein and coumestrol) can also act as endocrine disruptors.

These substances, whereas generally thought to have relatively low binding affinity to ERs, are widely consumed and are components of infant

formula (1,2). A recent study reported that urinary concentrations of the phytoestrogens genistein and daidzein were about 500-fold higher in infants

fed soy formula compared with those fed cow’s milk formula (3). Therefore, the potential for endocrine disruption by phytoestrogens needs to be

considered.

A challenge to the field of endocrine disruption is that these substances are diverse and may not appear to share any structural similarity other than

usually being small molecular mass (<1000 Daltons) compounds. Thus, it is difficult to predict whether a compound may or may not exert endocrine-

disrupting actions. Nevertheless, in very broad terms, EDCs such as dioxins, PCBs, PBBs, and pesticides often contain halogen group substitutions by

chlorine and bromine. They often have a phenolic moiety that is thought to mimic natural steroid hormones and enable EDCs to interact with steroid

hormone receptors as analogs or antagonists. Even heavy metals and metalloids may have estrogenic activity, suggesting that these compounds are

EDCs as well as more generalized toxicants. Several classes of EDCs act as antiandrogens and as thyroid hormone receptor agonists or antagonists,

and more recently, androgenic EDCs have been identified.

The sources of exposure to EDCs are diverse and vary widely around the world. The situation is constantly evolving because some EDCs were banned

decades ago and others more recently, with significant differences between countries. In this respect, migrating people provide a model to study

cessation and/or onset of exposure depending on contamination of the original and new milieus. There are also several historical examples of toxic

spills or contamination from PCBs and dioxins that show a direct causal relationship between a chemical and the manifestation of an endocrine or

reproductive dysfunction in humans and wildlife. However, these types of single exposures are not representative of more common widespread

persistent exposure to a broad mix of indoor and outdoor chemicals and contaminants. Industrialized areas are typically characterized by

contamination from a wide range of industrial chemicals that may leach into soil and groundwater. These complex mixtures enter the food chain and

accumulate in animals higher up the food chain such as humans, American bald eagles, polar bears, and other predatory animals. Exposure occurs

through drinking contaminated water, breathing contaminated air, ingesting food, or contacting contaminated soil. People who work with pesticides,

fungicides, and industrial chemicals are at particularly high risk for exposure and thus for developing a reproductive or endocrine abnormality.

Some EDCs were designed to have long half-lives; this was beneficial for their industrial use, but it has turned out to be quite detrimental to wildlife

and humans. Because these substances do not decay easily, they may not be metabolized, or they may be metabolized or broken down into more toxic

compounds than the parent molecule; even substances that were banned decades ago remain in high levels in the environment, and they can be

detected as part of the body burden of virtually every tested individual animal or human (4,5). In fact, some endocrine disruptors are detectable in so-

called “pristine” environments at remote distances from the site they were produced, used, or released due to water and air currents and via migratory

animals that spend part of their life in a contaminated area, to become incorporated into the food chain in an otherwise uncontaminated region. Others,

such as BPA, may not be as persistent [although recent evidence (e.g., Ref. 6) suggests longer half-lives) but are so widespread in their use that there is

prevalent human exposure.

A. Important issues in endocrine disruption

A number of issues have proven to be key to a full understanding of mechanisms of action and consequences of exposure to EDCs. These have been

reviewed previously in detail (7), and several of them are listed here in brief.

1. Age at exposure
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Exposure of an adult to an EDC may have very different consequences from exposure to a developing fetus or infant. In fact, the field of endocrine

disruption has embraced the terminology “the fetal basis of adult disease” (8) to describe observations that the environment of a developing organism,

which includes the maternal environment (eutherian mammals), the egg (other vertebrates), and the external environment, interacts with the

individual’s genes to determine the propensity of that individual to develop a disease or dysfunction later in life. In this Scientific Statement, we

extend this concept beyond the fetal period to the early postnatal developmental period when organs continue to undergo substantial development.

Thus, we will henceforward use the terminology “the developmental basis of adult disease.”

2. Latency from exposure

The developmental basis of adult disease also has implicit in its name the concept that there is a lag between the time of exposure and the

manifestation of a disorder. In other words, consequences of developmental exposure may not be immediately apparent early in life but may be

manifested in adulthood or during aging.

3. Importance of mixtures

If individuals and populations are exposed to an EDC, it is likely that other environmental pollutants are involved because contamination of

environments is rarely due to a single compound. Furthermore, effects of different classes of EDCs may be additive or even synergistic (9).

4. Nontraditional dose-response dynamics

There are several properties of EDCs that have caused controversy. First, even infinitesimally low levels of exposure—indeed, any level of exposure at

all—may cause endocrine or reproductive abnormalities, particularly if exposure occurs during a critical developmental window (10). Surprisingly,

low doses may even exert more potent effects than higher doses. Second, EDCs may exert nontraditional dose-response curves, such as inverted-U or

U-shaped curves (11). Both of these concepts have been known for hormone and neurotransmitter actions, but only in the past decade have they begun

to be appreciated for EDCs.

5. Transgenerational, epigenetic e�ects

EDCs may affect not only the exposed individual but also the children and subsequent generations. Recent evidence suggests that the mechanism of

transmission may in some cases involve the germline (12) and may be nongenomic. That is, effects may be transmitted not due to mutation of the

DNA sequence, but rather through modifications to factors that regulate gene expression such as DNA methylation and histone acetylation.

B. The role of endocrinologists in discerning e�ects of EDCs

The field of endocrine disruption has particular pertinence to endocrinologists. In general, persistent endocrine disruptors have low water solubility

and extremely high lipid solubility, leading to their bioaccumulation in adipose tissue. The properties of these substances are particularly well suited

for study by endocrinologists because they so often activate or antagonize hormone receptors. There is no endocrine system that is immune to these

substances, because of the shared properties of the chemicals and the similarities of the receptors (13) and enzymes involved in the synthesis, release,

and degradation of hormones (Fig 1). Therefore, the role of this Scientific Statement is to provide perspectives on representative outcomes of

exposures to endocrine disruptors and evidence for their effects in wildlife, laboratory animals, and humans.

Figure 1
Model of the endocrine systems targeted by endocrine-disrupting chemicals as discussed in this article. This figure demonstrates that all
hormone-sensitive physiological systems are vulnerable to EDCs, including brain and hypothalamic neuroendocrine systems; ...

II. Overview of Endocrine Disruption and Reproductive Health from a Clinical Perspective

A. Clinical aspects of endocrine disruption in humans

For a clinician taking care of an individual patient, there are numerous challenges in ascertaining EDC involvement in a particular disorder. Each

person has unique exposure to a variety of both known and unknown EDCs. Individual differences in metabolism and body composition will create

considerable variability in the half-life and persistence of EDCs, as well as their degradation in body fluids and tissues. Susceptibility to EDCs may

vary according to genetic polymorphisms. In addition, human disorders are more likely the result of chronic exposure to low amounts of mixtures of

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2726844/figure/F1/?report=objectonly
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2726844/figure/F1/?report=objectonly
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2726844/figure/F1/?report=objectonly
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EDCs. The latency between exposure to EDCs and occurrence of clinical disorders creates further challenges when one attempts to establish a

relationship at the level of a given individual.

Epidemiological studies at the level of populations in a country or a region are crucial to alert researchers about geographical or secular trends in

prevalence of disorders pointing to possible environmental factors. Registries with data on particular diseases or cell/organ donors may provide

valuable contributions. For instance, the observation of adverse trends in male reproductive health together with declining sperm count in Denmark

and other countries has led to the hypothesis of environmental contaminants being harmful to reproduction (14). Unfortunately, it is virtually

impossible to make direct links between such epidemiological observations and exposure to given chemicals. Regional differences in certain

reproductive disorders (infertility, cancer) that may be tied to contamination by compounds used locally such as in agriculture, industrial accident, or

product misuse/abuse in subpopulations can also be informative (14,15). Finally, a comparison of disorders before and after migration to a new

environment may reveal exposure and/or susceptibility to exposure to EDCs (16).

As already mentioned, a critical concern is the potential lag between exposure to EDCs and the manifestation of a clinical disorder. In humans, this

period may be years or decades. In the case of reproduction, infertility cannot be assessed until the exposed individual has attained a certain age, again

resulting in a lag between early exposure and manifestation of a dysfunction. Delayed or early puberty cannot be assessed until this event actually

takes place, although timing of puberty could involve programming many years earlier during fetal life. Interestingly, an increased likelihood of early

puberty was observed in subjects born with intrauterine growth retardation (IUGR) (17,18), suggesting a link between developmental programming

and reproductive maturation. As discussed below, development of vaginal adenocarcinoma in women exposed fetally to DES (19) and the association

of carcinoma in situ in the fetal testis with the development of testicular cancer in adulthood (14,20) are examples of links between the fetal

environment and the occurrence of adult disease.

The timing of exposure is key to human disease because there are critical developmental periods during which there may be increased susceptibility to

environmental endocrine disruptors. In those cases in which disruption is directed toward programming of a function, e.g., reproductive health, this

may interfere with early life organization, followed by a latent period, after which the function becomes activated and the dysfunction can become

obvious. For reproductive function in both humans and animals, fetal life is most vulnerable because there are rapid structural and functional events.

The roles of sex steroids in sexual differentiation and thyroid hormones in brain development are of paramount importance at that time. Early

postnatal life is also a time when maturation is still rapid (e.g., the central nervous system undergoes significant development at this time, including

the hypothalamus which controls reproduction; see Section VII). The organization of the neuroendocrine control of reproduction is not completed at

birth and remains sensitive to the interaction of steroids or EDCs neonatally such as has been shown for the control of ovulation in rodents. Breast or

formula feeding could be of particular significance due to the capacity of human milk to concentrate EDCs in the former and the potential high intake

of phytoestrogens in soy milk and/or plasticizers in formula-containing cans in the latter. It is apparent that the developmental basis of adult disease is

an important concept for understanding endocrine disruption of reproductive function in humans.

B. Clinical dimorphism of EDCs on male and female reproduction

A spectrum of disorders throughout life, some of which are sexually dimorphic, can be related to endocrine disruption (Table 1). Male sexual

differentiation is androgen-dependent (and potentially estrogen-dependent), whereas female differentiation occurs largely independently of estrogens

and androgens. Therefore, it is expected that different disorders are seen in males and females as a result of EDC effects that overall mimic estrogens

and/or antagonize androgens.

Table 1
Disorders of the human reproductive system possibly involving EDCs in their pathogenesis: A sexually dimorphic life cycle perspective

In the male (Table 2), cryptorchidism, hypospadias, oligospermia, and testicular cancer have been proposed to be linked as the testicular dysgenesis

syndrome (TDS) arising from disturbed prenatal testicular development (14,21). Such links are important because they could mean that several

disorders occur at different periods throughout life in a single individual as a result of exposure to a given EDC (or mixture) at a particular period. The

epidemiological data relating TDS with environmental disruptors are indirect, and we still lack direct evidence of EDC involvement in the

pathogenesis of TDS in humans (see Section V). In the rodent, however, a TDS-like condition can be observed after fetal exposure to phthalates (20),

and the reduced anogenital distance observed in the rat (22) was observed in a recent epidemiological study on human male newborns (23). Several

studies have shown a strong association of low birth weight with hypospadias and cryptorchidism, suggesting that they have a common determinant

(15).

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2726844/table/T1/?report=objectonly
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2726844/table/T1/?report=objectonly
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2726844/table/T1/?report=objectonly
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2726844/table/T2/?report=objectonly
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Table 2
Effects of some specific EDCs on the male reproductive system

Other pathologies in males are linked to EDC exposure. Prostate hyperplasia has been described after exposure to BPA (24). In adolescence, boys born

with IUGR have small testes and elevated serum FSH, together with low inhibin B levels (18) that could be related to some of the TDS disorders.

Divergent data have been reported on effects of EDCs on pubertal timing in the male (25).

In the female (Table 3), premature thelarche has been reported in girls exposed to phthalates (26), although these data need to be replicated. Sexual

precocity presumably of peripheral origin initially and secondarily central could be related to exposure to the insecticide DDT in girls migrating for

international adoption (17). A neuroendocrine mechanism is suggested by experiments in a rodent model (27) (see Section VII). An association of

premature pubarche and ovulatory disorders with EDCs is suggested indirectly by links with IUGR at birth and metabolic syndrome in adulthood (18).

Table 3
Effects of some specific EDCs on the female reproductive system

In the adult female, the first evidence of endocrine disruption was provided almost 40 yr ago through observations of uncommon vaginal

adenocarcinoma in daughters born 15–22 yr earlier to women treated with the potent synthetic estrogen DES during pregnancy (19). Subsequently,

DES effects and mechanisms have been substantiated in animal models (28). Thus, robust clinical observations together with experimental data

support the causal role of DES in female reproductive disorders. However, the link between disorders such as premature pubarche and EDCs is so far

indirect and weak, based on epidemiological association with both IUGR and ovulatory disorders. The implications of EDCs have been proposed in

other disorders of the female reproductive system, including disorders of ovulation and lactation, benign breast disease, breast cancer, endometriosis,

and uterine fibroids (29,30,31,32).

C. Experimental and clinical evidence of EDCs and potential mechanisms

In Tables 2 and 3, some experimental and clinical observations of disturbed reproductive systems are listed for selected EDCs. The evidence from

human epidemiological studies is partial and indirect (see Section V). Mechanistic studies are ethically and practically very limited in humans and

have to rely on data obtained using animal experiments (in vivo and in vitro models), although these models can have limitations. Clinical and

experimental studies correlate DES effects quite convincingly in both sexes. In the male, rodent studies using phthalates and, to a lesser extent, PCBs

model TDS entirely or partly. In the female, some rodent studies are consistent with DDT/dichlorodiphenyldichloroethylene (DDE) involvement in

sexual precocity.

The following considerations emphasize some of the concepts emerging from the available data.

1. Heritability

There may be transgenerational effects of EDCs due to overt mutation or to more subtle modifications of gene expression independent of mutation

(i.e., epigenetic effects). Epigenetic effects of EDCs include context-dependent transmission (e.g., the causal factor persists across generations; Ref.

33) or germline-dependent mechanisms (i.e., the germline itself is affected; Refs. 12, 34, and 35). An example of germline transmission of an

epigenetically modified trait is shown in a rat model for the fungicide vinclozolin and is manifested by a higher likelihood of metabolic disorders,

tumors, and reproductive dysfunctions in the next four generations (12,34,35,36,37,38). In the case of DES, there are both human and experimental

observations indicating heritability (19,28,39).

2. Diversity and complexity of mechanisms

EDCs often act via more than one mechanism. Some EDCs have mixed steroidal properties: for example, a single EDC may be both estrogenic and

antiandrogenic. EDCs may be broken down or metabolized to generate subproducts with different properties. For instance, the estrogen agonist DDT

is metabolized into the androgen antagonist DDE (27). The balance between estrogenic and androgenic properties of EDCs can be biologically

significant because reproduction of both sexes involves an interplay of androgens and estrogens. In humans, early breast development occurs in girls

with a highly active variant of CYP3A4, a cytochrome p450 enzyme involved in inactivating testosterone (40), and premature thelarche occurs with

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2726844/table/T2/?report=objectonly
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2726844/table/T2/?report=objectonly
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2726844/table/T3/?report=objectonly
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2726844/table/T3/?report=objectonly
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2726844/table/T3/?report=objectonly
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2726844/table/T2/?report=objectonly
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2726844/table/T3/?report=objectonly
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antiandrogenic phthalates (25). Similar androgen-estrogen interactions have been reported in DES-treated rats in which reduced androgen secretion or

action sensitized the animals to the estrogenic effects of DES (41). Moreover, many organs are targeted by sex steroids and are thereby vulnerable to

endocrine disruption, including the hypothalamic-pituitary-gonadal system, breast, uterus, cervix, vagina, brain, and nonreproductive tissues such as

bone, muscle, and skin (Fig. 1). In the case of humans, a peripheral effect in the reproductive system (e.g., breast development) can result from direct

EDC effects (peripheral puberty) and/or endogenous estrogen increase through premature neuroendocrine maturation (central puberty) (17,27), but

these may be difficult to distinguish. For instance, EDC effects can involve altered ERα expression in hypothalamus (42) and epididymis (43) or

uterus (44). Along with the direct influence of EDCs on estrogen or androgen actions, they can affect endogenous steroid production through negative

and positive feedback, effects that may differ depending on developmental stage. Also, there are multiple levels of interactions with steroid action

(receptor or promoters), synthesis (e.g., aromatase stimulation by atrazine), and metabolism [e.g., sulfotransferase (45)]. Finally, there are coexisting

mechanisms not directly mediated at the hypothalamic-pituitary-gonadal (HPG) system. For instance, reproductive dysfunction can result from thyroid

disruption (46) or nonspecific interference of reduced energy intake (47).

3. Limits of translational models

The in vivo animal models may be difficult to extrapolate to humans for several reasons, including species differences in ontogeny of reproductive

system and functions, differences in metabolism of sex steroids, difficulty in estimating exposure to mixtures, and variable body burdens. As already

mentioned, exposure to EDCs is complex. For example, mixtures are likely to be the usual form of exposure to EDCs, but they are difficult to

approximate in experimental models. Moreover, the effects may not be additive; nevertheless, a combination of low doses of substances that

individually are inactive may result in a biological perturbation (48). Despite these limitations, considering the substantial conservation of endocrine

and reproductive processes across species, it is certainly reasonable to use animal models for understanding human processes, as long as these

potential differences are taken into account.

III. Clinical and Translational Impacts of EDCs on Female Reproduction

A. Introduction to female reproductive development and function

Development and function of the female reproductive tract depends on coordinated biological processes that, if altered by endogenous or exogenous

factors during critical periods of development or during different life stage, could have significantly adverse effects on women’s health and

reproductive function and outcomes. For example, the full complement of cell types in the human ovary depends on successful germ cell migration

from the yolk sac during the first trimester and differentiation into oocytes with associated somatic cells to form the functional unit of the primordial

follicle by the second to third trimesters of gestation. Factors that interfere with germ cell migration or follicle formation can result in abnormal

functioning of this tissue with significant reproductive consequences. Also, the oocyte is arrested in the diplotene stage of late prophase until meitic

divisions occur beginning at puberty (meiosis I) and after fertilization (meiosis II), and abnormalities in these processes can have a profound impact on

reproductive outcomes, such as aneuploidy, premature ovarian failure (POF), and miscarriage. In addition, whereas Mullerian tract formation begins at

8 wk gestation with fusion of the Mullerian ducts and subsequent differentiation into the uterus (endometrium, myometrium), cervix, and upper

vagina, uterine differentiation with regard to formation of luminal epithelium, glandular epithelium, and stromal components is mostly a postnatal

event, with functionality of response to steroid hormones beginning at puberty. Interference with these processes can predispose women to infertility,

ectopic gestation, poor pregnancy outcomes, and other reproductive disorders that may be programmed during development (e.g., endometriosis,

uterine fibroids). Thus, abnormal development or alterations at other times in the life cycle can alter anatomy and functionality of the female

reproductive tract and thus can alter the reproductive potential of affected individuals and their offspring.

Most female reproductive disorders are well described with regard to clinical presentation, histological evaluation of involved tissues where

applicable, and diagnostic classification. However, whereas few are polygenic inherited traits and some are due to infections, the pathogenesis of the

vast majority of female reproductive disorders is not well understood. This has hindered a preventive strategy to their development and/or

exacerbation, and in some cases limited the development of effective therapies for symptoms and associated morbidities.

A key question arises as to whether EDCs contribute to the development of female reproductive disorders, particularly those occurring during a

critical window of susceptibility: in utero, neonatally, in childhood, during puberty, and during adulthood. There are increasing data from wildlife

studies and laboratory studies with rodents, ungulates, and nonhuman primates that support a role of EDCs in the pathogenesis of several female

reproductive disorders, including polycystic ovarian syndrome, aneuploidy, POF, reproductive tract anomalies, uterine fibroids, endometriosis, and

ectopic gestation (for reviews, see Refs. 29 and 49,50,51,52,53,54; also see Table 4). Many of the mechanisms are understood and, moreover, are

conserved between animals and humans. Herein, we describe some of the clinical implications of these associations.

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2726844/table/T4/?report=objectonly
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Table 4
Female reproductive disorders and their possible relationships to EDCs: Some experimental and human data

B. Polycystic ovarian syndrome (PCOS)

PCOS is a heterogeneous syndrome characterized by persistent anovulation, oligo- or amenorrhea, and hyperandrogenism in the absence of thyroid,

pituitary, and/or adrenal disease (55,56,57). At the level of the ovary, there is recruitment and growth of follicles to the small antral stage, without

selection of a dominant, preovulatory follicle, leading to accumulation of multiple, small, antral follicles (58). Hyperfunctioning of the theca and

relative hypofunctioning of the granulosa cells accompany the acyclicity of the syndrome. Many, but not all women with PCOS have relatively high

circulating levels of LH, compared with FSH, believed to be due to insensitivity to steroid hormone feedback. However, this does not fully account for

the observed increase in thecal androgen production or the relative quiescence and sometimes frank FSH resistance of the granulosa cells. This

complex disorder likely has its origins both within and outside the hypothalamic-pituitary-ovarian axis, and metabolic, neuroendocrine, and other

endocrine regulators likely contribute to its manifestation. Obesity and insulin resistance occur in about 50% of women with PCOS, and obese women

have a 12% risk of having PCOS (59). PCOS has multiple physiological processes (e.g., neuroendocrine functioning and feedback mechanisms,

ovarian steroidogenesis, insulin resistance, and obesity) that are regulated by hormonal and metabolic parameters. Hence, endocrine disruption by

environmental chemicals may indeed contribute to the pathogenesis of PCOS.

In sheep and rhesus monkeys, prenatal exposure to high levels of testosterone results in fetal programming of PCOS traits (60). Specifically, high

levels of testosterone exposure at gestational d 40–60 and 100–115 result in rhesus monkey females who, in adulthood, have anovulatory infertility,

hypersecretion of LH, elevated circulating levels of testosterone, neuroendocrine feedback defects, central adiposity and compensatory insulin

resistance, and polycystic ovaries with ovarian hyperandrogenism and follicular arrest in adulthood (60,61). In the sheep model, a similar PCOS

phenotype, along with IUGR and compensatory catch-up growth after birth, derives from prenatal exposure to exogenous testosterone (60,62). In

rhesus monkey and sheep, unlike rodents, follicular differentiation is completed during fetal life. Thus, it is plausible that in utero exposure of human

female fetuses to androgen-like EDCs could result in PCOS in adulthood, along with associated metabolic disorders. Very recent evidence for

androgenic properties of personal-care products such as triclocarban (63) add to the possibility of environmental androgens, although a connection to

PCOS has not yet been drawn.

There are numerous candidate genes associated with predisposition to developing PCOS in women (57,64), and how and if these interact with prenatal

androgen-like factors to promote the PCOS phenotype in women has not been determined. Nonetheless, PCOS is a debilitating disorder in women,

occurring in 6.6% of the reproductive-age population (65,66,67); it is a leading cause of subfertility and is associated with increased lifetime risks for

cardiovascular disease and type II diabetes (55). In addition to these clinical impacts on patients, the cost to the health care system for PCOS diagnosis

and treatment is substantial, totaling in 2004 about $4.4 billion in the United States alone (68). These facts underscore the need to understand potential

EDC contributions to the development of PCOS in an effort to minimize such exposures and maximize prevention.

Other pathways may be involved in endocrine disruption of PCOS. Women with PCOS have higher levels of the EDC BPA (69), and increased

testosterone in these women is consistent with decreased clearance of BPA (70). Although adult exposures do not necessarily imply earlier exposures

in life, especially with EDCs of relatively short half-lives, there are data demonstrating nearly 5-fold higher levels of BPA in amniotic fluid compared

with other body fluids, suggesting significant prenatal exposure (71). Although a cause and effect of BPA and PCOS have not been demonstrated

definitively, the biological plausibility is interesting and worthy of further consideration.

C. Premature ovarian failure, decreased ovarian reserve, aneuploidy, granulosa steroidogenesis

POF (cessation of proper ovarian function before the age of 40) occurs in about 1% of reproductive-age women (72). Although in some cases the

causation is known, for the vast majority of women with POF this is not the case, and there are stages of susceptibility during organogenesis and adult

exposures that could contribute to POF.

Because the total ovarian follicle complement is established before birth in humans (73), anything that interferes with this, resulting in a decreased

ovarian follicle resting pool, can result in POF. For example, disruption of germ cell migration from the genital ridge into the developing gonad results

in ovarian dysgenesis. The resting pool undergoes a baseline level of apoptosis, and TNF-α, Fas ligand, and androgens stimulate this in the resting

pool, as well as in the growing pool (74). Also, once a cohort of follicles is recruited during a given cycle in women, survival factors (FSH, estradiol,

and growth factors, e.g., IGFs) are important for escape from apoptosis of the dominant follicle. Recent data in the mouse show that selective

activation of the K-ras pathway in the oocyte results in rapid follicular development and depletion (75). Interestingly, adult and in utero exposures of

mice to BPA have resulted in damage to oocytes (76,77). Specifically, adult exposures result in abnormalities in alignment of chromosomes on the

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2726844/table/T4/?report=objectonly
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meiotic spindle and aneuploidy, which, while not leading to ovarian senescence, does lead to aneuploid gametes and offspring (76). However, BPA

given to pregnant dams during midgestation affects the developing ovary with resulting abnormalities in meiotic prophase, including synaptic defects,

and mature animals exposed in utero have an increase in aneuploid oocytes and embryos (77). Such alterations also lead to cell cycle arrest and oocyte

death, thus depleting the complement of normal oocytes (77). Currently, there are no data on in utero or adult exposure to BPA and aneuploidy in

humans, but the possibility that there are parallels is compelling.

Interestingly, mice exposed in utero to DES, between d 9–16 gestation, have a dose-dependent decrease in reproductive capacity, including decreased

numbers of litters and litter size and decreased numbers of oocytes (30%) ovulated in response to gonadotropin stimulation with all oocytes

degenerating in the DES-exposed group, as well as numerous reproductive tract anatomic abnormalities (78). In women with in utero exposure to

DES, Hatch et al. (79) reported an earlier age of menopause between the 43–55 yr olds, and the average age of menopause was 52.2 yr in unexposed

women and 51.5 yr in exposed women. The effect of DES increased with cumulative doses and was highest in a cohort of highest in utero exposure

during the 1950s (79). These observations are consistent with a smaller follicle pool and fewer oocytes ovulated, as in DES-exposed mice after

ovulation induction (78).

Of interest are human data that demonstrate unequivocally that adult exposure in women to cigarette smoke results in decreased fecundity, decreased

success rates in in vitro fertilization (IVF), decreased ovarian reserve (higher basal cycle d 3 FSH and stimulated parameters), earlier menopause by 1–

4 yr, and an increased miscarriage rate (80,81). The mechanism appears to be mediated by the AhR-mediated apoptosis of oocytes, with accelerated

loss of ovarian follicles. Interestingly, exposure of rats to 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) in utero and through the end of reproductive

life results in a dose-dependent onset of premature reproductive senescence, likely due to direct effects on ovarian function (82).

Thus, whereas POF may occur in a relatively small percentage of the population, there are several alarming signals that should not be ignored. For

example, the age group with the fastest growing rate of involuntary subfertility is 15- to 24-yr-old women (83). Also, the known effects of

environmental contaminants on oocyte survival, aneuploidy, decreased ovarian reserve, and infertility described above underscore how much at risk

the population may be for reproductive compromise.

With regard to ovarian granulosa steroidogenesis, several EDCs have effects on this process (84). For example, TCDD (10 ppm) decreases FSH-

stimulated LH receptor mRNA expression and half-life in cultured granulosa (85). DDE increases vascular endothelial growth factor and IGF-I

expression in luteinized granulosa from IVF patients, suggesting a contribution to impaired steroidogenesis and perhaps infertility (86). Recently,

Kwintkiewicz and Giudice (87,88) have shown, in preliminary studies, that BPA decreases proliferation and FSH-induced aromatase expression via

activation of peroxisome proliferator-activated receptor γ (PPAR-γ) and increases IGF-I and IGF receptor type I in human granulosa-like tumor cells

and luteinized human granulosa from IVF subjects. These data suggest that EDCs may have local effects on ovarian function in adult women.

D. Reproductive tract anomalies

Disruption of female reproductive tract development by the EDC DES is well documented (89). A characteristic T-shaped uterus, abnormal oviductal

anatomy and function, and abnormal cervical anatomy are characteristic of this in utero exposure, observed in adulthood (90), as well as in female

fetuses and neonates exposed in utero to DES (91). Some of these effects are believed to occur through ERα (92) and abnormal regulation of Hox

genes (93,94). Clinically, an increased risk of ectopic pregnancy, preterm delivery, miscarriage, and infertility all point to the devastating effect an

endocrine disruptor may have on female fertility and reproductive health (89). It is certainly plausible that other EDCs with similar actions as DES

could result in some cases of unexplained infertility, ectopic pregnancies, miscarriages, and premature deliveries. Although another major health

consequence of DES exposure in utero was development of rare vaginal cancer in DES daughters, this may be an extreme response to the dosage of

DES or specific to pathways activated by DES itself. Other EDCs may not result in these effects, although they may contribute to the fertility and

pregnancy compromises cited above. Of utmost importance clinically is the awareness of DES exposure (and perhaps other EDC exposures) and

appropriate physical exam, possible colposcopy of the vagina/cervix, cervical and vaginal cytology annually, and careful monitoring for fertility

potential and during pregnancy for ectopic gestation and preterm delivery (89,95).

E. Uterine leiomyomas

Uterine leiomyomas (fibroids) are benign smooth muscle tumors of the myometrium that can cause morbidity for women, including menorrhagia,

abdominal pain, pelvic prolapse, and infertility and miscarriage (96). They are the most common tumor of the reproductive tract in women and

comprise the leading cause for hysterectomy and the second leading cause of inpatient surgery in the United States, with health care costs exceeding

$2 billion in 2004 (97). The prevalence rate of uterine leiomyomas is approximately 25–50%, with a preponderance occurring in African-American

women (97). The greatest risk factor in adult women is prolonged exposure to unopposed estrogen. Whether in utero exposure to DES increases a

woman’s lifetime risk of developing uterine fibroids is controversial, as the method to detect fibroids in two different studies influenced the outcome

(98,99). Specifically, in a study of 1731 women exposed to DES and 848 matched unexposed controls, no association was found (P = 0.68) when

histological confirmation after myomectomy or hysterectomy was used to document uterine fibroids (98). In contrast, when ultrasound was used to

determine the presence of fibroids in DES-exposed vs. DES-unexposed women, a significant relationship was found (odds ratio, 2.4; 95% confidence
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interval, 1.1–5.4) in DES-exposed women and uterine fibroids (99). However, there are strong animal data to support development of uterine fibroids

in adulthood after in utero exposure to EDCs, especially DES (for reviews, see Refs. 49, 50, and 52). Newbold et al. (100) reported that CD-1 mice

develop uterine leiomyomas if exposed in utero or neonatally to DES, whereas unexposed mice do not. Furthermore, the Eker rat, which has a germ-

line mutation in the rat homolog of the tuberus sclerosis complex 2 tumor suppressor gene, spontaneously develops uterine leiomyomas (101). The

number, size, and growth rate of the fibroids increase significantly when the rat is exposed to DES on postnatal d 3–5 and 10–12, but not 17–19 (102),

an effect that can be diminished with prior oophorectomy (102). These data overall strongly suggest developmental programming and gene-

environment interactions for the increased risk of uterine lyomyomas in this rat model (103). In addition to mice, the Eker rat, and some dogs, the

Baltic gray seal that has high organochlorine body burden also develops uterine leiomyomas (104). As with most environmental causes of

abnormalities in the reproductive tract (and other tissues and organs), direct cause and effect relationships are difficult to establish. However, as in

many of the other abnormalities in this Scientific Statement, the likelihood of such a relationship is plausible.

F. Endometriosis

Endometriosis is an estrogen-dependent gynecological disorder associated with pelvic pain and infertility. It occurs in 6–10% of women and up to

50% of women with pelvic pain and infertility. In 2002, the total health care costs estimated in the United States for diagnosis and treatment of

endometriosis totaled approximately $22 billion (105). There are suggestive animal data of adult exposure to EDCs and development of or

exacerbation of existing disease, and there is evidence that in utero exposure in humans to DES results in an increased relative risk = 1.9 (95%

confidence interval, 1.2–2.8) (106). Most striking are the observations of rhesus monkeys administered different doses of TCDD and their subsequent

development of endometriosis (107,108). Although this study had low sample size and confounding variables that brought into question the

relationship between endometriosis and TCDD (49,52,109), another study revealed that adult exposure of cynomolgus monkey to TCDD promotes

growth and survival of endometriosis implants (110), indicating that this EDC is involved in the progression, if not pathogenesis, of this disorder.

Similar data were obtained in rodent models of endometriosis in which human endometrium is transplanted into mouse and rat peritoneum, and the

established lesions grew larger when animals were exposed to TCDD in utero and as adults (111,112), underscoring the estrogen (and EDC)

dependence of this disorder.

There are also correlative findings of phthalate levels in plasma and endometriosis. For example, Cobellis et al. (113) found high plasma

concentrations of di-(2-ethylhexyl)-phthalate in women with endometriosis, and an association of phthalate esters with endometriosis was found

among Indian women (114). Thus, the evidence is accumulating of correlations between EDCs in the circulation of women with endometriosis,

although a cause-and-effect relationship has yet to be established, which is not uncommon in reproductive environmental toxicity.

Endometriosis is believed to be due to retrograde menstruation and transplantation of endometrial fragments and cells into the peritoneal cavity.

Because nearly all women have retrograde menstruation but relatively few have endometriosis, the disorder is also believed to involve a dysfunctional

immune response, i.e., activated macrophages in the peritoneal cavity with robust secretion of inflammatory cytokines but without clearance of

disease. An interesting model of early-life immune insult and developmental immunotoxicity suggests that in utero exposures to specific insults may

reprogram the immune system, resulting in disorders such as chronic fatigue syndrome, cancer, and autoimmune disorders. Whether this has any

relevance to the development or progression of endometriosis in adult women has not been explored but warrants further evaluation. Interestingly,

TCDD and a therapy for endometriosis, danazol, both have effects on the adult immune system, although effects on the developing immune system

are not known.

Although the infertility associated with endometriosis for the most part can be treated with advanced reproductive technologies, less success has been

achieved with treatment of endometriosis-related pain. Because the pathogenesis of the associated pain is not known with certainty, therapies are

empiric and include agents directed to minimize inflammation (nonsteroidal antiinflammatory drugs, danazol), progestins and androgens (to oppose

estrogen actions), GnRH analogs (to inhibit gonadotropin secretion and thus ovarian estradiol production), and aromatase inhibitors (to inhibit

estradiol synthesis by the ovary and endometriotic lesions), as well as surgical ablation or excision of the disease, when possible. Most of these

therapies are effective in up to 50–60% of affected women, with either intolerable side effects (e.g., profound hypoestrogenism) or recurrence of pain

(e.g., after surgery) (115). Thus, prevention is key to this disorder, as is understanding the pathogenesis so that therapies for pain can be devised

appropriately and administered.

IV. Endocrine Disruptors, Mammary Gland Development, and Breast Cancer
It has been hypothesized that the significant increase of the incidence of breast cancer in the industrialized world observed during the last 50 yr may be

due to exposure to hormonally active chemicals, particularly xenoestrogens (116). A similar increase in the incidence of testicular cancer and

malformations of the male genital tract and decreased quantity and quality of human sperm have been observed during the same half century, again

suggesting a link to the introduction of these chemicals into the environment (117) (see Sections II and V).

A. Windows of vulnerability to carcinogenic agents and “natural” risk factors
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The standard risk factors for developing breast cancer include age at menarche, first pregnancy, menopause, lactation, and parity. All of these factors

are related to lifetime exposures to ovarian hormones. It is also known that there are developmental periods of enhanced vulnerability (see Section I).

For example, sensitivity to radiation is highest during puberty. Additionally, pregnancy increases the risk of breast cancer in the short term (118) and

decreases it in the long term (119). More recently, epidemiological studies have revealed that the intrauterine environment may also influence the risk

to develop breast cancer later in life. Studies comparing human dizygotic twins and single births revealed that the propensity to breast cancer is

enhanced in female twins, and this outcome was attributed to excess estrogen exposure in dizygotic twins during gestation (120).

B. Theories of carcinogenesis

A majority of researchers support the idea that cancer is due to the accumulation of mutations in a cell [the somatic mutation theory (121)]. In contrast,

supporters of the theory of developmental origins of adult disease are proposing that changes in the epigenome play a central role in carcinogenesis

(see Section VI).

Both the genetic and epigenetic theories of carcinogenesis imply that cancer originates in a cell that has undergone genetic and/or epigenetic changes,

which ultimately results in dysregulated cell proliferation (122). 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

(123,124,125). 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 (126).

During postnatal life, the mammary gland undergoes massive architectural changes, comparable to 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 (127,128). These changes may

disturb important regulatory mechanisms and enhance the potential for neoplastic lesions.

C. Susceptibility of the breast during puberty and adulthood

Several epidemiological studies explored the link between exposure to endocrine disruptors and breast cancer incidence. In general, these are case-

control studies that usually measure exposure to a single chemical at the time of breast cancer diagnosis. This type of study has produced inconsistent

results. Prospective studies that measured exposure several years before cancer diagnosis revealed a positive link between breast cancer and chemical

exposure to toxaphene (129) and DDT (130). In particular, a study linked DDT with an increased risk of breast cancer when the exposure was

measured before 14 yr of age. This study used samples taken before the banning of DDT for agricultural use and hence represents higher exposures

than those measured today. Humans, however, are exposed to a plethora of hormonally active chemicals with different metabolic profiles. Moreover,

individuals living in the same area may be exposed to a different mixture of chemicals due to different diets and to migration history. These facts

imply that a single chemical cannot be construed as a marker of total exposure. Not surprisingly, one case-control study reported a significant

correlation between total xenoestrogen exposure and breast cancer (131).

How xenoestrogen exposure during the period of sexual maturity may result in mammary gland carcinogenesis remains unsolved; this is not surprising

because the mechanisms underlying hormonal carcinogenesis are still unknown. One possibility, compatible with all the cancer hypotheses briefly

discussed above, is that xenoestrogens may extend the length of the period of ductal growth and alveologenesis during the menstrual cycle. This

period is also characterized by proliferative activity in the glandular epithelium. For example, ductal cell proliferation in the breast is maximal from

the late follicular phase and throughout the luteal phase, i.e., when endogenous estrogen levels are high (132). The ubiquitous presence of

xenoestrogens in foods, their persistence, and their lack of binding to the plasma carrier protein SHBG (127) may result in relatively constant levels in

blood. These xenoestrogens would act additively with ovarian estrogens and thus advance by a few days the period of ductal growth. Hence, a small

and maintained increase of estrogenic activity during the period of low ovarian output could be sufficient to “promote” carcinogenesis by increasing

the number of cells that undergo proliferation menstrual cycle after menstrual cycle, an explanation consistent with the somatic mutation theory. An

alternative explanation, consistent with the tissue organization field theory, is that estrogens acting as morphogens would enhance tissue remodeling

through stroma epithelium interactions and increase the likelihood of producing alterations of tissue architecture. This notion is supported by data

showing that recombination of normal mammary epithelial cells with stroma exposed to carcinogenic agents results in the development of epithelial

neoplasias (133) and that conversely, recombination of mammary carcinoma cells with stroma from multiparous animals (which are refractory to

carcinogens) results in the normalization of the neoplastic phenotype (126).

D. Susceptibility of the mammary gland during the perinatal period

Direct evidence of prenatal estrogen exposure and breast cancer risk is being gathered from the cohort of women born to mothers treated with DES

during pregnancy and is discussed above (see Sections II and III). These women are now reaching the age at which breast cancer becomes more

prevalent. In the cohort of these women who are aged 40 yr and older, there is a 2.5-fold increase in the incidence of breast cancer compared with
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unexposed women of the same age (134,135), suggesting that indeed, prenatal exposure to synthetic estrogens may play an important role in the

development of breast neoplasms. Consistent with this, experiments in rats showed that prenatal exposure to DES resulted in increased mammary

cancer incidence during adulthood (136,137). These experiments illustrated that rats exposed prenatally to DES and challenged with the chemical

carcinogen dimethylbenzanthracene (DMBA) at puberty had a significantly greater incidence of palpable mammary tumors at 10 months of age than

animals exposed prenatally to vehicle. In addition, the tumor latency period was shorter in the DES-exposed compared with the vehicle-exposed group

(130). Both the epidemiological and experimental data are consistent with the hypothesis that excessive estrogen exposure during development may

increase the risk of developing breast cancer.

In utero exposure to tamoxifen, an estrogen antagonist and partial agonist, has also been shown to increase the incidence of mammary tumors when

the exposed offspring are challenged with DMBA at puberty. Eighteen weeks after the challenge, 95% of the tamoxifen-exposed animals developed

tumors, compared with 50% of the vehicle-treated rats (138). However, in the above-mentioned studies, both DES and tamoxifen were administered at

high pharmacological doses to reflect the medical use of these agents, whereas the effects of twinning mentioned above represent a physiological

range of endogenous hormone levels to which developing fetuses are exposed.

E. Perinatal exposure to environmentally relevant levels of endocrine disruptors

There is a third type of exposure that needs to be addressed: the inadvertent and continuous exposure of fetuses to environmentally active chemicals,

such as dioxins and BPA (Table 4).

1. Dioxins

Depending on the context (time of exposure, organ, presence or absence of estrogens) dioxins have either estrogenic or antiestrogenic effects. Despite

cross-talk between the aryl hydrocarbon and ERs (139), the mechanisms underlying these opposite effects have yet to be elucidated. Rats exposed

prenatally (gestational d 15) to TCDD and challenged with the chemical carcinogen DMBA at 50 d of age showed increased tumor incidence,

increased number of tumors per animal, and shorter latency period than rats exposed prenatally to vehicle and to DMBA at 50 d of age. These TCDD-

exposed animals had increased numbers of terminal end buds at puberty (140). Because these structures are believed to be the site where mammary

cancer arises, these results were interpreted as evidence that TCDD increased the propensity to cancer by altering mammary gland morphogenesis.

Interestingly, Fenton (31) showed that prenatal exposure to TCDD results in impaired development of terminal end buds that remain in the gland for

prolonged periods, whereas in the normal animals terminal end buds are transient structures that regress when ductal development is completed.

2. BPA, a ubiquitous xenoestrogen

The ubiquitous use of BPA provides great potential for exposure of both the developing fetus, indirectly through maternal exposure, and the neonate,

directly through ingestion of tinned food, infant formula, or maternal milk (11). Indeed, BPA has been measured in maternal and fetal plasma and

placental tissue at birth in humans (141). A recently published study conducted by the Centers for Disease Control, the first using a reference human

population, showed that 92.6% of over 2500 Americans had BPA in their urine (142). Measured urine concentrations were significantly higher in

children and adolescents compared with adults. BPA has also been measured in the milk of lactating mothers. 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 (143,144) and bind α-fetoprotein (the estrogen-binding protein that prevents maternal

estrogen from entering the circulation of the fetus) with negligible affinity relative to estradiol; this results in enhanced bioavailability during neonatal

development. BPA is present in the mouse fetus and amniotic fluid during maternal exposure in higher concentrations than that of maternal blood.

The U.S. EPA has established the safe daily intake of BPA to be 50 μg/kg body weight/d based on the assumption that the main source of exposure is

oral through food ingestion. However, recent publications suggest that food is not the only relevant source of exposure and that the half-life of BPA in

humans is longer than expected (6). Numerous publications addressing fetal exposures to BPA have used parenteral administration. This practice was

based on one hand on the fact that the fetus is exposed to BPA through the internal milieu of the mother, and on the other hand that parenteral

administration via an osmotic minipump allows for a precise and constant level of exposure. Using this route of administration, exposure of a pregnant

mouse dam to 25 and 250 ng BPA/kg body weight/d (namely, 2000 and 200 times lower than the safe dose) for 14 d beginning on d 8 gestation has

been shown to impact certain aspects of development in their female offspring. When examined on gestational d 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 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 (128). 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 postnatal d

10, in the offspring born to mothers exposed to either dose of BPA, the percentage of proliferating epithelial cells was significantly decreased relative

to those not exposed. At 30 d of age, the area and number of terminal end buds relative to the gland ductal area increased, whereas cell death in these

structures decreased in BPA-exposed offspring compared with controls. It is likely that the reduced cell death in the terminal end buds of BPA-
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exposed females may be the cause of the observed ductal growth delay because cell death 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 (145). Because of the new epidemiological data cited above and the effects found in the low-dose animal studies using

parenteral exposure, the EPA recommendations need to be reevaluated.

In animals exposed perinatally to BPA, there was also a significant increase of ductal epithelial cells that were positive for progesterone receptor 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 body weight/d (145). These results are compatible with the notion that increased

sensitivity to estrogens drives the induction of progesterone receptors 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, as reflected by a significant increase in the

percentage of ducts, terminal ends, terminal ducts, and alveolar buds (146). Additionally, intraductal hyperplasias, which are considered preneoplastic

lesions, were observed starting at 3 months of age (147).

To explore the links between prenatal BPA exposure and mammary gland neoplasia, a rat model was chosen because it closely resembles the human

disease regarding estrogen dependency and histopathology. BPA was administered to pregnant dams at doses of 2.5, 25, 250, and 1000 μg/kg body

weight/d. Fetal exposure to BPA, from gestational d 9 to postnatal d 1, resulted in the development of carcinomas in situ in the mammary glands of

33% of the rats exposed to 250 μg/kg body weight/d, whereas none of the unexposed animals developed neoplasias (148). These cancers were only

observed after the animals had reached young adult age. Fetal exposure to BPA significantly increased the number of precancerous lesions (intraductal

proliferation) by three to four times, an effect also observed in puberty and during adult life. The lesions observed in the BPA-exposed animals were

highly proliferative and contained abundant ER-positive cells, suggesting that the proliferative activity in these lesions may be estrogen mediated.

Comparable preneoplastic lesions were found in a study using a different rat strain (149). Additionally, this study found stromal alterations such as

desmoplasia and mast cell invasion; these features are often observed during neoplastic development. Moreover, when challenged with a

subcarcinogenic dose of nitrosomethylurea, only the BPA-exposed animals developed palpable tumors (carcinomas). The period of vulnerability of the

mammary gland to BPA does not cease at the neonatal stage. BPA exposure during lactation followed to exposure to the carcinogen DMBA resulted in

mammary tumor multiplicity and reduced tumor latency compared with control animals (exposed solely to DMBA) (150). These results indicate that

perinatal exposure to environmentally relevant doses of BPA results in persistent alterations in mammary gland morphogenesis, development of

precancerous lesions, and carcinoma in situ. Moreover, the altered growth parameters noted in the developing mammary gland on embryonic d 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.

In summary, exposure to estrogens throughout a woman’s life, including the period of intrauterine development, is a risk factor for the development of

breast cancer. The increased incidence of breast cancer noted during the last 50 yr may have been caused, in part, by exposure of women to estrogen-

mimicking chemicals that have been released into the environment from industrial and commercial sources. Epidemiological studies suggest that

exposure to xenoestrogens such as DES during fetal development, to DDT around puberty, and to a mixture of xenoestrogens around menopause

increases this risk. Animal studies show that exposure in utero to the xenoestrogen BPA increases this risk. Moreover, these animal studies suggest

that estrogens act as morphogens and that excessive perinatal exposure results in structural and functional alterations that are further exacerbated by

exposure to ovarian steroids at puberty and beyond. These altered structures include preneoplastic lesions, such as intraductal hyperplasias, and

carcinomas in situ. Additionally, these mammary glands are more vulnerable than their normal counterparts to carcinogenic stimuli. Exposures to

other endocrine disruptors that are not estrogenic, such as dioxins, were reported to increase breast cancer incidence in humans and to alter mammary

gland development in animal models. Collectively, these data support the notion that endocrine disruptors alter mammary gland morphogenesis and

that the resulting dysgenic gland becomes more prone to neoplastic development.

V. Male Reproductive and Developmental Health: The Human Evidence

A. Introduction to male reproductive health

The mechanisms through which environmental chemicals alter the endocrine system are elucidated through experimental animal studies and in vitro

systems. In epidemiological studies it is generally not possible to explore potential mechanisms. Nevertheless, epidemiological studies are essential to

our understanding of the potential risks, or lack thereof, of EDCs on human reproductive function and development.

Human evidence of altered male reproductive and developmental health in relation to EDCs is limited (Table 2). As has been shown in the recent

Third National Report by the Center for Disease Control (151), humans are exposed, at a minimum, to hundreds of environmental chemicals, of which

dozens are known EDCs. A major limitation of epidemiological 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 requires studying the complex

mixtures to which we are exposed. This limitation, already raised in other sections, should be kept at the forefront as the current epidemiological

evidence on health risks from EDCs is presented.

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2726844/table/T2/?report=objectonly
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For the purposes of this report, the male reproductive health endpoints under consideration include, among others: 1) disrupted reproductive function,

manifest as reduced semen quality and infertility; 2) altered fetal development, manifest as urogenital tract abnormalities, including hypospadias and

cryptorchidism; and 3) testicular germ cell cancer (TGCC).

B. Male reproductive function and development

1. TDS: A unifying hypothesis

Skakkebaek et al. (21) hypothesized that diminished semen quality, TGCC, and male urogenital tract anomalies may share a common causal pathway.

They defined this triad as the TDS. The hypothesis invokes a common pathway by which EDCs, and other environmental chemicals and genetic

factors, may lead to abnormal development of the fetal testis, producing testicular dysgenesis that can manifest as an increased risk of urogenital

abnormalities in newborn males, as well as altered semen quality and TGCC in young men. As a cautionary note, the manifestations (or symptoms) of

TDS have other causes apart from testicular dysgenesis.

It is hypothesized that TDS is due to prenatal Leydig and Sertoli cell dysfunction with secondary androgen insufficiency and impaired germ cell

development. This should not be confused with the clinical diagnosis of dysgenetic testes, which is associated with genital ambiguity and a high risk

of testicular malignancy (152). The existence of TDS as a distinct clinical entity and of possible associations with EDCs is an area of active research.

C. Semen quality: Temporal trends and EDC exposure

The epidemiological evidence on temporal trends in semen quality remains inconsistent. Some studies suggest that human semen quality has declined

during the previous 50 yr (153,154,155), whereas other studies have not reported a decline (156,157,158). Despite the potential importance and

relevance of early life exposure to EDCs, the epidemiological evidence on the relationship between semen quality and exposure to EDCs is limited to

the assessment of adult exposure to EDCs. In the cases of PCBs, pesticides (persistent and nonpersistent), and phthalates, limited epidemiological

evidence supports a relationship between adult exposure and reduced semen quality. However, most studies are cross-sectional in design; thus

exposure and semen parameters were assessed at the same point in time. Although there are few studies in humans on the effects of developmental

exposures to chemicals and semen quality in adulthood, this has been shown in animal models. Anway and Skinner (12) showed direct as well as

transgenerational effects of EDCs on semen quality after intrauterine exposure.

1. Phthalates and semen quality

The diesters of 1,2-benzenedicarboxylic acid (phthalic acid), commonly known as phthalates, are a group of manmade chemicals widely used in

industrial applications. They 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 applications, and medical devices (159,160,161). They are also used 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 (159,162,163).

Human exposure to phthalates is widespread and occurs through ingestion, inhalation, and dermal contact (160,161,162,163,164,165). Parenteral

exposure from medical devices and products containing phthalates are important sources of high exposure to phthalates, primarily di-(2-ethylhexyl)

phthalate (DEHP) (161,166). Phthalates have biological half-lives measured in hours, are rapidly metabolized, and are excreted in urine and feces

(160,161,162,163). The most common biomonitoring approach for investigating human exposure to phthalates is the measurement of urinary

concentrations of phthalate metabolites.

There are few epidemiological studies on phthalates and semen quality. A large study on male partners of subfertile couples from an infertility clinic in

Massachusetts (167,168) found associations between monobutyl phthalate (MBP; the hydrolytic metabolite of dibutyl phthalate) and below World

Health Organization (WHO) reference value sperm motility and sperm concentration. There was also a dose-response relationship between

monobenzyl phthalate (MBzP, the primary hydrolytic metabolite of butylbenzylphthalate) and below WHO reference value sperm concentration. In

contrast to the U.S. study, in a Swedish study there were no relationships of MBP or MBzP with any of the semen parameters (169). Potential reasons

explaining why the two studies found differing results include differences in age and fertility of the study populations. The Swedish study population

consisted of young men (median age, 18 yr; range, 18–21 yr) from the general population, whereas in the U.S. study the median age of the men from

an infertility clinic was 35.5 yr and ranged from 22 to 54 yr. None of the men from the infertility clinic were 21 yr of age or younger. Men presenting

to an infertility clinic may be more “susceptible” to reproductive toxicants, including phthalates, than men from the general population. Furthermore,

it is also unclear whether middle-aged men, compared with young men, are more susceptible to reproductive toxicants because of an age-related

response to the toxicant.

2. PCBs and semen quality
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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 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), because

PCBs can bioaccumulate up the food chain. As a result of their persistence and ubiquity, measurable levels of serum PCBs are found in the majority of

the U.S. general population (170). 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 (171,172). Notably, there are 209

different possible chlorine substitutions on the biphenyl backbone of PCBs, with the resulting PCB molecules having different structural, functional,

and toxicological properties (173,174).

The epidemiological evidence on the relationship between PCBs and semen quality support an inverse association of PCBs with reduced semen

quality, specifically reduced sperm motility. Such relationships have been consistently reported across studies performed in different countries (India,

The Netherlands, Taiwan, Sweden, and the United States). The associations were found across a range of PCB levels, suggesting that there was not a

threshold. The PCB levels in these studies ranged from low background levels (175,176,177), to high background levels due to consumption of

contaminated fish (178), to even higher exposure levels due to ingestion of contaminated rice oil (179,180).

3. Dioxins and semen quality

A recently published study of dioxin exposure and semen quality suggested that timing of exposure may have an impact upon the response (181). A

chemical plant explosion in 1976 in Seveso, Italy, led to environmental contamination with high levels of TCDD. Exposed men in three age groups

(1–9, 10–17, and 18–26 yr of age in 1976) were studied in 1998. Interestingly, the men exposed prepubertally (1 to 9 yr) had an inverse association

between serum TCDD concentrations and semen quality, specifically sperm count and motility, whereas the men exposed at ages 10–17 yr had a

positive association with semen quality, referred to as stimulatory by the authors. The men exposed at 18–26 yr of age had no associations of TCDD

with semen quality. Men exposed at both 1–9 and 10–17 yr of age had lower estradiol and higher FSH concentrations compared with unexposed men.

These results suggest that the timing of exposure, i.e., life stage, may have importance in determining the impact of environmental exposures.

4. Nonpersistent pesticides and semen quality

Nonpersistent pesticides (also referred to as “contemporary-use pesticides”) are chemical mixtures that are currently available for application to

control insects (insecticides), 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 nonpersistent

pesticides in use today include organophosphates, carbamates, and pyrethroids. Although environmentally nonpersistent, the extensive use of pest

control in these various settings results in a majority of the general population being 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.

Several epidemiological studies suggest an association between nonpersistent pesticide exposure and altered semen quality. Most of the data are from

occupational studies involving simultaneous exposure to several pesticides (182,183,184,185,186,187,188,189,190,191). Two recent studies found

associations between pesticide exposures representative of the general population and reduced semen quality (192,193).

In a small study on male partners of pregnant women, Swan et al. (192) compared urinary concentrations of pesticide biomarkers in 34 men with

sperm concentration, motility, and morphology below the median (defined as cases) to 52 men with above-median semen parameters (defined as

controls). They found elevated odds ratios for poorer semen quality in relation to urinary concentrations of alachlor mercapturate, 2-isopropoxy-4-

methyl-pyrimidinol (diazinon metabolite), atrazine mercapturate, 1-naphthol (carbaryl and naphthalene metabolite), and 3,5,6-trichloro-2-pyridinol

(chlorpyrifos metabolite).

In a study among 272 men from an infertility clinic, Meeker et al. (193) found inverse associations between urinary levels of 1-naphthol, a metabolite

of both carbaryl and naphthalene, with sperm concentration and motility. They also found a suggestive inverse relationship between the urinary

metabolite of chlorpyrifos (3,5,6-trichloro-2-pyridinol) and sperm motility.

In summary, in addition to evidence from occupational studies, there are limited human studies suggesting reduced semen quality in relation to

nonoccupational exposure to nonpersistent pesticides, specifically some herbicides and insecticides.

D. Male urogenital tract malformations

Epidemiological studies provide inconclusive evidence on temporal trends in cryptorchidism and hypospadias. Studies show that the prevalence of

cryptorchidism is variable and geographically specific (194), with temporal upward trends noted in some studies but not others (15,195,196). The

prevalence data for cryptorchidism are difficult to interpret because of the limitations of registry-based data and how they are obtained, changes in
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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 (197). Similarly, data for hypospadias prevalence are

difficult to interpret. Although prevalence temporally increased in some locations, other reports showed no trends over time (195,198,199,200).

Ascertainment bias may also easily exist for this anomaly, particularly for milder forms, because both false-negative and false-positive diagnoses may

be made in newborns based on circumcision status.

Epidemiological evidence for EDC exposure and cryptorchidism or hypospadias is limited. Maternal serum concentrations of PCBs, DDT, or DDE

(primary metabolite of DDT) were weakly associated or not associated with cryptorchidism or hypospadias in offspring (201,202,203,204).

The relationship of parental or general community pesticide exposure with hypospadias or cryptorchidism is suggestive (205,206,207,208,209,210),

but there is the need for further research that explores maternal and/or paternal exposure to specific pesticides with urogenital anomalies.

In one of the only human studies on phthalates and male genital development, Swan et al. (23) 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 clinical sites. In this study, the authors found significant inverse relationships between the highest maternal levels of MBP, MBzP,

monoethyl phthalate, and monoisobutyl phthalate and anogenital index (odds ratio for MBP, 10.2; 95% confidence interval, 2.5–42.2), although MEP

has not been linked to reproductive anomalies in rodent studies based on oral administration rather than transdermal, which is the route for human

exposure via its use in personal-care products (197). The implication of a reduced anogenital index in rats is well defined, but the clinical implications

of reduced anogenital index in human male infants is unknown.

In summary, the strongest epidemiological data that link EDC exposure to cryptorchidism and/or hypospadias are those suggesting an association

between residency in agricultural areas and/or measures of direct parental exposure to nonorganochlorine 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) of specific EDCs in the etiology of genital

anomalies in man.

E. Testicular germ cell cancer

Epidemiological studies show both geographical variability and dramatic recent upward trends in the incidence rate of TGCC (212,213,214,215,216).

The steep temporal rise over a relatively short period of several decades suggests that genetic factors alone cannot explain it. Therefore, environmental

and lifestyle factors have been hypothesized to play a role. Evidence for environmental and lifestyle factors is supported by migration studies in which

the first generation of immigrants have incidence rates similar to their country of origin (birth), but their offspring had rates similar to men in the

country in which they were born and raised (217).

The earliest suggestion of epidemiological evidence related to prenatal estrogen exposure and increased risk of TGCC came from a study in 1979

(218). However, other studies have not consistently confirmed these earlier results (219). At present, the evidence on EDCs and risk of TGCC is very

limited. Interestingly, in a novel case-control study on EDCs and TGCC, Hardell et al. (220,221) did not find associations between serum

concentrations of organochlorines among cases and controls and risk of TGCC, but instead found that blood organochlorine levels measured in their

mothers, decades after their sons’ birth, were predictive of increased risk. The organochlorines measured included PCBs, p,p′-DDE (primary long-

lived metabolites of DDT), and hexachlorobenzene, a fungicide. The study was small (44 case mothers and 45 control mothers), and the median time

from the fetal period until blood sampling for the cases and controls was approximately 30 yr. It is important to keep in mind that despite the long

period between the etiological relevant exposure window and measurement of organochlorines, their long half-lives, on the order of years to a decade,

makes it possible to estimate historic exposure using the mothers’ blood samples. Therefore, the limited studies suggest that in utero exposure to

environment EDCs represents the relevant etiological window of exposure. If this is borne out to be true, it will mean that epidemiologists need to

consider innovative study designs to better assess prenatal exposure windows for endpoints that may not manifest for decades. Prospective pregnancy

cohort follow-up studies for TGCC would be difficult and costly to implement because TGCC is a rare cancer and prospective study would require

unrealistically large cohorts.

F. Conclusions

This section has tried to provide highlights and insights into the current state of the epidemiological evidence on the relationship between EDCs and

male reproductive and developmental health. The overview 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. Although there is current scientific, public, and governmental interest in the

potential health risks of exposure to EDCs, the human evidence on associations of EDCs with altered male reproductive health endpoints remains

limited and, in certain instances, inconsistent across studies. This highlights the need for further epidemiological research on these classes of EDCs.

VI. Prostate Cancer
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A. Introduction to prostate cancer

Prostate cancer is the most common solid cancer in males and the second leading cause of cancer deaths in American men (222). In addition, benign

prostatic hyperplasia is the most common benign neoplasm, occurring in approximately 50% of all men by the age of 60. The basis for these high rates

of abnormal prostatic growth is not well understood despite decades of extensive research on the topic. Nonetheless, it is accepted that steroids play a

fundamental role in the initiation and progression of prostate cancer, which forms the basis for hormonal treatment strategies. Men who have

undergone early castration do not develop prostatic carcinoma (223). Charles Huggins received the Nobel Prize for his work revealing that regression

of prostate cancer can be initially achieved by castration and androgen blockade (224). In addition to androgens, it has been proposed that estrogens

are involved in the etiology of benign prostatic hyperplasia and prostatic cancer (225,226,227), and the use of antiestrogens has been recently

recognized to have a therapeutic role in prostate cancer management (228,229). The prostate gland contains both ERα and ERβ during development

and into adulthood, with ERα primarily found in stromal cells and ERβ in differentiated epithelium (230). It is also believed that prostatic

developmental events under the regulation by steroids early in life may be linked to the predisposition of this structure to high rates of disease in adult

men (231,232). Moreover, the prostate gland is particularly sensitive to estrogen exposures during the critical developmental period relative to adult

estrogenic responses (233).

The established risk factors for prostate cancer are age and race. African-American men have the highest incidence of prostate cancer worldwide, at

rates 2-fold those for Caucasian-American counterparts. Family history (genetics), diet, and environmental factors are also recognized to impact

prostate cancer risk. However, in the human population, direct connections between EDCs and prostate cancer risk have not been established. Due to

the hormonal basis of this disease and the evidence that dietary compounds high in phytoestrogens (e.g., genistein) can control prostate cancer growth

in humans, there is reasonable cause to evaluate and understand any potential relationship between environmental EDCs and prostate cancer risk.

Because there are difficulties in directly associating prostate cancer risk in humans with EDC exposures, potential risk(s) will have to be ascertained

from research with animal models, particularly those that are responsive to environmentally relevant exposures. The sections below summarize the

evidence obtained from epidemiological studies, in vitro studies with human prostate cells, and in vivo studies in animal models that indicate

associations between EDCs and prostate cancer, carcinogenesis, and/or susceptibility (Fig. 1).

B. Evidence and mechanisms for EDC e�ects on the prostate

1. Farming and pesticides

The most compelling data for a link between prostate cancer and environmental factors outside of diet in humans comes from the established

occupational hazard of farming and increased prostate cancer rates (234,235,236). Although several variables may contribute to this association,

chronic or intermittent exposures to pesticides are the most likely explanation (236,237). A large epidemiology study (Agricultural Health Study)

conducted collaboratively between the National Cancer Institute, the National Institute of Environmental Health Sciences, and the EPA examined

agricultural lifestyles and health in approximately 90,000 participants in North Carolina and Iowa since 1993 (www.aghealth.org). Evaluation of more

than 55,000 pesticide applicators revealed a direct link between increased prostate cancer rates and exposure to methyl bromide, a fungicide with

unknown mechanism of action (236). In addition, six pesticides (of 45 common agricultural pesticides) showed significant correlation with exposure

and increased prostate cancer rates in men with a familial history of the disease, suggesting gene-environment interactions. These six agents were

chlorpyrifos, fonofos, coumaphos, phorate, permethrin, and butylate (236,238). The first four compounds are thiophosphates that share a common

chemical structure. These agents are acetylcholine esterase inhibitors and have not been shown to have direct estrogenic or antiandrogenic activities.

However, a literature search found that these compounds have marked capacity to inhibit p450 enzymes. Chlorpyrifos, fonofos, and phorate strongly

inhibit CYP1A2 and CYP3A4, which are the major p450s that metabolize estradiol, estrone, and testosterone in the liver (239,240). Thus it is possible

that exposure to these compounds can interfere with metabolism of steroid hormones and, in so doing, disturb the normal hormonal balance that might

contribute to increased prostate cancer risk. A similar mechanism of endocrine disruption in vivo has been identified for PCBs and polyhalogenated

aromatic hydrocarbons (including dioxins, BPA, and dibenzofurans) through marked inhibition of estrogen sulfotransferase, which in turn elevates

bioavailable estrogens in target organs (45,241).

2. Environmental estrogens

In men, chronically elevated estrogens have been associated with increased risk of prostate cancer (227). In rodents, natural estrogens combined with

androgens induce prostate cancer (225,242). For simplicity, we herein refer to environmental estrogens as molecules with identified estrogenic activity

(estrogen mimics), primarily through ER activation.

a. DES. In utero DES exposure is an important model of endocrine disruption and provides proof-of-principle for exogenous estrogenic agents altering

the function and pathology of various end-organs. Maternal usage of DES during pregnancy resulted in more extensive prostatic squamous metaplasia

in human male offspring than observed with maternal estradiol alone (243). Although this prostatic metaplasia eventually resolved during postnatal

life, ectasia and persistent distortion of ductal architecture remained (244). These findings have led to the postulation that men exposed in utero to

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2726844/figure/F1/?report=objectonly
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DES may be at increased risk for prostatic disease later in life (245), although the limited population studies conducted to date have not identified an

association (245). Nonetheless, several studies with DES in mouse and rat models have demonstrated significant abnormalities in the adult prostate,

including increased susceptibility to adult-onset carcinogenesis after early DES exposures (246,247,248,249). It is important to note that

developmental exposure to DES, as with other environmental estrogens, has been shown to exhibit a biphasic dose- response curve with regard to

several end-organ responses, and this has been shown to be true for prostatic responses as well (250). Low-dose fetal exposure to DES or BPA (see

below) resulted in larger prostate size in adulthood compared with controls, an effect associated with increased levels of prostatic ARs. This contrasts

with smaller prostate sizes, dysplasia, and aging- associated increases in carcinogenesis found after perinatal high-dose DES exposures as noted

above. This differential prostatic response to low vs. high doses of DES and other EDCs must be kept in mind when evaluating human exposures to

EDCs because the lack of a response at high doses may not translate into a lack of negative effects at low, environmentally relevant doses of EDCs.

b. BPA. BPA is a synthetic monomer used in the production of polycarbonate plastics and epoxy resins and is one of the highest production synthetic

compounds worldwide. Importantly, conjugated BPA was detected in the urine of 93% of the U.S. population in a recent screen conducted by the

Center for Disease Control. Although the relative binding affinity of BPA for ERα and ERβ and its capacity to activate ER-dependent transcription is

approximately 1,000 to 10,000 lower than estradiol or DES (1,251), BPA was capable of activating an estrogen-responsive luciferase reporter at levels

that were 50% of 17β-estradiol activation (252). Thus, whereas BPA may have a significantly lower potency than endogenous estrogens in vitro, it is a

full agonist for both ERα and ERβ. Furthermore, BPA induces ER through nongenomic pathways with an EC  equivalent to 17β-estradiol, suggesting

that in vivo estrogenic activity of BPA may be due to nongenomic activation of ER (253,254).

The carcinogenic potential of BPA was recently evaluated by an expert panel convened by the EPA and the National Institute of Environmental Health

Sciences, and the written report, which includes prostate cancer findings, has been published (255). In summary, there is evidence using in vitro

prostate cell cultures and rodent models showing that BPA can modulate prostate cell proliferation and increase susceptibility of the prostate gland to

hormonal carcinogenesis. Using transcriptional assays, BPA (1 n�) was found to activate a mutated AR (AR-T877A) that is frequently found in

advanced prostate cancers of patients who relapsed after androgen deprivation therapy (256). Furthermore, BPA exposure led to unscheduled cell

cycle progression and cellular proliferation in the absence of androgen in LNCaP cells that expressed this mutant AR. Because BPA had no impact on

wild-type AR, these findings demonstrate that the common gain-of-function AR mutant had attained the ability to utilize BPA as an agonist.

Importantly, the BPA effects were greatest at lower doses of BPA compared with high-dose exposures. In vivo analyses of the impact of BPA on

human prostate tumor growth and recurrence was performed utilizing a xenograft model (257). At low doses equivalent to human exposures, prostate

tumor size increased after BPA exposure when compared with placebo control mice. Additionally, mice in the BPA cohort demonstrated an earlier rise

in prostate-specific antigen (biochemical failure), which indicates that BPA significantly shortened the time to therapeutic relapse. These outcomes

underscore the need for further study of the effects of BPA on tumor progression and therapeutic efficacy.

Recent studies using a rat model have shown that early-life exposure to environmentally relevant levels of BPA can increase susceptibility to prostate

carcinogenesis, possibly by developmentally reprogramming carcinogenic risk (122,258). Rats were exposed to low doses of BPA (10 μg/kg body

weight) during the early postnatal period when the prostate undergoes morphogenesis. In adulthood, estradiol levels were elevated 3-fold through the

use of implants for 16 wk. Rats exposed neonatally showed a significant increase in the incidence (100 vs. 40%) and grade of prostatic intraepithelial

neoplasia lesions compared with rats neonatally exposed to oil alone. These lesions in BPA-exposed rats exhibited high levels of proliferation and

apoptosis suggestive of perturbed homeostasis leading to pathological lesions. Furthermore, prostates from BPA-exposed animals were shown to have

permanent epigenetic changes with altered DNA methylation patterns in multiple genes that resulted in altered gene transcription. Together, these

findings indicate that BPA may “imprint” the prostate through epigenetic modifications, resulting in predisposition to carcinogenesis.

c. PCBs. PCBs are persistent organic pollutants that are fat-soluble and bioaccumulate in human body fat deposits. Many PCBs have estrogenic or

antiandrogenic activity and as such, may perturb the prostate gland. A recent analysis in Swedish men with and without prostate cancer of adipose

tissue PCB concentrations revealed a significant association between PCB levels in the higher quadrants and prostate cancer odds ratio, with the most

marked associations for PCB 153 and transchlordane (259). An extensive epidemiological study of capacitor manufacturing plant workers exposed to

high levels of PCBs revealed a strong exposure-response relationship for prostate cancer mortality (260). These results support previous findings of

correlations between PCB 153 and 180 and prostate cancer risk in electric utility workers (261,262). Although estrogenic activity of these compounds

is a suspected mode of action, there is also evidence that PCBs inhibit estrogen sulfotransferase activity in the liver and effectively increase

bioavailable estrogen in the body (45). Further investigation using animal models is warranted for PCBs and prostate cancer risk.

d. UV �lters. Recent reports have shown that UV light filters used to protect against the sun have estrogenic activity (263). In particular, 4-

methylbenzylidene camphor and 3-benzidene camphor are ERβ ligands (264). Although there are no studies on these UV filters and human prostate

cancer, two reports indicate that early life exposure to these compounds can alter prostate gland development, growth, and gene expression in the rat

prostate (263,265). Thus, it is possible that the fetal prostate in humans may be affected after maternal use of these compounds, although this remains

to be examined.

e. Cadmium. Cadmium has been shown to act as a ligand for the ER and function as an estrogenic mimic. Although some large epidemiological studies

indicated a relationship between cadmium exposure and rates of prostate cancer, these findings have been challenged in other reports (266). Cadmium

50
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has been shown to have proliferative action on human prostate cells in vitro through an ER-dependent mechanism, and this exposure was associated

with progression to androgen independence (267). In addition, prostatic tumors have been experimentally induced by oral exposure to cadmium (268).

Because cadmium bioaccumulates in the body, further epidemiological analysis of cadmium and prostate cancer risk is warranted, particularly in men

with occupational exposures.

f. Arsenic. Exposure to arsenic has long been associated with a number of diseases, including cancers (269). More recently, it has been documented

that arsenic may mediate some of these effects through endocrine disruption, specifically through interaction with ERs and activation of estrogen-

regulated genes (270). A recent report has found that arsenic induced malignant transformation of prostate epithelial cells in vitro, driving them toward

an androgen-independent state (271). Progression to androgen-independent growth was shown to be mediated through Ras-MAPK pathways, and

thus, it is possible that membrane ERs may mediate this effect. Epidemiological studies have shown an association between arsenic exposure and

prostate cancer mortality in Taiwan (272), a finding that was substantiated in a more recent study in the United States (273). Thus it remains a

possibility that endocrine disruption by arsenic can contribute to prostate cancer risk, and further research on this topic is essential.

3. Antiandrogens

Endocrine disruption that might affect the prostate gland can also be derived through antiandrogenic pathways. Because prostate cancer is an

androgen-dependent disease, a brief review of known effects of some of these agents on the prostate gland is presented.

a. Vinclozolin. Vinclozolin is a fungicide that is used as a pesticide on crops. It possesses known antiandrogenic properties through interference with

AR activity (274). Rats exposed to vinclozolin during early development were reported to have reduced prostate gland growth and size (275).

Recently, maternal exposure to vinclozolin was shown to produce transgenerational effects with adverse consequences on the prostate gland, including

atrophy and prostatitis for four generations (34,276). However, because vinclozolin functions through AR antagonism, it is unexpected that

vinclozolin will lead to prostate cancer.

b. DDT/DDE. DDT and its metabolic derivative p,p′-DDE were widely used as pesticides in the United States, and their use is still in effect in other

countries. Although many reproductive abnormalities have been found with DDT/DDE, there is no known association between its exposure and

prostate cancer risk (277). Again, due to its antiandrogenic actions, it is not expected to drive prostate cancer. A number of key questions remain

unresolved but merit future investigation, not just in prostate cancer but in other fields (Boxes 1 and 2). Spanning from the molecular to the clinical,

they highlight the need for a better understanding of the pathogenesis of prostate cancer and the potential role of EDCs in this process.

BOX 1. Recommendations for research on prostate cancer

It remains unclear whether EDC exposures directly induce or promote prostate cancer. If either occurs, it will be necessary to determine the

mode of action.

It will be important to determine whether estrogenic or antiandrogenic EDCs modulate disease risk or progression in the adult male. One

possibility may be that EDC exposure may influence prostate cancer susceptibility in subpopulations of men. If so, it would be important to

determine the other risk factors that EDCs might synergize with to influence prostate cancer incidence and/or progression.

It is unknown whether there is an additive or synergistic effect from EDC mixtures and prostate cancer risk or growth.

It is necessary to determine whether the in utero developing human prostate is sensitive to EDCs and whether this may influence the prostate

cancer risk in the aging male.

Epidemiology studies need to be undertaken to evaluate the long-term outcome for prostate cancer incidence, grade, stage, and progression in

DES-exposed sons.

The most appropriate life stages for examining EDC and prostate cancer risk need to be assessed.

An unexplored and important issue is whether there may be a transgenerational risk for prostate cancer as a function of EDC exposures.

Are there epigenetic pathways that mediate developmental exposures to EDCs and prostate disease with aging?

It will be important to establish molecular markers for EDC exposures as they relate to prostate disease risk.

BOX 2. Recommendations for research and practice regarding EDCs

Clinical research

In newborns with IUGR and/or anomalies of sexual differentiation including cryptorchidism and hypospadias, screen for EDCs in

maternal serum and in breast milk, and archive biological samples for further screening.
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Prioritize a search for early (i.e., neonatal period and infancy) biomarkers of EDC effects and early indicators of exposure to EDCs

during fetal life.

Identify groups at high or low risk of exposure to EDCs for prospective studies correlating indicators of early exposure with

subsequent clinical characteristics throughout infancy, childhood, and adolescence.

Search for and study polymorphisms in enzymes (e.g., CYP enzymes) that predispose groups/individuals to greater/lesser

vulnerability to EDCs.

Develop intervention strategies to decrease or reverse the influence of EDCs on prostate health.

Identify the chemical or chemicals in pesticides that negatively impact risk for prostate cancer, breast cancer, endometriosis, and

others in humans.

Develop markers for total xenoestrogens or antiandrogen exposure in humans.

Basic science

Molecular studies in vitro and with in vivo animal models are needed to identify pathways for EDC influence on endocrine tissues.

The mechanisms by which EDCs affect neuroendocrine systems need to be ascertained. In addition, studies on EDCs on several of

these systems are very underrepresented, and these fields need to be expanded.

Roles of steroid and nonsteroid pathways need to be better differentiated and ascertained.

More information on low-dose effects of EDCs and their mechanisms is needed.

The transgenerational, epigenetic effects of EDCs need to be much more broadly studied across different endocrine and

reproductive systems.

The interaction of EDCs with central nervous system developmental processes dependent on thyroid hormones (e.g., cochlear

development) or sex steroids (e.g., hippocampal development) warrant early in vitroand in vivostudies.

The effects in animal stem cells or progenitor cells in different tissues could decipher EDC-sensitive genes possibly used as

reporters in early biomarking.

Basic science research on effects of EDCs on diabetes and glucose intolerance is merited.

There is a gap in knowledge about the mechanisms by which EDCs act as ″obesogens,″ particularly in how these processes

develop.

Epidemiology

Large prospective epidemiological studies need to be undertaken to examine the relationships between EDC exposures, particularly

agents with estrogenic and antiandrogenic activity, and relevant endpoints as identified in this report. The National Children’s Study

will be especially critical to this undertaking.

Identify populations or subgroups with high exposures to EDCs and conduct exposure-response studies among these populations.

Perform epidemiological studies that incorporate measurement of exposure to multiple EDCs, allowing for the study of human

health effects from chemical mixtures.

Develop and incorporate validated biomarkers of EDC exposures and relevant outcomes into new and ongoing epidemiological

studies.

Observations from occupational and environmental exposures in humans and their corresponding disease states should inform what

animal studies should be performed and which EDCs should be studied, and should be used to inform policy decisions regarding

human exposures to EDCs.

Clinical practice

Set up early detection programs for testis cancer in the follow-up management of infertile men with poor semen quality.

Take a careful history of onset of reproductive disorders along with an occupational and environmental exposure history.
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Think ″epidemiologically″ about the patients: that is, consider possible exposure to EDCs in geographical or community subgroups

showing unexpectedly high prevalence of any of the disorders possibly related to EDCs.

Clinicians can advise patients about exposures, minimizing risks, and abiding by the ″precautionary principle″ to preserve their

reproductive health and that of generations thereafter.

Health care professionals need to be educated in sources and effects of environmental contaminant exposures in utero and across

the life span.

Health care professionals need to have access to straightforward and accurate health information tools to share with patients.

Clinicians should be made aware of the potential risks posed by EDCs. This would, for instance, help them to seek evidence for

exposure when treating patients presenting with early thelarche or puberty.

VII. Neuroendocrine Targets of EDCs
The central neuroendocrine systems of the body serve as an interface between the brain and the endocrine systems in the rest of the body. These

neuroendocrine systems control diverse functions such as reproduction, stress, growth, lactation, metabolism and energy balance (including thyroid),

osmoregulation, and other processes involved in homeostasis. Considering that these neuroendocrine systems mediate the ability of the organism to

respond to its environment through rapid (neuronal) and more sustained (endocrine) responses, it is not surprising that they are targeted by

environmental EDCs (reviewed in Refs. 7, 278, and 279). Furthermore, neuroendocrine cells in the brain have both neuronal and endocrine properties,

which is important in the context of endocrine disruption because EDCs can have neurobiological and neurotoxic effects (279), along with the

endocrine effects discussed in this Scientific Statement.

The physiological processes controlled by central neuroendocrine systems are highly complex, making an understanding of neuroendocrine disruption

a particular challenge. Each of these neuroendocrine systems comprises several interdependent levels of organization: the brain (specifically the

hypothalamus), the pituitary gland, and often a target organ. These levels of organization may each produce a unique hormone(s) or a complex protein

(e.g., breast milk), and each level also responds to the hormones produced by the other levels via feedback mechanisms (280). Here, we will discuss

the evidence for central neuroendocrine systems as targets for EDCs (Fig. 1). The bulk of the literature to date has studied primarily the reproductive

(HPG) system and secondarily the thyroid neuroendocrine system. The latter will be considered in detail in Section VIII, so the former (reproductive

neuroendocrinology) will be the focus of the current discussion. Other neuroendocrine systems remain understudied and are only briefly mentioned.

Nevertheless, they merit much more investigation in the future.

A. Endocrine disruption of reproductive neuroendocrine systems

1. GnRH neurons

Of the neuroendocrine systems, the reproductive HPG axis is best studied in the arena of endocrine disruption. The control of reproductive

neuroendocrine function involves a group of neurons in the basal hypothalamus that synthesize and release the decapeptide GnRH (281). GnRH

release drives reproduction throughout the life cycle, and this is the primary stimulus to the rest of the reproductive axis (the pituitary and gonads).

GnRH release stimulates gonadotropin release from the anterior pituitary gland, which in turn activates steroidogenesis and gametogenesis in the

ovary and testis. Steroid hormones produced by the gonad act on other target tissues that express estrogen, progestin, and/or ARs, a concept that is

fundamental to endocrine disruption because so many EDCs act to interfere with steroid hormone actions. A second important concept is that sex

steroids also control the hypothalamic GnRH neurons, but this involves indirect effects because GnRH neurons do not express most of the receptors

for steroid hormones (282). This introduces the important point that other cells in the brain that express steroid hormone receptors and that regulate

GnRH cells through afferent neural inputs are targets for EDCs. These points also relate to evidence that EDCs can act upon neurotransmitter systems

that, at first glance, may not seem to have relevance to neuroendocrine control. For example, EDCs have been shown to cause neurotoxicity of

noradrenergic, serotonergic, dopaminergic and other neurotransmitter-containing neurons (reviewed in Refs. 2 and 279). Considering that all of these

neuronal types have been shown to express steroid hormone receptors and all of these cell types can project to and regulate GnRH neurons (281), this

is a mechanism for convergence of effects of EDCs on the link between neural and endocrine systems.

One of the biggest challenges with the neuroendocrine system is gaining access to it. Hypothalamic neuroendocrine cells such as GnRH neurons are

located in the hypothalamus at the base of the brain, making them difficult to access in animal models and impossible in humans. The hypothalamic-

releasing hormones are not released in sufficiently high quantities to be detectable in peripheral circulation. Therefore, assays of hypothalamic

function rely on hormone measurements of their corresponding pituitary hormones. If the pituitary sensitivity to hypothalamic output is compromised,

then it is impossible to distinguish a primary hypothalamic or pituitary effect of an EDC. This has necessitated the use of animal models or in vitro

assays to directly ascertain effects of EDCs on neuroendocrine peptide gene expression or release.

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2726844/figure/F1/?report=objectonly
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A reliable model for the GnRH system is the hypothalamic GT1 cell lines that have been used for nearly two decades as a proxy for the GnRH neuron

in vivo (283). For example, PCBs (284) and organochlorine pesticides (methoxychlor, chlorpyrifos) (285) have been tested in this context. Application

of these EDCs to GT1 cells caused significant changes in GnRH gene expression, GnRH peptide release, and the morphology of the GT1–7 cells.

Interestingly, these substances often acted by nonlinear dose-response curves, with intermediate dosages exerting the greatest effects, typical of

hormonally-active substances (286,287). Moreover, unlike traditional toxicological studies, effects of these environmental contaminants were in many

cases stimulatory to the GnRH response. When comparisons were made to estradiol, at least some of the effects of these EDCs mimicked effects of

estrogens on GT1 cell morphology, proliferation, and gene expression. In addition, blockade of ERs with ICI 182,780 diminished some of the actions

of EDCs. Together, these data suggest that EDCs may directly target GnRH cell lines. Nevertheless, caution must be taken in interpreting these data,

because the GT1 cells express some molecules not detectable in the animal’s GnRH cell, including some nuclear steroid hormone receptors. Other cell

line models for neuroendocrine cells are available and may be useful in screening substances for neuroendocrine disrupting activities.

Studies using explanted hypothalamic dissections in a perifusion model from 15-d-old female rats tested effects of several EDCs on glutamate-evoked

GnRH release, the latter model used as a reliable way of stimulating GnRH secretion (288). Of the EDCs tested, o,p′-DDT had the greatest stimulation

of glutamate-evoked GnRH release, and BPA had a lesser effect. Not all EDCs were stimulatory; methoxychlor and p,p′-DDE had no effect in this in

vitro model. Collectively, these data suggest EDC effects on GnRH release in a hypothalamic explant model (288). Finally, antagonists to the ER or

AhR blocked effects of DDT, suggesting mediation of these endocrine-disrupting properties by these nuclear receptors and invoking a potential

mechanism of action. In another study, this same group showed that DDT, but not DDE, decreased the interpulse interval of GnRH pulses (i.e.,

increased pulse frequency), again consistent with stimulatory effects of these EDCs on GnRH release (27).

Mammalian in vivo studies also implicate GnRH neurons as targets for EDCs. O'Byrne’s laboratory (289) has shown that coumestrol suppresses LH

release (a proxy for GnRH) and the GnRH pulse generator. Bourguignon’s laboratory (27) reported that DDT accelerated the timing of puberty in

female rats and altered the LH response to GnRH, although surprisingly, this was decreased in the DDT animals. Not all aspects of GnRH function are

affected by all EDCs: Patisaul et al. (290) showed that expression of the immediate early gene fos in GnRH neurons was not altered by neonatal

genistein or BPA. By contrast, data from Gore’s laboratory (291) suggest that EDCs can stimulate GnRH mRNA levels in laboratory rats. In the

rabbit, prenatal vinclozolin (an endocrine-disrupting fungicide) decreased numbers of GnRH neurons in selected brain regions (292). Together, these

results suggest actions of EDCs on GnRH neurons, although much more research is necessary to reconcile these data and better understand the

mechanisms. These findings are not really surprising, considering that GnRH neurons act as the interface between endocrine and neural systems, but

they are important because they show this level of regulation with the HPG axis.

Studies in fish also demonstrate effects of EDCs on the GnRH system. The strongest work has been published by the collaboration of Khan and

Thomas (293). Using the Atlantic croaker as an experimental model, these labs showed that PCBs decreased preoptic-hypothalamic GnRH content,

pituitary GnRH receptors, and the LH response to GnRH challenge (293). This effect was mimicked by an inhibitor of serotonin synthesis suggesting

the possible mediation of effects of PCBs by the serotonergic pathway.

2. EDC e�ects on sexually dimorphic brain regions and behavior

The regions of the hypothalamus that control reproductive neuroendocrine systems undergo development during specific time periods, in large part

due to exposures to endogenous steroid hormones such as estrogens and androgens. Although this is a simplification, it is speculated that the brains of

male mammals become masculinized and defeminized due to actions of estradiol and testosterone produced by the developing (embryonic and early

postnatal) testis. In female rodents, the best-studied model for endocrine disruption, the ovary is relatively quiescent during these developmental

periods, and their brains are thought to be feminized and demasculinized due to the relative absence of exposure to these steroid hormones (reviewed

in Ref. 294). However, it is important to note that the human ovary does produce estradiol (295), so there are species differences. Nevertheless, the

developmental basis of adult disease applies to the development of the reproductive neuroendocrine system through actions during critical periods of

sexual differentiation.

It should be apparent that exogenous hormones that may perturb steroidal actions through actions such as binding to steroid receptors, changing

steroid metabolism, and others would have effects on the developing neuroendocrine system in a sexually dimorphic manner. There has been

considerable and consistent research that shows that PCBs, phytoestrogens, fungicides, pesticides, and other xenobiotics can disrupt brain sexual

differentiation (294). This type of disruption has a high likelihood of affecting both reproductive physiology and behavior later in life, and indeed,

there is strong evidence in rodent models that reproductive success is diminished as a consequence (reviewed in Ref. 7). Early life exposure (late

embryonic and/or early postnatal) to low doses of PCBs (296,297,298) or soy (299) significantly and adversely affected mating behaviors in female

rats. Early postnatal treatment with coumestrol (a phytoestrogen) diminished masculine and feminine sexual behaviors (300,301). These results are

consistent with a functional outcome for effects of EDCs in the neuroendocrine hypothalamus.

A recently published collaborative study demonstrated significant effects of prenatal vinclozolin on mate preference behavior in F3 descendents. In

brief, pregnant rats were treated with vinclozolin or vehicle. The F1 vinclozolin male offspring developed latent disease in adulthood, consistent with

the developmental basis of adult disease (35). Moreover, this phenotype was passed on to subsequent generations (through F3) via paternal germline
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transmission, due to epigenetic modification of specific genes. We evaluated the attractiveness of the male F3 vinclozolin descendents in comparison

to F3 vehicle descendants in a mate preference test in which females were given the opportunity to spend time with a descendent of both treatments.

The results showed a profound difference, with females spending significantly more time with an F3-vehicle compared with an F3-vinclozolin

descendant male (302). These results show differences in behavior, as well as evolutionary impact on mating success, caused by endocrine disruption.

Notably, these F3 descendants had no personal body burden or exposure to vinclozolin, and it has been postulated that the basis of the discrimination

in the mate choice test was due to a transgenerational, epigenetically transmitted trait (302).

B. Hypothalamic-pituitary-adrenal (HPA) e�ects of EDCs

As articulated by Harvey et al. (303), “The adrenal is arguably the neglected organ in endocrine toxicology, and the lack of recognition of the

importance of adrenal function in a regulatory endocrine disruption context and the need for an adrenal toxicology assessment strategy has been

pointed out.” Numerous pharmaceuticals can affect the HPA axis, but this phenomenon has not, to our knowledge, been systematically studied for

EDCs. Findings that the HPA axis is sensitive to HPG hormones suggest a potential mechanism by which EDCs may disrupt the HPA axis as well.

Alternatively, EDCs may act directly upon the glucocorticoid or mineralocorticoid receptors or on steroidogenic pathways. EDCs including PCBs,

dioxin, lindane, and others can affect synthesis of adrenal steroids, but specific effects on the neuroendocrine control of HPA function are lacking

(303). This is an important area for future research.

C. Thyroid, metabolism, and growth

The hypothalamic-pituitary-thyroid (HPT) axis provides a critical test of the developmental basis of adult disease hypothesis because normal

development and the acquisition of adult functions are dependent upon a euthyroid environment in the developing organism (304). Just a few

examples are provided in this section because Section VIII provides a comprehensive review of endocrine disruption of thyroid systems. In rats, PCB

congeners can affect the HPT axis at several levels, including a reduction in the T  or TSH response to TRH (305). Low-dose exposure of pregnant

rats to polybrominated diphenyl ether (PBDE) on d 6 of gestation reduced T  levels in both dams and offspring (the latter measured on postnatal d 22),

although it is unknown whether this is due to direct thyroid or neuroendocrine actions (306). Gray seals with higher blubber concentrations of

industrial organochlorine compounds have lower total and free T  concentrations (307). Considerably more information on the subject of thyroid

disruption is provided in Section VIII.

The control of metabolism and energy balance extends well beyond the HPT axis. In the context of endocrine disruption, there are reports on effects of

fetal DES, the prototypical estrogenic endocrine disruptor, on obesity in adulthood and even on a successive generation of mice (308). Although the

exact mechanisms for such effects are not understood, the fact that the hypothalamus contains a complex neural circuitry that regulates energy and

metabolic homeostasis suggests the possibility for this being a neuroendocrine action. Further discussion of this topic is in Sections VIII and IX of this

Scientific Statement.

To our knowledge, there is little published work on neuroendocrine disruption of somatic growth. Although studies in fish show reductions in the

gonadosomatic index, animals exposed to refuse or water waste (309), the mechanism for these effects and the respective roles of the growth, as

opposed to the reproductive, axes are not known.

D. Hormonal targets of neuroendocrine disruption

There are both hormonally dependent and independent pathways by which EDCs exert neuroendocrine actions. EDCs may act upon nuclear hormone

receptors that are expressed in hypothalamic or pituitary cells, thereby exerting feedback effects. Steroid hormone receptors are expressed abundantly

in hypothalamus and other brain areas that control neuroendocrine functions (310,311,312). Along with “classical” nuclear steroid hormone-mediated

actions, EDCs may exert actions via membrane steroid receptors (313,314) (reviewed in Ref. 315). These and other steroid-sensitive pathways are

obvious targets by which EDCs act upon neuroendocrine systems.

The neuroendocrine actions of EDCs may occur via nonhormonally mediated mechanisms. Numerous neurotransmitter systems such as dopamine,

norepinephrine, serotonin, glutamate, and others are sensitive to endocrine disruption (reviewed in Ref. 2). This point is important because it explains

neurological effects of EDCs on cognition, learning, memory, and other nonreproductive behaviors, but it may also relate to reproductive

neuroendocrine systems. As already mentioned, these neurotransmitters may coexpress steroid hormone receptors, so this steroid-sensitive circuitry

may be an important target of EDC actions on neurotransmission.

Neuroendocrine systems are critically involved in the control of vertebrate homeostasis and physiology. Although we tend to think of them as

independent systems, in fact there is considerable cross-talk among them. This is an important consideration in determining effects of EDCs; whereas

no discernible effect may be determined in one system, it is important to evaluate the other systems for subtle but physiologically relevant effects.

Therefore, there is a great need for additional interdisciplinary research on effects of EDCs in neuroendocrine systems. However, high-throughput

assays for neuroendocrine effects of EDCs are difficult to develop due to the nature of these complex physiological systems. For example, it is
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impossible to test the “developmental basis of adult disease” hypothesis in a cell line. Animal studies are by nature labor intensive, particularly when

they necessitate exposures during critical periods and when performed in species that give birth to litters as opposed to individuals, an intrauterine

organization that is very different from the situation in humans. Thus, carefully designed neuroendocrine studies on EDCs in rodents need to take the

litter composition and intra- and interlitter variability into consideration.

VIII. Thyroid Disruption

A. Introduction to thyroid systems

Thyroid hormone is essential for normal brain development, for the control of metabolism, and for many aspects of normal adult physiology.

Therefore, changes in the function of the thyroid gland or interference with the ability of thyroid hormone to exert its action may produce effects on

development, metabolism, or adult physiology. The goal of this section is to provide a brief overview of the literature regarding the mechanisms by

which environmental chemicals may interfere with thyroid hormone action, which will require a brief background of thyroid endocrinology. In

addition, we will describe some of the information in humans that indicate the extent to which environmental chemicals may be acting on thyroid

hormone signaling in humans.

B. Environmental chemicals impacting thyroid function

A large number of industrial chemicals have been shown to reduce circulating levels of thyroid hormone. Brucker-Davis (316) and Howdeshell (317)

have extensively reviewed this topic. Howdeshell categorized these chemicals (more than 150 in all) according to the mechanism by which the

chemical was known to cause a reduction in serum thyroid hormone (see Table 1 in Ref. 317 for a full list). This point serves to illustrate clearly that

there are many industrial chemicals that can interfere with thyroid function by acting on different points of regulation of thyroid hormone synthesis,

release, transport through the blood, metabolism of thyroid hormone, and thyroid hormone clearance. In addition, many natural substances are known

to affect thyroid function, including low iodine as well as goitrogens in various foods (318,319). The current section on thyroid disruption will

emphasize the mechanisms by which chemicals are known to interfere with thyroid hormone action and highlight some recent information on the

effects of chemicals on thyroid hormone receptors.

The first step in thyroid hormone synthesis is the uptake of iodide into the thyrocyte by the sodium/iodide symporter (NIS) (320). Iodine is essential

for thyroid hormone synthesis, and iodine deficiency is an important public health problem worldwide (321). Thus, chemicals that interfere with the

NIS may interfere with thyroid hormone synthesis or may exacerbate problems of iodine deficiency. A good example of this is that of perchlorate.

This chemical is used as an oxidant in solid rocket propellants, in ordnance, fireworks, airbag deployment systems, and others (322). Because of the

environmental stability of perchlorate, it has become a widespread contaminant in drinking and irrigation waters and in food (323), such that

perchlorate contamination is nearly ubiquitous in the U.S. population (324). Experimental studies in humans indicate that the serum half-life of

perchlorate is about 8 h and that a dose of about 5.2 μg/kg·d is sufficient to begin to reduce iodide uptake into the thyroid gland (325). Thus, it was

surprising that Blount et al. (326) found that urinary perchlorate levels were associated with serum TSH in the general population of women (not in

men). It is perhaps not surprising that this association was greater in women with urinary iodine below 100 μg/liter and stronger still among these

women who smoke (327) because cigarettes contain thiocyanates that also inhibit iodine uptake. Because infants are particularly vulnerable to thyroid

hormone insufficiency (328) and because perchlorate levels are particularly high in breast milk (329), it is of concern that perchlorate may be affecting

thyroid hormone signaling in early infant development in some proportion of the U.S. population (330). However, several studies have failed to

identify such a relationship. For example, Amitai et al. (331) recently reported that newborn T  levels, taken as part of the newborn screening

program, were not different on average in babies born in neighborhoods known to be highly contaminated with perchlorate in drinking water

compared with babies born in neighborhoods with lower-level perchlorate contamination. These findings are more consistent with a number of studies

employing newborn T  screening data and location of residence as a proxy measure of perchlorate contamination (for review, see Ref. 322).

There are a number of chemicals that can interfere with iodide uptake by the NIS (332), including chlorate, thiocyanate, and nitrates that are

particularly prevalent. It is likely that the effect of one of these chemicals (e.g., perchlorate) on iodide uptake will depend on the presence and

concentration of the others and with iodine itself (333).

Iodide, the form of iodine that enters the cell, must be oxidized to a higher oxidation state before it is transferred to the precursor of thyroid hormone,

thyroglobulin (334). Of the known biological oxidizing agents, only H O  and O  are capable of oxidizing iodide (335). Organification of iodine is

controlled by the enzyme thyroperoxidase (TPO), a heme-containing enzyme. A number of compounds are known to block TPO. A prototypical one is

6-propyl-2-thiouracil (PTU), a methylmercaptoimidazole that has been intensively studied in animals and in humans and is used therapeutically to

treat patients with Graves’ disease (336). As a class (the 2-mercapto-4-hydroxy-6-propyl-pyrimidines), PTU is representative of compounds found in

the environment that can affect thyroid function. PTU is well known to reduce circulating levels of T  and T  and to increase circulating levels of TSH

(405) and has been extensively used in mechanistic research focused on identifying the role of thyroid hormone in brain development. The ability of

PTU to reduce circulating thyroid hormone levels has been exploited in the treatment of hyperthyroidism in humans, including in pregnant and

4

4

2 2 2

4 3

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2726844/table/T1/?report=objectonly


5/1/2020 Endocrine-Disrupting Chemicals: An Endocrine Society Scientific Statement

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2726844/ 25/50

lactating women (337). PTU is generally believed to produce deleterious effects in animals by causing a dose-dependent reduction in circulating levels

of thyroid hormone. This reduction is caused by the ability of PTU to inhibit directly the function of the TPO enzyme (338).

Other TPO inhibitors include the isoflavones, especially those found in soy protein (e.g., genistein, coumesterol; reviewed in Ref. 339). In humans,

goiter has been reported in infants fed soy formula (340,341,342). In addition, teenage children diagnosed with autoimmune thyroid disease were

found to have twice the rate of occurrence if they had consumed soy formula as infants (343). Boker et al. (344) recently reviewed the dietary sources

of a variety of isoflavones, showing that these are common dietary components. These isoflavones are also so-called “phytoestrogens,” which are

highly enriched in some commercial preparations.

C. Environmental chemicals impacting thyroid hormone transport, metabolism, and clearance

Once secreted into the blood, thyroid hormones are carried by specific proteins. In humans, about 75% of T  is bound to T -binding globulin (TBG),

15–20% is bound to transthyretin (TTR; also called T  binding prealbumin or TBPA), and the remaining 5–10% is bound to albumin or is free (0.02%)

(345,346).

The role of serum binding proteins for thyroid hormone in thyroid homeostasis is not well understood. No single serum T  binding protein is essential

for good health or for the maintenance of a euthyroid state in humans (347). There are a number of clinical situations in which serum binding proteins

are elevated or reduced (even completely absent) and the thyroid state is normal. Therefore, despite large increases or decreases in serum total T  and

T  concentrations in some of these patients, serum free hormone and TSH are normal (348). In contrast, there is evidence that the role of serum

binding proteins such as TBG is to allow the equal distribution of hormone delivery to a tissue. Mendel et al. (349) found that I-T  was evenly

distributed in the rodent liver after a single pass through the tissue only if serum binding proteins were present in the perfusate. However, the identity

of the serum binding protein (e.g., TTR vs. TBG) did not alter the pattern or intensity of T  uptake.

There is some evidence that TTR is important in transport of thyroid hormone across the blood-brain barrier. In large part, this concept is derived from

the observation that TTR is produced in the choroid plexus (350,351,352). However, this concept is not supported by the observation that mice

carrying a targeted deletion of the TTR gene have normal concentrations of T  in the brain (353,354). A number of chemicals have been shown to

displace T  from TTR in vitro. In fact, some chemicals bind to TTR with higher affinity than does T  itself (355,356,357); however, the consequences

of this binding are not completely clear. One hypothesis is that chemicals can reduce serum total T  levels by inhibiting T  binding to TTR (358).

Perhaps this displacement may also increase T  clearance by the liver. However, TTR in the choroid plexus appears to be important for thyroid

hormone action in the brain (359), and TTR may mediate transport of environmental chemicals into various compartments such as placenta (360).

Thus, chemical binding to the TTR may not only decrease the availability of thyroid hormone to various tissues, it may also selectively target these

chemicals for transport and uptake.

Many chemicals are known to decrease the serum half-life of T  by inducing liver enzymes that glucuronidate T  (361,362,363). These enzymes

uridine diphosphate glucuronyl transferase can be induced by dioxin-like compounds acting on the AhR or through the pregnane X-receptor or

constitutive androstane receptor nuclear receptors (364). These chemicals fall into many industrial categories including pesticides of many types

(365). The classes of industrial chemicals known to interact with the thyroid system have been reviewed previously and will not be emphasized here

(see Refs. 316, 317, 365, and 366).

Once in the serum, thyroid hormones can be taken up into tissues by selective transporters (367) to enter cells. This issue has been particularly

investigated because the finding that children with a genetic defect in the MCT8 gene exhibit severe neurological and behavioral disorders (Allan-

Herndon-Dudley syndrome; Ref. 368). There are a number of transporters that are likely to be important in the control of thyroid hormone uptake into

various tissues and cells. However, little is known—or has been tested—about the ability of specific environmental or industrial chemicals to interfere

with T  or T  transporter function.

Inside the cell, T  can be converted to T  by the type 1 or type 2 deiodinase. These outer-ring deiodinases are essential for thyroid hormone action

(369). For example, the type 2 deiodinase knockout mouse exhibits a form of pituitary resistance to thyroid hormone negative feedback in which both

serum T  and TSH are elevated (370), indicating that the conversion of T  to T  in pituitary cells is an important step in thyroid hormone action. A

number of environmental chemicals affect deiodinase activity including PCBs (360,371,372) and others (317). Environmental chemicals that affect

deiodinase activity may have effects that are not entirely consistent with the appearance of “hypothyroidism” and, therefore, may be difficult to

recognize in the absence of mechanistic studies.

D. Environmental chemicals impacting the thyroid hormone receptor

1. PCBs

Despite early speculations that environmental chemicals may act as imperfect thyroid hormone analogs (373), few studies had tested this hypothesis

until recently. Now, several recent reports show that a broad range of chemicals to which humans are routinely, and inadvertently, exposed can bind to
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TRs and may produce complex effects on thyroid hormone signaling. Perhaps the best example is that of PCBs—industrial chemicals consisting of

paired phenyl rings with various degrees of chlorination (374). Although the production of PCBs was banned in the mid 1970s, these contaminants are

routinely detected in the environment (375) and in human tissues (376). PCB body burden is associated with lower full-scale IQ, reduced visual

recognition memory, attention deficits, and motor deficits (377,378,379,380,381).

PCBs can reduce circulating levels of T  in animals (382,383,384), and some authors propose that PCBs exert neurotoxic effects on the developing

brain by causing a state of relative hypothyroidism (385,386). In addition, PCB body burden has been found to be associated with thyroid hormone in

some, but not all, human studies (366,387). Interestingly, measures of thyroid function at birth are associated with maternal, infant, and delivery

factors, and this may explain why some studies fail to identify an association between PCB exposures and measures of thyroid function at birth

(388,389).

The concept that PCBs can exert a neurotoxic effect on the developing brain by causing a state of relative hypothyroidism is supported by the

observations that the ototoxic effect of PCB exposure in rats can be partially ameliorated by T  replacement (390), and that the cerebellum, a tissue

highly sensitive to thyroid hormone insufficiency (391), is targeted by PCB exposure. PCBs alter motor behavior associated with cerebellar function,

as well as cerebellar anatomy (392). Interestingly, PCB exposure is associated with an increase in expression of glial fibrillary acidic protein (392),

which is also increased by thyroid hormone insufficiency (393). Finally, in young children, the association between PCB body burden and behavioral

measures of response inhibition is stronger in those children that have a smaller corpus callosum (394), an area of the brain affected by thyroid

hormone (395). Thus, it is possible that PCBs exert at least some neurotoxic effects on the developing cerebellum by causing a state of relative

hypothyroidism.

However, PCB exposure does not produce consistent effects on animals that are indicative of thyroid hormone insufficiency, such as body weight gain

during development (382) or the timing of eye opening (390). In addition, despite the reduction in serum T , PCB exposure increases the expression of

several thyroid hormone-responsive genes in the fetal (396,397) and neonatal (382) brain. These observations are consistent with the hypothesis that at

least some individual PCB congeners, or their metabolites, can act as TR agonists in vivo. Recently, Kitamura et al. (398) reported that nine separate

hydroxylated PCB congeners can bind to the rat TR with an IC  as low as 5 μ�. In addition, using a human neuroprogenitor cell line, Fritsche et al.

(399) found that a specific PCB congener could mimic the ability of T  in increasing oligodendrocyte differentiation and that this effect was blocked

by the selective TR antagonist NH3. Finally, Arulmozhiraja and Morita (400) have identified several PCB congeners that exhibit weak thyroid

hormone activity in a yeast two-hybrid assay optimized to identify such activity.

Not all recent reports indicate that PCBs act as agonists on the TR. Kimura-Kuroda et al. (401) have found that two separate hydroxylated PCBs

interfere with T -dependent neurite outgrowth in mouse cerebellar granule cell primary cultures. In addition, Bogazzi et al. (402) found that a

commercial mixture of PCBs (Aroclor 1254) exhibited specific binding to the rat TRβ at approximately 10 μ�. This concentration inhibited TR action

on the malic enzyme promoter in a chloramphenicol acetyltransferase assay, and this effect required an intact thyroid response element (TRE).

However, the PCB mixture did not alter the ability of TR to bind to the malic enzyme TRE in a gel shift assay. In contrast, Iwasaki et al. (403) found

that a specific hydroxylated PCB congener inhibits TR-mediated transcriptional activation in a luciferase assay at concentrations as low as 10  �.

This effect was observed in several cell lines, but was not observed using a glucocorticoid response element. Miyazaki et al. (404) followed this report

by showing that PCBs can dissociate TR:retinoic X receptor (RXR) heterodimers from a TRE.

It is clear that PCBs are neurotoxic in humans and animals and that they can interact directly with the TR. However, the consequences of PCB

exposure on TR action appear to be quite complex. This complexity includes acting as an agonist or antagonist and may include TR isoform

selectivity inasmuch as most studies have been performed using the TRβ, leaving the TRα relatively unstudied in this context. In addition, considering

that there are 209 different chlorine substitution patterns on the biphenyl backbone and that these can be metabolized [hydroxyl and methylsulfonyl

metabolites (173,174)], it is possible that different chemical species exert different effects. Finally, PCBs may exert different actions on TRs

depending on associated heterodimer partners, promoter structure, or different cofactors. This complexity will be important to pursue because the

effect of PCB exposure in humans is far better studied than for structurally related compounds such as PBBs and PBDEs. Thus, mechanistic studies on

PCBs can be more easily and effectively coupled to specific human health outcomes.

2. BPA

BPA (4,4′ isopropylidenediphenol) is produced at a rate of more than 800 million kilograms annually in the United States alone (418) and is used

primarily in the manufacture of plastics including polycarbonate plastics, epoxy resins that coat food cans, and in dental sealants (406,407). Howe et

al. (406) estimated human consumption of BPA from epoxy-lined food cans alone to be about 6.6 μg per person per day. BPA has been reported in

concentrations of 1–10 ng/ml in serum of pregnant women, in the amniotic fluid of their fetus, and in cord serum taken at birth (71,408). Moreover,

BPA concentrations of up to 100 ng/g were reported in placenta (408). BPA is also halogenated (brominated or chlorinated) to produce flame

retardants. Tetrabromobisphenol A (TBBPA) is the most commonly used, with more than 60,000 tons produced annually (409,410). Thomsen et al.

(411) recently reported that brominated flame retardants, including TBBPA, have increased in human serum from 1977–1999 with concentrations in
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adults ranging from 0.4 to 3.3 ng/g serum lipids. However, infants (0–4 yr) exhibited serum concentrations that ranged from 1.6 to 3.5 times higher

(411).

Considering this pattern of human exposure, it is potentially important that BPA has been shown to bind to the TR (412). Although best studied for its

actions on the nuclear ER (413), binding with a K  of approximately 10  � (414,415), and more recently for the membrane ER (416), BPA also binds

to and antagonizes T  activation of the TR (412,417) with a K  of approximately 10  �. As little as 10  � BPA significantly inhibits TR-mediated

gene activation (412). Moreover, Moriyama et al. (412) found that BPA reduced T -mediated gene expression in culture by enhancing the interaction

with nuclear receptor corepressors. Interestingly, Zoeller et al. (418) found that developmental exposure to BPA in rats produces an endocrine profile

similar to that observed in thyroid resistance syndrome (419). Specifically, T  levels were elevated during development in the pups of BPA-treated

animals, but TSH levels were not different from controls (418). This profile is consistent with BPA inhibition of TRβ-mediated negative feedback.

However, the thyroid hormone- response gene RC3 was elevated in the dentate gyrus of these BPA-treated animals (418). Because the TRα isoform is

expressed in the dentate gyrus, the authors concluded that BPA could be a selective TRβ antagonist in vivo.

If BPA acts as a TR antagonist in vivo, it is predictable that specific developmental events and behaviors would be affected by developmental exposure

to BPA. In this regard, Seiwa et al. (420) have shown that BPA blocks T -induced oligodendrocyte development from precursor cells. In addition,

there may be an association between the thyroid resistance syndrome and attention deficit-hyperactivity disorder in humans (421) and in rats (422);

therefore, it is potentially important that BPA-exposed rats exhibit attention deficit-hyperactivity disorder-like symptoms (423).

Despite the antagonistic effects of BPA on the TRβ, halogenated BPAs appear to act as TR agonists (417). Both TBBPA and tetrachlorobisphenol A

can bind to the thyroid hormone receptor and induce GH3 cell proliferation and GH production (417). Thus, these compounds may exert agonistic

effects on the TR, and this could be important during early brain development. For example, thyroid hormone of maternal origin can regulate gene

expression in the fetal brain (424,425,426); one of these genes codes for Hes1 (397). Considering the role of HES proteins in fate specification in the

early cortex (427,428), the observation that industrial chemicals can activate the TR and increase HES expression (397) may indicate that these

chemicals can exert subtle effects on early differentiative events.

3. PBDEs

PBDEs may also bind to the thyroid hormone receptor (reviewed in Ref. 429). Marsh et al. (430) demonstrated that two hydroxylated PBDEs can bind

to both TRα and TRβ, but with a significant preference for TRβ.

IX. Environmental Chemicals, Obesity, and Metabolism

A. Introduction to EDCs and the obesity epidemic

Obesity, defined as body fat greater than 25% in men or greater than 30% in women, is fast becoming a significant human health crisis (431). More

than 30% of adults in the United States are defined as clinically obese (431,432), and an analogous rise is observed in pediatric populations, with a

tripled increase in the obesity rate from ages 6–19 yr during the last five decades (433). The prevalence of obesity has risen dramatically in wealthy

developed countries, and it is also on the rise in poor nations. The WHO has declared excessive weight as one of the top 10 health risks in the world

and has estimated that the number of overweight people in the world is now greater than the number of undernourished. The rise in the incidence in

obesity matches the rise in the use and distribution of industrial chemicals that may be playing a role in generation of obesity (434), suggesting that

EDCs may be linked to this epidemic.

Obesity has deleterious effects on human health by increasing the risk of associated metabolic abnormalities such as insulin resistance,

hyperinsulinemia, hypertension, and dislipidemia—all components of the metabolic syndrome—which constitute, in turn, major risk factors for the

development of diabetes mellitus type 2 and coronary heart disease. The etiology of the obesity epidemic has been partly attributed to alterations in

food intake, with the prevalence of a Westernized-style diet characterized by high caloric uptake as well as a lack of physical activity representative of

a sedentary lifestyle. However, the mechanisms still remain unclear, and except for a genetic predisposition and lifestyle modifications, scientific

research implies the impact of environmental substances in the generative roots of obesity. Grün and Blumberg (435,436) have coined the terminology

“obesogens” in reference to molecules that inappropriately regulate lipid metabolism and adipogenesis to promote obesity.

Obesity also relates to the fetal (developmental) origins of adult disease. Children of women who experienced famine during pregnancy exhibit

symptoms of the metabolic syndrome as adults (437). Moreover, it is becoming evident that an important risk factor for development of this metabolic

syndrome is low birthweight (438,439). These studies indicate that developmental events occurring in utero and perhaps in the immediate perinatal

period can affect metabolic functions that can lead to the metabolic syndrome in adulthood (431).

B. Environmental estrogens and obesity
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White adipose tissue metabolism is under the control of the sympathetic nervous system and is modulated by hormones including sex steroids. The

impact of environmental estrogens on adipose tissue may be through direct modulation of lipogenesis, lipolysis, and adipogenesis, or indirect by

affecting food consumption and leptin secretion targeting the central nervous system or lipid homeostasis in liver (440).

The estrogenic pharmaceutical chemical DES illuminates the relationship between perinatal exposures and latent development of high body weight

and obesity. Moreover, there is a complex relationship between the concentration of estrogen to which pregnant animals are exposed and the weight of

the offspring in adulthood (432). Specifically, according to a recent experiment by Newbold et al. (432), mice neonatally exposed to DES experience

increased body weight in adulthood associated with excess abdominal body fat. Interestingly, the dose of DES determines the chronic manifestation of

the observed alterations, with high doses leading to initially decreased body weight and a peripubertal “catch-up” and low doses causing an increase in

weight detectable only in adulthood. Moreover, the timing is important because gestational administration in rodents results in the offspring’s low

birth weight, an unchanged metabolic characteristic throughout life (432). Along with an increase in body fat stores, the adipokines leptin and

adiponectin, IL-6 (an inflammatory marker), and triglycerides were all elevated in DES-exposed mice (432).

An in vitro study using a culture system of 3T3-L1 preadipocytes showed that 4-nonylphenol and BPA stimulated lipid accumulation, accelerating

their differentiation to mature adipocytes in a time- and concentration-dependent way (441). The underlying mechanism appeared to involve up-

regulation of gene expression involved in lipid metabolism and adipocyte differentiation. In the second part of the experiment, fat accumulation was

observed in human hepatocellular carcinoma cell lines exposed to those endocrine disruptors (441). These findings are consistent with previous in

vitro studies using mouse fibroblast cell lines in which a link between environmental chemicals including nonylphenol, BPA, and genistein in the

development of body weight imbalance was suggested (431,432).

C. Peroxisome proliferator-activated receptor (PPAR) γ and organotins

PPARγ is a member of the nuclear receptor superfamily and constitutes a major regulator of adipogenesis. It is primarily expressed in adipose tissue,

and its activation promotes adipocyte differentiation as well as the induction of lipogenic enzymes. Additionally, it contributes to maintenance of

metabolic homeostasis through transcriptional activation of genes implicated in energy balance (442). During its activation, PPARγ forms a

heterodimer with RXR-α, and the complex binds to PPAR response elements in the regulatory regions (promoters) of target genes ultimately involved

in the regulation of fatty acid storage and the repression of lipolysis.

Experimental evidence highlights that nuclear receptor superfamily and specifically PPARγ are molecular targets for endocrine disruptors, in

particular organotin compounds such as tributyltin (TBT) and triphenyltin, which have been widely used in agriculture and industry. Kanayama et al.

(443) showed that TBT and triphenyltin functioned as agonists of PPARγ and RXR, acting as high-affinity ligands at levels comparable to known

endogenous ligands. Moreover, administration of those xenobiotics in preadipocyte cell lines resulted in adipocyte differentiation through PPARγ

(443). In mice, TBT induced the differentiation of adipocytes in vitro and increased adipose mass in vivo by RXR and PPARγ activation (444).

It is possible that PPARγ signaling can interact with that of estrogen to influence adipogenesis. These findings have been reviewed recently

(435,436,444) and represent an important example of the mechanism by which environmental chemicals can interfere with body weight regulation. In

addition, at high doses, TBT can inhibit aromatase enzyme activity in adipose tissue directly, leading to decreased estradiol levels and down-regulation

of ER target genes. TBT at moderate to high doses inhibits the activity of 11β-hydroxysteroid dehydrogenase 2, resulting in decreased inactivation of

cortisol. It has been hypothesized that the increased local glucocorticoid levels could influence late stages in adipocyte differentiation and thus,

metabolic regulation (435,436).

D. Phytoestrogens

In recent years, efforts to implement healthier eating habits have resulted in an increased consumption of soy products and supplements and hence,

increased exposure to phytoestrogens. Genistein is the principal phytoestrogen in soy and has a wide range of biological actions. It binds to ERα and

ERβ but also displays antiestrogenic action (445). At low concentrations, genistein was found to act as estrogen and exert an inhibitory effect on

lipogenesis. There are also sex differences in the effect of genistein on adipose deposition and insulin resistance, an effect that involves the ERβ (446).

At higher concentrations, genistein promotes lipogenesis through the molecular pathway of PPARγ, an ΕR-independent pathway (445).

E. Endocrine disruptors, diabetes, and glucose homeostasis

The incidence of diabetes mellitus has tripled over recent decades, with an estimated 177 million people affected worldwide (447). It is speculated that

by the year 2030 the prevalence of diabetes will increase to 4.4% worldwide (from 2.8% in 2000) with more than 300 million diabetic adults (448).

Regarding the young population, epidemiological studies show an alarming increase in the incidence of diabetes mellitus type 2 (449).

Based on the links between endocrine disruptors and disturbances of reproduction, metabolism, and links to adult dysfunctions and cancer, it is

reasonable to propose a connection between EDCs and diabetes as well as prediabetic disturbances. Indeed, epidemiological studies have linked high

dioxin levels with increased risk for diabetes or altered glucose metabolism (450). Animal models also support this hypothesis. Alonso-Magdalena et
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al. (447) undertook an in vivo experiment to evaluate the impact of BPA on pancreatic β-cell function. Its biological action was compared with 17β-

estradiol. The results showed that acute treatments with either estradiol or BPA caused a temporary hyperinsulinemia, whereas longer-term exposure

provoked insulin resistance with chronic increased insulin levels, an aggravating factor for the development of diabetes mellitus (447). Recently, in

conditioned media from human breast, sc and visceral adipose explants, it was demonstrated that BPA at environmentally relevant doses (0.1 and 1

n�) inhibits the release of adiponectin, an adipocyte-specific hormone that increases insulin sensitivity. Therefore, factors that suppress adiponectin

release could aggravate insulin resistance and susceptibility to obesity-related syndromes like metabolic syndrome and type 2 diabetes mellitus.

However, the mechanisms by which BPA suppresses adiponectin and the receptors involved remain to be determined (451).

Pancreatic α-cells have also been suggested as potential targets for endocrine disruption. Low doses of BPA and DES were shown to impair the

molecular signaling that leads to secretion of glucagon by suppressing intracellular calcium ion oscillations in α-cells in response to low blood glucose

levels through a nongenomic mechanism (452).

The above experiments suggest that low doses of endocrine disruptors can disrupt pancreatic physiology, affecting both insulin- and glucagon-

secretory cells, leading to changes in the regulation of glucose and lipid metabolism. The underlying mechanisms involve at the very least classical

ER-mediated but also nongenomic actions. Further investigations are required to elucidate the potential associations with human health. Importantly,

whereas current evidence represents experimental data from laboratory animals or in vitro studies, no direct association with humans has yet been

established, with the exception of the epidemiological studies discussed above.

F. Endocrine disruptors and cardiovascular systems

The obesity phenotype may lead to a dysmetabolic state with atherogenic, inflammatory, prothrombotic abnormalities that not only accelerate the

progression of cardiovascular disease but also create favorable “subsoil” for an acute myocardial infarct (453). Therefore, the cardiovascular system is

also a target of environmental chemicals that interfere with intracellular signaling of hormonal and inflammatory pathways.

G. Estrogenic EDCs and cardioprotection

Phytoestrogens have been shown to exert cardioprotective effects. Female rats fed a high phytoestrogen diet exhibited cardioprotection against adverse

left ventricular remodeling (454) and reduction of myocardial necrosis, increased myocardial contractility, and decreased occurrence of ventricular

arrhythmias. Genistein was also associated with reduced levels of TNF-α and blunted myocardial intercellular adhesion molecule-1 expression (455).

Moreover, it was shown that in people at high risk of cardiovascular events, a greater isoflavone intake is associated with better vascular endothelial

function and lower carotid atherosclerotic burden (456).

Regarding human populations, there are some epidemiological studies that suggest that high phytoestrogen intake is inversely associated with

cardiovascular risk factors and development of cardiovascular disease (457). Moreover, it was shown that in people at high risk of cardiovascular

events, a greater isoflavone intake is associated with better vascular endothelial function and lower carotid atherosclerotic burden (456). However,

these epidemiological observations need clinical confirmation.

H. Advanced glycation end-products (AGEs)

Recent data clearly suggest that a heterogeneous group of exogenous advanced glycation end-products (AGEs) have a negative impact on

cardiometabolic tissues. Tobacco use (458) and food cooked at high temperatures, precooked meals, and some beverages contain large amounts of

AGEs that are absorbed from the human gastrointestinal tract (459). AGEs cause tissue injury through intracellular generation of free radicals and

triggering oxidative stress, through the interaction of AGEs with a multiligand, cell surface receptor called RAGE, and endocrine signaling pathway.

There is evidence in experimental animals and humans for a link between exogenous AGEs and an increase in cardiometabolic risk markers. It is

notable that mice chronically fed a high-AGE diet, compared with those fed a low-AGE, high-fat diet exhibited relative insulin resistance

accompanied by modifications in pancreatic cellular architecture compatible with hyperplasia and hypertrophy and loss of islet of Langerhans

structure (460). Another in vivo chronic experiment involved feeding intact female rats a high-AGE diet for 6 months. This resulted in increased

fasting glucose and insulin levels independent of the degree of obesity as well as hormonal alterations (461). Uribarri et al. (462) showed that a single

oral administration of an AGE-rich beverage acutely (within 90 min) resulted in temporarily impaired endothelial function assessed by flow-mediated

arterial vasodilation, increased serum C-reactive protein, and plasminogen activator inhibitor-1 levels in both diabetic and healthy subjects.

I. Conclusions

The literature demonstrates a role of EDCs in the etiology of complex diseases such as obesity, diabetes mellitus, and cardiovascular disease, yet these

processes are still poorly understood. Although the evidence is limited, accumulating data are pointing to the potential role of endocrine disruptors

either directly or indirectly in the pathogenesis of adipogenesis and diabetes, the major epidemics of the modern world. Taking into consideration the

wide spectrum of industrial chemicals to which an average consumer might be exposed, a rational hypothesis is that the scientific community may
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inadvertently ignore the effect of several other compounds that might in turn constitute potential “obesogens” or promoters of glycemic disturbances.

Further research is required to elucidate all potential interactions between environmental substances and metabolic dysregulation.

X. Recommendations for the Future

A. Linking basic research to clinical practice

It should be clear from this Scientific Statement that there is considerable work to be done. A reconciliation of the basic experimental data with

observations in humans needs to be achieved through translation in both directions, from bench to bedside and from bedside (and populations) to

bench. An example of how human observation and basic research have successfully converged was provided by DES exposure in humans, which

revealed that the human syndrome is faithfully replicated in rodent models. Furthermore, we now know that DES exposure in key developmental life

stages can have a spectrum of effects spanning female reproduction, male reproduction, obesity, and breast cancer. It is interesting that in the case of

breast cancer, an increased incidence is being reported now that the DES human cohort is reaching the age of breast cancer prevalence. The mouse

model predicted this outcome 25 yr before the human data became available. In the case of reproductive cancers, the human and mouse data have

since been confirmed in rats, hamsters, and monkeys (463). This is a compelling story from the perspective of both animal models and human

exposures on the developmental basis of adult endocrine disease.

Another estrogenic compound, BPA, is also linked to a wide variety of endocrine dysfunction. BPA exposure, particularly in development, increases

the risk of mammary cancer, obesity, diabetes, and reproductive and neuroendocrine disorders. The human evidence for BPA is mounting; recently,

Lang et al. (464) published a cross-sectional analysis on the relationship between concentrations of urinary BPA and chronic disease states in over

1400 adults in the United States. They found a significant correlation between BPA concentrations in urine with cardiovascular disease and abnormal

concentrations of liver enzymes. It would be really interesting to be able to relate the relationship of these outcomes with developmental/fetal

exposure to BPA and other xenobiotics. However, epidemiological research on fetal exposure would be logistically difficult and costly because

exposures must be measured at several different time points, including gestation, whereas the outcome may not be manifest in some cases until 50 or

more years after the initial fetal exposure. Given the reproducibility of the human DES syndrome in rodents and recent evidence for commonalities in

a relationship between BPA and cardiovascular endocrine disease, it is obvious that more research in animal models is necessary to enrich our

knowledge of the mechanisms by which endocrine disruptors increase the risk of disease.

A challenge to understanding the relationship between EDCs and health abnormalities is that EDCs are a “moving target.” Individuals and populations

are exposed to ever-changing patterns of production and use of these compounds. They also tend to be released into the environment as mixtures,

rather than individual chemicals. Therefore, it is important to understand the effects of simultaneous coexposures to these chemicals, which may

interact additively, multiplicatively (synergistically), or antagonistically (48). There are limited data on the interactions between chemicals within a

class or across classes of chemicals. Presently, there are good analytical methods for measuring exposures to a variety of endocrine disruptors in

humans. An increased understanding of the potential human health risks of exposure to mixtures of EDC is important but remains very understudied.

Hence, measurement of body burden of the most prevalent xenobiotics would probably be the best strategy for finding a link between exposure and

effect. Once known, this could be related to mechanistic studies in laboratory models, and future experiments could be designed to evaluate the effects

of combinations of common EDCs in the laboratory, with the obvious caveat that it will not be possible to mimic every possible combination and

dose. Despite these challenges, evolving and innovative technologies designed to improve the assessment of human exposure and reproductive and

endocrine health endpoints should provide enhanced opportunities for improving our understanding of these relationships.

B. Endocrine disruption and the public

At the recent Summit on Environmental Challenges to Reproductive Health and Fertility at the University of California, San Francisco,

recommendations were made regarding future research, health care, policy, community action, and occupational health (49). Included in these

recommendations were enhancing collaborations among and between researchers and granting agencies and promoting critical research directions,

including prenatal exposures in the National Children’s Health Study, leveraging specific laboratory data into the National Health and Nutrition

Examination Survey study, developing biomarkers of exposure and disease, and increasing the funding for effects of chemicals on the epigenome,

developmental programming, transgenerational effects, and cross-talk among endocrine systems and metabolic and immune systems (49). In addition,

for health care professionals, being educated in sources and effects of environmental contaminant exposures in utero and across the life span, as well

as having straightforward health information tools to share this information with patients and for public education in general are recommended.

C. Prevention and the “precautionary principle”

Although more experiments are being performed to find the hows and whys, what should be done to protect humans? The key to minimizing

morbidity is preventing the disorders in the first place. However, recommendations for prevention are difficult to make because exposure to one
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chemical at a given time rarely reflects the current exposure history or ongoing risks of humans during development or at other life stages, and we

usually do not know what exposures an individual has had in utero or in other life stages.

In the absence of direct information regarding cause and effect, the precautionary principle is critical to enhancing reproductive and endocrine health

(49). As endocrinologists, we suggest that The Endocrine Society actively engages in lobbying for regulation seeking to decrease human exposure to

the many endocrine-disrupting agents. Scientific societies should also partner to pool their intellectual resources and to increase the ranks of experts

with knowledge about EDCs who can communicate to other researchers, clinicians, community advocates, and politicians.

D. Speci�c recommendations for future research

Although direct causal links between exposures to EDCs and disease states in humans are difficult to draw, results from basic research and

epidemiological studies make it clear that more screening for exposures and targeting at-risk groups is a high priority. In addition to enhancing

research in these areas, an important and effective approach is prevention of disease. Our chemical policies at local, state, and national levels, as well

as globally, need to be formulated, financed, and implemented to ensure the best public health. Additional specific recommendations of this group are

shown in Box 2. By communicating these priorities to basic and clinical researchers, physicians, community advocates, and the public at large, we are

hopeful that early identification and intervention will be facilitated.
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