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Abstract
Environmental chemicals have significant impacts on biological systems. Chemical exposures
during early stages of development can disrupt normal patterns of development and thus
dramatically alter disease susceptibility later in life. Endocrine disrupting chemicals (EDCs)
interfere with the body's endocrine system and produce adverse developmental, reproductive,
neurological, cardiovascular, metabolic and immune effects in humans. A wide range of
substances, both natural and man-made, are thought to cause endocrine disruption, including
pharmaceuticals, dioxin and dioxin-like compounds, polychlorinated biphenyls, DDT and other
pesticides, and components of plastics such as bisphenol A (BPA) and phthalates. EDCs are found
in many everyday products– including plastic bottles, metal food cans, detergents, flame
retardants, food additives, toys, cosmetics, and pesticides. EDCs interfere with the synthesis,
secretion, transport, activity, or elimination of natural hormones. This interference can block or
mimic hormone action, causing a wide range of effects. This review focuses on the mechanisms
and modes of action by which EDCs alter hormone signaling. It also includes brief overviews of
select disease endpoints associated with endocrine disruption.

Introduction
EDs are synthetic chemicals that were originally designed for a specific action such as a
pesticide, plastisizer, or solvent, but now have been found to have a side effect that when
absorbed into the body causes them to either mimic or block hormones and disrupt the
body's normal functions. This disruption can occur by altering normal hormone levels,
inhibiting or stimulating the production of hormones, or changing the way hormones travel
through the body, thus affecting the functions that these hormones control. EDCs were
originally thought to exert their actions solely through nuclear hormone receptors, including
estrogen receptors (ERs), androgen receptors (ARs), progesterone receptors, thyroid
receptors (TRs), and retinoid receptors, among others (Table 1) [1]. However, recent
evidence shows that the mechanisms by which EDCs act are much broader than originally
recognized. Indeed, studies have shown that in addition to altering nuclear receptor
signaling, EDs are capable of acting through nonsteroid receptors, transcriptional
coactivators, enzymatic pathways involved in steroid biosynthesis and/or metabolism, and
numerous other mechanisms that converge upon endocrine and reproductive systems [1, 2].
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Other less well known mechanisms of action of EDCs include direct effects on genes [3] and
their epigenetic impact [4]. These effects are particularly troubling since alterations in
genetic programming during early stages of development may have profound effects years
later and may also lead to transgenerational inheritance of disease (Figure 1.) [5].

There are several characteristics of the endocrine system that must be accounted for in order
to develop a full understanding of the mechanisms of actions and the consequences of
exposure to EDCs. For instance, similar to hormones, EDCs can function at very low doses
in a tissue specific manner. EDCs may also exert non-traditional dose-responses due to the
complicated dynamics of hormone receptor occupancy and saturation. Thus low doses may
have more impact on a target tissue than higher doses, and the effects may be entirely
different. The age at which an individual is exposed to an EDC also has important
implications on resulting health consequences. Indeed, it is now clear that exposure to EDCs
during development results in different effects than exposures during adulthood. Adults
require higher concentrations for EDCs to cause toxicity and their effects only last as long as
the EDC is present. Low dose exposure during development can result in that lasts long after
the EDC is gone from the body. For this reason, the field of endocrine disruption coined the
term “the fetal basis of adult disease”, or FeBAD, to describe the interactions between the
developing organism and the environment that determine the propensity of that individual to
develop disease later in life [6]. This concept has been extended beyond the fetal period to
include the early postnatal developmental period when organs continue to undergo
substantial development. DOHaD (developmental origins of health and disease) describe the
interactions between the developing organism and the environment that determine the
propensity of that individual to develop disease later in life [1].

Growing evidence also suggests that EDCs may affect not only the exposed individual but
also the children and subsequent generations. The mechanism of transmission involves non-
genomic modifications of the germ line such as changes in DNA methylation and histone
acetylation. Altogether, EDCs pose a significant challenge to our industrialized society and
to the health of humans and the environment. Indeed, due to their wide commercial use and
direct link to adverse human health outcomes the Endocrine Society published a scientific
statement in 2009 indicating that endocrine disruptors pose a “significant concern for public
health” [1].

Modes of Action
1. Nuclear receptor signaling

EDCs are structurally similar to many hormones, function at extremely low concentrations,
and many have lipophilic properties. EDCs are capable of mimicking natural hormones and
maintain similar modes of action, transport, and storage within tissues. The properties of
these chemicals, while unintended, make them particularly well suited for activating or
antagonizing nuclear hormone receptors. Thus, there is virtually no endocrine system
immune to these substances, because of the shared properties and similarities of receptors
and enzymes involved in the synthesis, release, and degradation of hormones (Table 1) [1].

The nuclear hormone receptors are a superfamily of transcription factors that play important
roles in both physiology and disease. In humans, there are some 48 nuclear receptors and
many remain “orphans” as their endogenous ligands are yet to be determined. Research on
the roles of nuclear receptors has been limited largely to the use of synthetic agonists, as
well as genetic approaches to alter expression. This contrasts with the estrogen receptors
(ERα and ERβ), which have been extensively studied [7]. These receptors remain at the
center of endocrine disruption research, as outlined below, and results from these studies
may provide a model for how other nuclear receptors interact with hormone mimics.

Schug et al. Page 2

J Steroid Biochem Mol Biol. Author manuscript; available in PMC 2012 November 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



The estrogens are a group of steroid hormones produced by enzymatic modification of
cholesterol. The primary estrogen of the reproductive years is 17β-estradiol (estradiol),
which is derived from testosterone by aromatase activity. There are a wide range of natural
and synthetic molecules that can activate ERα and ERβ. Natural estrogens include those
produced by plants (phytoestrogens) and fungi (mycoestrogens). Synthetic ER activators
include those intentionally produced for use in humans (e.g., diethylstilbestrol) as well as
chemicals targeted for other uses that have unintended ER-modulating activities (e.g., DDT,
methoxychlor). Identifying chemicals that display estrogenic activity is nowa major focus of
the of research done on endocrine disruption.

The primary means by which estrogenic compounds disrupt normal development is via
interaction with one of the estrogen receptors. There are three types of receptors for
estrogens: the nuclear estrogen receptors (ERs), the membrane bound estrogen receptors
(which are variants of the nuclear ERs), and the estrogen G protein-coupled receptor
(GPR30), which is a membrane-bound protein with a high affinity toward estrogen. The
main function of the ER is as a DNA-binding transcription factor that regulates gene
expression and subsequent downstream responses (Figure 2).

While some EDCs act as estrogen mimics, others have estrogenic activity but they are not
true estrogens. For example, BPA was designed as a synthetic estrogen and has been shown
to bind to the estrogen receptors ( ERα, ERβ, and to the membrane ER, resulting in a cellular
signal transduction cascade that is indicative of an estroenic response. [8, 9] However,
detailed examination of its effects on gene expression in a variety of tissues indicates that,
while there is significant overlap, it does not stimulate the same suite of genes as estradiol.
In addition there is mounting evidence that EDCs such as BPA interact with other nuclear
receptors, albeit at higher concentrations. For example, one study found that BPA binds to
the thyroid hormone receptor (TR) with a lower affinity than the estrogen receptor [10].
However, others believe BPA acts as an indirect antagonist of thyroid hormone (TH) and
that its effects on TH action in vivo are likely dependent on the composition and relative
abundance of cofactors available in the cell [11]. Studies have also shown that BPA binds to
the ubiquitous aryl hydrocarbon receptor (AhR) [12]. This is not surprising because AhR is
thought to be activated by many chemicals and likely mediates toxicity through several
signaling pathways [12].

The focus of EDC research has been on estrogens, androgens and thyroid agonists and
antagonists, but it is now clear that there are EDCs that affect other receptors and metabolic
systems. Another nuclear hormone receptor targeted by EDCs is the peroxisome
proliferator-activated receptor gamma (PPARγ) [reviewed in 13]. PPARγ was shown to be a
key regulator of adipogenesis in vitro and in vivo and is important clinically as a target for
drugs that ameliorate insulin resistance in type II diabetes. PPARγ functions as a
heterodimer with the retinoid ‘X’ receptor, RXR; the RXR-PPARγ heterodimer is a ligand
modulated transcription factor that directly regulates the expression of its target genes [14].
PPARγ is thought to be the master regulator of adipogenesis because it plays an important
role in nearly all aspects of adipocyte biology [reviewed in 15, 16]. Activation of PPARγ2 in
pre-adipocytes induces them to differentiate into adipocytes and PPARγ is required for this
process in vitro and in vivo [17, 18]. Moreover, expression of PPARγ is sufficient to
transform susceptible stem cells into preadipocytes [19]. Activating the PPARγ pathway
drives mutipotent stromal stem cells to enter the adipogenic pathway whereas inhibition of
PPARγ expression promotes an osteogenic fate [reviewed in 20, 21]. It is known that
humans whose diabetes is being treated with rosiglitazone (a drug that activates PPARγ)
develop more adipocytes and gain weight [22]. Therefore it is reasonable to hypothesize that
chemicals capable of activating PPARγ might have the same effect [reviewed in 23].
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Low Dose Effects—For many years, toxicologists have relied on the presumption that
“the dose makes the poison”, first proposed by the Swiss physician and alchemist,
Paracelsus in the 1500's. This view predicts that higher doses of a chemical will cause
greater harm than low doses. This model is traditionally used by regulators to establish risk
assessment profiles of chemicals. It relies on a monotonic dose response curve generated
from high and moderate dose measurements that are linearly extrapolated downward to
predict toxicity at very low doses. However, multiple studies on EDCs contradict this
concept and question the adequacy of traditional toxicology testing paradigms for detecting
low dose effects of EDCs. Indeed, these reports suggest that, similar to hormones, EDCs are
capable of eliciting bi-phasic dose responses for many different endpoints at many levels of
organization. These U-shaped and inverted U-shaped non-monotonic dose response
(NMDR) curves are used as evidence that very low concentrations of EDCs can effect
endpoints such as cell proliferation and organ development.

NMDR curves have been described for numerous EDCs [24]. However, much controversy
surrounds determining internal concentrations, the active metabolites, and the actual daily
exposure levels of EDCs, particularly in the case studies of BPA. The duration and route of
exposure may also have a big influence on how the chemical is metabolized and whether or
not the chemical remains biologically active. Additionally, the “low dose” levels at which
these chemicals function are lower than those typically used in standard toxicology testing.
This makes it difficult for toxicologists to use traditional rodent models to predict relevant
endpoints for human exposures, when testing proceeds from a high dose and stops when a
“no observed adverse effects level” (NOAEL) is reached.

Despite the controversy surrounding the “low dose” concept, there are several reasons why
dose response curves to toxicants may be non-monotonic. For example, the induction of
metabolizing enzymes or conjugation of substrates my result in a U-shaped dose response
for some endpoints. A recent study by Gualtieri et al., using Sertoli cells exposed to various
doses of BPA (0.5nM- 100μM), demonstrated that only intermediate doses (10 μM -50 μM),
not high or low doses, induced an incremental increase in cell protecting glutathione levels
[25]. Their findings show that detoxification through direct conjugation was enhanced at
intermediate levels and cell viability was negatively affected at high and low doses where
the cells were incapable of eliciting a response mechanism.

Several studies have suggested that non-monotonic responses can be explained by the down-
regulation of receptors at higher hormone levels [26, 27]. There is also evidence that NMDR
curves are generated by the integration of two or more monotonic dose response curves that
occur through different pathways affecting a common endpoint with opposing effects [28,
29]. Furthermore, adaptive responses through complex cell signaling pathways and feed-
back mechanisms could cause non-monotonic effects that are inconsistent with traditional
dose-response curves. For example, Bouskine et al. reported that BPA stimulates JKT-1 cell
proliferation in vitro in an inverse U-shape dose-response curve [30]. The authors propose
that BPA activates two different signaling pathways that are distinct in both signaling
mechanism and the time frame of response. In summary, making predictions about the
safety of chemicals by testing at moderate or high doses is not appropriate when very low
doses of endocrine disruptors can alter biochemical and morphological endpoints in a
manner that is not necessarily predicted by exposures at much higher doses [31]. Lastly, it
was proposed in a theoretical treatment that non-monotonic systems result from a loss of
negative feedback and that such systems can be converted back into monotonic systems by
adding back negative feedback [32]. This has important implications for EDCs since it well
known that most hormonal signaling pathways are regulated by negative feedback and it has
been demonstrated that EDCs differentially affect the stability of nuclear receptor proteins
and ligands [reviewed in 33].
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2. Developmental windows of susceptibility
Adult exposure to endocrine disrupting chemicals is certainly an important factor in adverse
health outcomes, however focus on the fetus and/or neonate is of primary concern since
developing organisms are extremely sensitive to perturbation by chemicals with hormone-
like activity [34]. Adverse effects may be most pronounced in the developing organism and
occur at concentrations of the chemical that are far below levels that would be considered
harmful in the adult [35]. For example, fetal chemical exposure may result in permanent
alterations in reproductive or neurological function. While fetal development is commonly
known to be a period of increased sensitivity to chemical insult, childhood and adolescence
are also marked by continued maturation of key endocrine systems, and are therefore
susceptible to chemical exposure. Indeed, the developmental basis of health and disease
DOHaD hypothesis first proposed by David Barker in 1997, showed that poor in-utero
nutrition resulted in high rates of disease manifested later in life [36]. This concept has now
includes non-nutritional early life exposures that have been shown to alter the body's
physiology. Thus the DOHaD paradigm, provides a framework to assess the effect of not
only early nutrition but also EDCs on long-term health (Figure 3) [37].

During early fetal and childhood development, a wide variety of genes are activated and
inactivated in a sequential manner, providing numerous targets for environmental exposures.
The rapid nature of the processes that occur during critical developmental periods give rise
to concerns about vulnerability during early stages of life. Exposures during the early stages
of fetal development can impact development of the developing central nervous system,
heat, limbs, skeleton, and reproductive system. For instance, mercury exposure has been
shown to affect cell migration during fetal development leading to central nervous system
anomalies and mental retardation in children. Fetal and embryonic exposures to EDCs have
been linked to childhood cancers [38]. Many of the adverse effects on development in late
pregnancy and early childhood show themselves as functional deficits in organs or systems,
instead of overt malformations or growth retardation [39, 40]. There is growing concern that
exposure to EDCs may affect sexual maturation in children. This concern has focused
primarily on the decreases in average age of puberty in some ethnic groups in the U.S. and
other countries. Changes in age at puberty are indicative of other impairments in the
endocrine and reproductive systems and are also associated with increased risk of multiples
diseases later in life.

Normal development is an intricate process that involves establishment of a proper hormone
milieu necessary for providing the biological signaling processes for the growth of organ
systems. Basic biological processes involved in development and in the body's ability to
respond to environmental exposures progress at different rates [41]. Since the protective
processes involved in metabolizing harmful chemicals may not be fully functional until later
in development, environmental exposures pose unique challenges to the fetus and young
child. For example, studies have shown that PON1, the enzyme which detoxifies activated
organophosphorus pesticides (OPs) and reduces oxidative stress, does not become fully
functional until the age of 9 [42]. Moreover, children with PON1 polymorphisms display
differences in paraoxonase enzymatic activity which is necessary to clear harmful chemicals
from the body. These differences in metabolic phenotypes during periods of development
demonstrate the challenges environmental exposures pose to the developing fetus.

Of special concern are man-made hormone mimicking chemicals capable of evading defense
mechanisms and misdirecting developmental decisions. Recent studies document detectable
amounts of a variety of EDCs such as phthalates, polybrominated diphenyl ethers,
polycyclic aromatic hydrocarbons, and BPA in pregnant women, fetuses, newborns, young
children and adolescents [43-48]. Since each organ system has a different developmental
trajectory, the effects of exposures are dependent not only on the type and dose of the
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chemical, but also when the exposure occurs [49]. Exposures that occur early in pregnancy
can have influence on in short-term health effects of birth outcome, such as the length of
gestation period, birth weight, and head circumference [45], while exposures later in
pregnancy or during early childhood can lead to cognitive and developmental deficiencies
[47]. These studies illustrate that the in utero developmental period is a critically sensitive
window of vulnerability. Disruptions during this time-frame can lead to subtle functional
changes that may not emerge until later in life [50]. Evidence now suggests that early life
exposures to toxic chemicals can be directly associated with subsequent increases in the
rates of breast and prostate cancer, Parkinson's disease, obesity and other diseases (Table 2)
[50-52].

Heindel and Newbold [53] described several important principles that demonstrate how
early life environmental exposures contribute to increased risks of adult disease. First,
chemical exposures can have both tissue-specific and time-specific consequences on growth
and development. As long as tissue is developing, it is susceptible to disruptions from
environmental exposures. These disruptions can result from changes in gene expression,
protein activity, cell communication or other mechanisms. Secondly, the initiating in utero
exposure may act alone or in concert with other environmental stressors. That is, the risk of
developing disease in adulthood can be due to the combined insults over a lifetime. Thirdly,
the pathophysiology may be manifested in a disease that otherwise might not have occurred
and disease progression may have variable latent periods. Finally, the effects of
environmental chemical exposures can be transgenerational, thus affecting future
generations.

3. Transgenerational actions of endocrine disruptors
The majority of environmental factors and toxins do not have the ability to alter DNA
sequence or promote genetic mutations at normal physiological doses [54-56]. This is due,
in part, to the stability of the genome, which has developed multiple mechanisms to ensure
that DNA stability and replication proceed with a high degree of fidelity [57]. Therefore,
many environmental factors promote abnormal phenotypes or disease, independent of any
change in the DNA sequence [5]. However, early life chemical exposures lead to later life
adult onset diseases [58]. One general mechanism by which prenatal and postnatal exposures
could be linked to phenotypic changes later in life is through the alteration of epigenetic
marks, which have a central role in determining the functional output of the information that
is stored in the genome [54].

The term epigenetics refers to the factors around DNA that regulate its activity but are
independent of the DNA sequence. While there are several factors that can modify DNA to
alter gene expression, such as histone remodeling and regulation by small non-coding
RNAs, we focus here on the ability of environmental chemicals to reprogram DNA through
changes in methylation patterns. DNA methylation takes place at the carbon-5 position of
cytosine in CpG dinucleotides due to DNA methyltransferases [59]. Methyl-binding proteins
then attach to these sites and subsequently attract other chromatin modifying proteins, with
the end result being a silencing of the methylated gene. On the other hand, hypomethylated
genes tend to be more accessible to transcriptional machinery and can generate increased
and inappropriate gene expression (Figure 4) [60]. The majority of environmental factors act
on somatic tissues and influence the physiology of the individual exposed [5]. However, in
some cases these environmental factors promote a heritable transmission of the disease
phenotype through successive generations [5, 56, 61]. The heritable transmission of this
environmentally induced phenotype is referred to as epigenetic transgenerational
inheritance.
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A classic example of a multigenerational phenotype resulting from an environmental
chemical involves prenatal exposure to the potent synthetic estrogen diethylstilbestrol
(DES), which was prescribed to reduce the risk of pregnancy complications and losses
during the 1950s and 1960s [62, 63]. Exposure of a gestating female to DES was found to
promote an abnormal reproductive tract and gonadal dysfunction in the F1 generation males
and females, as well as abnormal female reproductive tract function in the F2 generation
[35]. It is interesting that the F1 and F2 generations display different disease phenotypes.
Studies are currently underway to determine whether early life exposure to DES promotes
multigenerational phenotypes [64, 65]. Another example of multigenerational exposure was
demonstrated using the anti-androgenic drug, flutamide. Many other chemicals have also
been implicated in promoting toxicity for multiple generations, including BPA [66, 67],
polycyclic hydrocarbons [68, 69], cocaine [69], pesticides [70], and phytoestrogens [71-73].
It is important to note that the multigenerational effects mentioned above involving direct
exposures and phenotypes are not considered transgenerational because they are not
transmitted solely through the germline. Only effects appearing in the F3 generation are
considered to be truly transgenerational (Figure 5) [5].

One of the first studies to demonstrate epigenetic, transgenerational effects of an endocrine
disruptor involved the analysis of vinclozolin actions on the male germ line in rats [74].
Vinclozolin is a fungicide commonly used in agriculture that is known for its anti-
androgenic endocrine action [75]. In this study Skinner et al. showed that exposing a
pregnant rat to vinclozolin or methoxychlor (an estrogeneic pesticide) during embryonic
days 8-14 caused defects in spermatogenic capacity, which were transmitted through at least
four subsequent generations. Interestingly, the transgenerational phenotypes observed in the
animals also included adult onset diseases, such as kidney disease, immune abnormalities,
prostate lesions and cancer [74, 76]. Subsequently, others have observed changes in
behavior and learning capacity following vinclozolin exposure [77-81], including
transgenerational changes in mate preferences and anxiety behavior [81]. These
transgenerational effects were only seen when the exposure window overlapped with critical
developmental processes such as germ cell methylation in the differentiating testis.

Epigenetic marks such as methylation patterns are laid down during development and are
responsible for the programming necessary to transform stem cells into differentiated cells
and tissues. The loss and subsequent reestablishment of the epigenetic profile in the
developing embryo comprise a critically sensitive period during which the system is
particularly vulnerable to environmental influences. While exposure to environmental agents
may not result in obvious phenotypes, these exposures can alter the epigenetic programming
of both somatic and germ cells inducing subtle functional changes leading to disease later in
life and in future generations. The exact mechanism whereby environmental chemicals alter
the epigenome has not been definitively established. It is known that following fertilization,
the DNA methylation pattern in the sperm-derived pronucleus is actively removed
(excluding imprinted genes). However, the enzymatic machinery responsible for
demethylation is largely unknown. Recently, Activation-Induced cytidine Deaminase (AID)
has been found to be highly expressed in primordial germ cells. AID was previously thought
to act as a single-stranded DNA deaminase involved in recombination of the
immunoglobulin genes during class switching [82]. However, AID activity may also play a
role in DNA methylation in primordial germ cells and in the early embryo and in disrupting
the action of DNA methytransferase activity during periods of programming. Emerging
developments in technology necessary for accurate mapping of the epigenome during
developmental periods will undoubtedly lead to a better understanding of transgenerational
epigenetic inheritance.
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Selected Disease endpoints
1. Male reproduction and development

Given the fact that both that hormone production and action are regulated in large part by
the reproductive tissue, it is not surprising that EDCs contribute to many adverse
reproductive health outcomes in developing and adult humans. Epidemiological data has
revealed an increase in male reproductive function disorders over the past 50 years,
suggesting a correlative relationship with the increasing amounts of EDCs in the
environment [83]. In the context of male reproductive health, EDCs have been linked to 1)
disrupted reproductive function, displayed as reduced semen quality and infertility; 2)
altered fetal development, displayed as urogenital tract abnormalities, including hypospadias
and cryptorchidism, and 3) testicular germ cell cancer (TGCC) [1, 84]. As previously
mentioned, the potential lag between exposure to EDCs and the manifestation of a clinical
reproductive disorder is of critical concern. In humans, this period may be years or decades
post exposure because sexual maturity and fertility cannot be assessed until the exposed
individual has attained a certain age [1].

Skakkebaek et al. [85] have suggested that the incidences of cryptorchidism, hypospadias
and poor semen quality are risk factors for one another and that they are all predictive of
developing testicular germ cell cancers. This quartet is defined as the testicular dysgenesis
syndrome (TDS). They propose that the etiology of TDS lies in the diminished androgen
action in fetal developmental periods and has a negative impact on the proper functioning of
Sertoli cells (the cells supporting germ cells) and Lydig cells (where androgen synthesis
occurs). This hypothesis proposes a strong association between environmental exposures
and development of TDS.

Identifying environmental causes of TDS in humans is difficult because developing fetal
tissues are inaccessible for examination. Thus the majority of mechanistic evidence linking
EDCs to TDS comes from animal experiments. It is possible to experimentally induce all the
elements of TDS, except for germ cell cancer, by exposing pregnant rats to phthalates and
other chemicals that block androgen action [86]. This model is referred to as the “phthalate
syndrome” model, and it is comprises non-descent of testis, malformations of the external
genitalia, poor semen quality, and malformations of other sex organs [87]. The causes of
phthalate syndrome center on suppression of fetal androgen action, which is the key driver
of male reproductive organ development. Phthalates lower levels of testosterone and its
derivatives by interfering with the uptake of steroid hormone precursors into fetal Leydig
cells where steroid synthesis takes place. The net results are malformations of internal
reproductive organs, hypospadias, retained nipples, and feminized anal-genital distance
(AGD) [87]. Certain pesticides are able to block the androgen receptor, or interfere with the
conversion of testosterone into dihydrotestosterone, thus producing effects similar to
phthalate syndrome. Androgen action also is essential for proliferation and development of
Sertoli cells, which are necessary for sperm production. Altogether, EDC-mediated
disruption of androgen action during fetal development results in reduced fertility later in
life [88].

Epidemiological studies have identified an association between chemical exposure (e.g., to
phthalates, polychlorinated biphenyls (PCBs), dioxins, and nonpersistent pesticides) and
reduced semen quality. In a U.S.-based study, Duty et al. [89] found links between
monobutyl phthalate exposure and poor sperm motility and concentrations. A study of
dioxin exposure conducted by Mocarelli et al. [90], suggests that timing of exposure has a
significant impact on semen quality. This study was based on men whom were exposed to
high levels of TCCD as a result of a chemical plant explosion in 1976 in Seveso, Italy. Men
who were exposed prepubertally (1-9 years of age) demonstrated poor semen quality as
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adults. Interestingly, men who were exposed between 10-17 and 18-27 years of age showed
slightly positive or no differences in semen quality, respectively. Several occupational
studies have found associations between pesticide exposure and reduced semen quality
[91-97]. In a study on male partners of pregnant women, Swan et al [98] found elevated
odds ratios for poorer semen quality in relation to urinary concentrations of several common
pesticides. Meeker et al. [99] also found an inverse relationship between urinary pesticide
levels in men and sperm concentration and motility. While there are clear association
between EDCs and diminished male reproductive health, there is a clear need for further
epidemiological studies to identify the classes of chemicals, exposure levels, and the most
critical windows of susceptibility important to male reproductive health.

2. Female reproduction and development
The ability of EDCs to alter reproductive function and health in females has been clearly
demonstrated by the consequences of DES use in pregnant women. The daughters of women
given DES while pregnant were shown to have rare cervicovaginal cancers [100, 101],
decreased fertility and increases in rates of ectopic pregnancy [102], and early menopause
[103]. Many of these disorders have been replicated in laboratory animals treated with DES
during gestation [62, 104-108]. As Newbold points out [106], the lessons learned from 40
years of DES research in humans and animals are that the female fetus is susceptible to
environmentally induced reproductive abnormalities, that gonadal organogenesis is sensitive
to synthetic hormones and hormone mimics during critical exposure windows, and that
reproductive disease may not appear until decades after exposures.

Proper development of ovarian follicles in the fetus is dependent on estrogen exposure
during critical periods of development. For instance, mice treated with DES on postnatal day
1 to 5 develop multioocytic follicles as adults [109]. Therefore, maintaining a homeostatic
balance of local and systemic hormones during follicle development is necessary for normal
follicle development and germ cell quality [110]. Perturbations in hormone signaling
resulting from chemical exposures during developmental periods could contribute to ovarian
disorders and declining conception rates in human populations [111]. And while the
mechanisms by which EDCs alter follicle development are not fully understood, there is
evidence that these chemicals are contributing to increased rates of aneuploidy [112],
polycyctic ovary syndrome (PCOS) [113, 114], premature ovarian failure (POF) [113, 114],
and altered cyclicity and fecundity [115-119]. For example, studies have shown that prenatal
exposure to BPA causes irregular cycles in mice, which is likely due to hypothalamic
alterations in the circuitry that controls luteinizing hormone (LH) secretion and ovulation
[116, 120]. In humans, altered cyclicity has been reported in individuals exposed to
organochlorine pesticides. Indeed, cycle irregularities have been noted in women whose
mothers were exposed in utero to DES [64].

Uterine fibroids (leiomyomas) are the most common tumor of the female reproductive
system [121], occurring in 25% to 50% of all women. The risk of the development of uterine
fibroids increases with age during premenopausal years, but tumors typically regress with
the onset of menopause [122]. Obesity, age at menarche and unopposed estrogen signaling
have been shown to increase the risks for tumors [123]. The best characterized animal model
for study of uterine fibroids is the Eker rat. A mutation of the tuberous sclerosis complex 2
(Tsc2) tumor suppressor gene causes females to develop spontaneous uterine fibroids at a
high frequency [124]. Studies using this model have shown that exposure to EDCs increases
the incidence of fibroids in these animals [125]. Developmental exposure to DES causes rats
that are genetically predisposed to uterine tumors to develop even more tumors of a larger
size, but fails to induce tumors in wild-type rats. Importantly, DES exposure imparts a
hormonal imprint on the developing uterus that causes an increase in estrogen-responsive
gene expression [110]. The potential for DES to cause uterine fibroids in humans is less
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clear. Two studies on DES daughters came to different conclusions. In a study of 2,570
women born during the period DES was prescribed, no association was found between
prenatal exposure and uterine fibroids [126]. Another study of 1.188 women found a
significant relationship between DES exposure and uterine fibroids [127]. On analysis of
these studies, Baird and Newbold concluded that there was a definitive increase in uterine
fibroids in DES daughter and the discrepancies between the studies was due to the
differences and sensitivities of the methods used to detect the tumors.

In summary, both animal and human studies suggest a role of EDCs in altering female
reproductive development. Data from animal experiments show that EDC exposure during
critical periods of development, both prenatal and neonatal, can induces functional changes
that appear later in life. There are data gaps in understanding the mechanisms by which
EDCs carry out their action, but it is clear that to reduce the risk of reproductive disorders
we must take action to reduce exposure to these chemicals.

3. Obesity and metabolic disorders
There is now compelling evidence linking prenatal exposures to a variety of chemicals with
altered developmental programming that may lead to weight gain [23] and metabolic
disturbances such as diabetes later in life[128, 129]. One well-studied example concerns the
effects of maternal tobacco smoking. Babies born to mothers who smoke are typically born
with a low birth weight and increased risk of obesity, cardiovascular disease and metabolic
syndrome later in life, thus some component(s) of tobacco smoke that are transported to the
fetus are “obesogens” [130].

Obesogens are functionally defined as chemicals that promote weight gain by acting directly
on fat cells (to increase their number or the storage of fat) or indirectly by altering
mechanism through which the body regulates appetite and satiety, by altering basal
metabolic rate, or by altering energy balance to favor the storage of calories [reviewed in 23,
131]. Many known obesogens are EDCs that can act as direct ligands for nuclear hormone
receptors, or affect components in metabolic signaling pathways under hormonal control
[23]. Indeed, environmental chemicals such as tributyltin(TBT) and triphenyltin (TPT) are
known to stimulate adipogenesis in vitro and in vivo. TBT and TPT are nanomolar affinity
ligands for the RXR-PPARγ heterodimer [132, 133] and stimulate 3T3-L1 preadipocytes to
differentiate into adipocytes [132-134] in a PPARγ-dependent manner [135, 136]. The
ligand-binding pocket of PPARγ is large and considered to be promiscuous [137]; therefore,
it is not surprising that an increasing number of other chemicals with dissimilar structures
have been shown to be PPARγ ligands [reviewed in 13]. It is currently unknown how many
environmental chemicals activate PPARγ and whether some or all of these will ultimately
turn out to be obesogens but there is little doubt that activating PPARγ is an important
pathway for adipogenesis and obesity (figure 6) [13, 23].

Mature adipocytes are generated from multipotent stromal cells (MSCs) found in almost all
fetal and adult tissues [138]. MSCs can differentiate into bone, adipose tissue, cartilage,
muscle, in vitro and are thought to help maintain these tissues in the adult. Exposure of
pregnant mice to TBT or the pharmaceutical obesogen rosiglitazone produced an MSC
population that was predisposed to differentiate into adipocytes at the expense of bone
[135]. Although the effects of TBT exposure on adults remains unexplored, it is known that
rosiglitazone treatment increases weight and fat cell number in humans [139]; therefore, it is
likely that TBT has the same effect. Intriguingly, MSCs derived from mice exposed to TBT
in utero showed epigenetic alterations in the methylation status of the CpG islands of
adipogenic genes such as AP2 and PPARγ which presumably led to the observed increase in
the number of preadipocytes in the MSC compartment and in the frequency with which
MSCs differentiated into adipocytes upon adipogenic stimulation [135]. Ultimately, it will
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be quite important to understand how the setpoint for adipocyte number is programmed in
humans and how this can be altered by EDC exposure.

There is growing concern in the scientific community that EDCs may be contributing to the
rapid increased rates of diabetes and metabolic syndrome. It is of particular concern that the
incidence of both obesity and diabetes are rising rapidly in the young. While there can be no
argument that eating calorie-dense, nutrient-poor food in large portions plays an important
role, the rapid rise in obesity and diabetes in the young suggests the influence of early life
exposures to chemicals may be playing an important role. Indeed, there is a growing body of
literature linking exposure to EDCs such as BPA, dioxins, organochlorine and
organophosphate pesticides with the incidence of metabolic syndrome and diabetes [128,
129, 140]. It is know that obesity and diabetes are linked and many of these same chemicals
are associated with weight gain/obesity [23, 131, 141] and diabetes. While the precise
metabolic pathways targeted by most of these chemicals are uncertain at present, the data
linking EDCs with obesity, metabolic syndrome and diabetes are strong and the number of
studies finding positive association is growing. Understanding the molecular mechanisms
involved in the role of epigenetics and early life exposures will provide important insights
into the etiology of these chronic disorders and should play an important role in designing
effective prevention strategies.

Conclusion
Humans are exposed to thousands of chemicals during their lifetime, through the air they
breathe, the food they eat, and the water they drink. A significant number of these chemicals
are toxic due to the fact that they can disrupt the endocrine system. Over the past decade, the
list of chemicals with endocrine disrupting activity has dramatically increased [142].
Evidence has shown that EDCs compromise the reproductive system, thyroid signaling
mechanisms, as well as tissues and organs associated with energy metabolism, glucose
control, fat cell development and satiety. Indeed, it is plausible that all endocrine systems are
to some degree affected by environmental chemical exposures. Since EDCs activate the
same receptors and signaling pathways as hormones and act at low concentrations, they are
subject to the same biological regulatory systems as hormones. And since hormones control
all aspects of physiology across the lifespan, the same can be expected from chemicals with
endocrine disrupting activity.

Hormones play a critical role in tissue development and the programming of stem cells and
tissues during the developmental process. The same can be said for EDCs. The DOHaD
paradigm illustrates that many, if not all, diseases have their origin during development.
EDCs pose the most risk during the development period as they alter programming, which
leads to increased susceptibility to disease later in life. Testing for chemicals with endocrine
disrupting activity can be challenging as the effects are often subtle (functional changes such
as alterations in epigenetic marks, and changes in gene expression), and they can manifest
effects later in life, long after the EDC is eliminated from the body. Over the past 40 years,
there has been a significant increase in a variety of endocrine-associated diseases including,
infertility, premature puberty, ADHD, obesity and diabetes, and endocrine cancers such as
prostate, ovarian and breast. It is biologically plausible that EDCs are playing a significant
role in these and other diseases.

The notion that EDCs are significantly impacting human health is of great concern. More
data is needed to expand the list of tissues affected by EDCs, and more effort is needed to
identify and classify the diseases and dysfunctions they are causing in humans and animal
models. Nevertheless, current data is sufficient to identify a public health problem that must
be addressed. There must be concerted efforts to reduce exposures to EDCs across the
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lifespan, with particular emphasis in pregnant women and infants. In addition, it is important
for scientists to develop biomarkers to measure exposure to EDCs during development
periods. These biomarkers could be used to identify windows of susceptibility to EDCs and
to develop early therapeutic interventions.
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Highlights: Endocrine Disrupting Chemicals and Disease Susceptibility

• Chemical exposures during development can alter disease susceptibility later in
life.

• Endocrine disrupting chemicals (EDCs) can produce adverse developmental,
reproductive, neurological, cardiovascular, metabolic and immune effects in
humans.

• EDCs interfere with the synthesis, secretion, transport, activity, or elimination of
natural hormones.
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Figure 1.
Model of the endocrine systems targeted by EDCs. This figure illustrates that all major
endocrine organs are vulnerable to endocrine disruption, including the HPA axis,
reproductive organs, the pancreas, and the thyroid gland. EDCs are also known to impact
hormone-dependent metabolic systems and brain function.
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Figure 2.
Illustration of steroid hormone receptor signaling pathway. Hormones, or hormone mimics,
bind to membrane or cytosol receptors, which in turn shuttle to the nucleus and attach
themselves to response elements (REs), where they work to regulate gene transcription and
ultimately protein production. Some receptors reside solely in the nucleus atop REs in
inactive forms and become activated upon hormone binding. EDCs can alter this signaling
process by binding to steroid receptors and either activating or inhibiting transcriptional
response.
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Figure 3.
Model illustrating early life exposures may cause functional changes at cellular levels that
lead to changes in physiological status, and ultimately adult disease.
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Figure 4.
Model depicting how EDCs can alter methylation patterns and normal epigenetic
programming in cells. Alterations in the epigenetic status of somatic cells can lead to disease
in developing tissues, whereas changes in the epigenetic programming in stem cells can lead
to multi- and transgeneration effects in the offspring.
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Figure 5.
EDCs many promote epigenetic alterations that influence somatic cells and so the disease
status of the individual exposed (F0 generation). In pregnant females, EDC exposure could
also cause epigenetic modifications in the next two generations (F1 and F2) through the fetus
and its germ line. The effect of such multigenerational exposure in subsequent generations
(F3 and beyond) would be considered a transgenerational phenotype.
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Figure 6.
The iceberg illustration indicates that there is evidence that exposure to certain EDCs during
results in obesity in animal models. Only a few chemicals have been thoroughly studied in
humans, thus possible that many more chemicals will be found below “the tip of the
iceberg” that impact obesity.
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Table 1

Select human nuclear receptors and related functions

Receptor Abbreviation Physiological Function Endogenous Ligand Examples of Endocrine
Disrupting Chemicals

Androgen AR Male sexual development Testosterone
Pesticides
Phthalates
Plasticisers
Polyhalogenated compounds

Estrogen
ER α, β

GPR30 (non-
nuclear)

Female sexual development Estradiol

Alklyphenols
BPA
Dioxins
Furans
Halogenated hydrocarbons
Heavy metals

Thyroid Hormone TR α, β Metabolism Heart rate Thyroid Hormone

BPA
Dioxins
Furans
PBDEs
PCBs
Perchlorates
Pesticides
Phalates
Phytoestrogens

Progesterone PR Female sexual development Progesterone
BPA
Fungicides
Herbicides
Insecticides

Arylhydrocarbon AhR

Circadian rhythm
Metabolism
Neurogenesis
Organ development
Stress response

Unknown

Dioxins
Flavonoids
Herbicides
Indoles
PCBs
Pesticides

Peroxisome Proliferator-Activated PPAR α, β, λ Lipid homeostasis Lipids/Fatty Acids BPA
Organotins

Glucocordicoid GR α, β
Development
Metabolism
Stress response

Cortisol
Arsenic
BPA
Phthalates
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Table 2

Developmentally-Induced Diseases (Human*)

System Disease Chemicals

Reproductive/Endocrine

Breast/Prostate Cancer
Endometriosis
Infertility
Diabetes/Metabolic Syndrome
Early puberty*
Obesity*

BPA
Dioxin, PCBs
Estrogens, Pesticides, Phthalates
BPA
Estrogens, BPA
BPA, Organochlorine pesticides, Organotins

Immune/Autoimmune Susceptibility to infections
Autoimmune disease

Dioxin
Dioxin

Pulmono-cardiovascular
Asthma*
Heart disease/Hypertension
Stroke

Air pollution
BPA
PCBs

Brain/Nervous
Alzheimer's Disease
Parkinson's Disease
ADHD/Learning disabilities*

Lead
Pesticides
PCBs, Lead, Ethanol, Organochlorine pesticides
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