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Endocrine-disrupting chemicals (EDCs) have captivated the attention of scientists, the public
and the media [1;2]. Since its inception, the endocrine disruption field has been controversial
[3], and skeptics of the hypothesis have been just as vocal as the proponents. So why should
neuroendocrinologists care about EDCs and why have a special issue on the subject? One
fundamental reason is because the two fields are inextricably linked. As neuroendocrinologists,
our history is already ingrained with the concept that there are critical periods of development,
the disruption of which has permanent effects in adulthood. It has been known for decades that
exogenous hormones, or interference with endogenous hormones, during these critical periods
of organization and activation can have permanent effects on the physiological and behavioral
pathways regulated by hypothalamic neuroendocrine circuits. Thus, neuroendocrinologists in
some sense predicted that EDCs would disrupt homeostatic neuroendocrine processes, and that
the critical developmental periods would be most sensitive, even before the term “endocrine
disruptor” was coined. Another more immediate reason is that EDCs are inescapable. For
example, EDCs are now recognized to be pervasive in the laboratory. They are present at high
levels in soy-based animal feed and in soy supplements consumed by humans, they leach from
plastics, lurk in tap water, and can interfere with hormone sensitive assays, such as MCF-7
breast cancer cells, potentially confounding experimental results. They are also common in
house dust, fabrics, cookware, furniture, food containers, an assortment of other household
products, and even in the air. We are exposed to a complex cocktail of these compounds every
day, from conception to death.

Just because EDCs pervade our bodies does not automatically mean that they cause harm, and
determining which do and which do not, and by what measure, is where the bulk of the
controversy now lies. At issue are both the degree to which low dose exposures to chemicals
with low hormonal potency can appreciably affect vertebrate physiology, and the degree to
which the potential long term risks of chemicals with sex-, life stage-, and tissue-specific
impacts can be swiftly and sufficiently gauged. In humans, both issues are difficult to address
experimentally because the timing, duration and level of human exposure are often uncertain,
particularly during fetal life. Moreover, the latency between EDC exposure and the emergence
of consequential health effects can be markedly long, often decades, and the degree to which
some groups might be more sensitive than others, resulting in inter-individual variability, is
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poorly understood. Finally, predicting human responses from sentinel wildlife cases, or
experimental animal and in vitro tests of endocrine action is not straightforward and frequently
contested [3]. We believe that rapidly emerging data from numerous labs conducting basic
animal research, studies of inadvertent human exposures, and epidemiological analyses
overwhelmingly point to the inevitable conclusion that EDC exposures are pervasive, and cause
both short- and long-term harm to humans and wildlife. But what is the extent of the problem
and what should be done to correct it? Neuroendocrinologists are uniquely poised to tackle this
question.

In this special edition of Frontiers in Neuroendocrinology, eight articles are devoted to the
effects of EDCs on reproductive health, neuroendocrine function, thyroid hormones, energy
balance, cognition, and maternal behavior in rodents, non-human primates and humans. These
articles underscore the message that neuroendocrine disruption, especially during critical
periods of the life cycle, can result in a broad array of effects that may not manifest for years
or decades. A few highlight recent evidence for transgenerational effects of EDCs [4;5] and
discuss previously unsuspected mechanisms, including molecular epigenetic changes, for the
transmission of EDC effects to future generations even if the exposure to the EDC can be
identified and removed [Figure 1]. This alarming possibility makes it all the more imperative
for neuroendocrinologists to familiarize themselves with the EDC literature and weigh in on
the issue.

Defining and Testing the Endocrine Disrupting Hypothesis – A Role for
Neuroendocrinologists

The term “endocrine disruption” was first coined in 1991 by a diverse group of 21 scientists
who had gathered at the Wingspread conference center in Racine, Wisconsin, USA, to discuss
what was known about the issue at the time (the history of which is detailed in the book Our
Stolen Future). They released an opinion, now referred to as the Wingspread Consensus
Statement, which became the foundation of the field [6;7;8;9] and defined many of its key
principles including the concept of critical windows of susceptibility, the potential for
bioaccumulation and a long latency between exposure and effect. Although the concept of
critical windows during which hormones can influence the organization of neuroendocrine
systems is fundamental to neuroendocrinology and predates the endocrine disruption field by
decades, it represented a paradigm shift in toxicology. Well-known neuroendocrinologists
including Arnold Berthold (1803–1861), William Young (1899–1965), Frank Beach (1911–
1988), Robert Goy (1924–1999) and their contemporaries have clearly established that during
embryonic and early postnatal life, the gonads and adrenals produce hormones that influence
ontogeny of the body and brain. Differences between testicular and ovarian hormones play a
crucial role in brain sexual differentiation [10]. As the hypothalamus develops and
differentiates, structural, neurochemical and functional differences are programmed early in
life, referred to as organization. Later in life at puberty and into adulthood, the developing
adrenals and gonads begin to produce increasing levels of steroids, which continue to organize
and then activate those pathways formed at birth [11]. It thus seems obvious to us as basic
researchers in the field that neuroendocrine tissues should be vulnerable to endocrine
disruption, but obtaining broad support for this inference from scientists outside the field has
been a struggle. Although still an emerging concept, there is now published evidence for the
exquisite sensitivity of hypothalamic neuroendocrine systems to developmental EDC
exposures (reviewed in [12;13]) making this a hot area of investigation. One experimental
barrier is that neuroendocrine endpoints are difficult to assess directly because of the relative
inaccessibility of the hypothalamus and pituitary, and because direct experimentation in
humans is unethical and thus virtually impossible. Recent studies in animal models, however,
have shown neuroendocrine effects of EDCs in numerous species. Because the mechanisms
of action of EDCs are largely conserved among humans, other mammals, and even across the
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vertebrate classes, we believe it is reasonable to draw inferences from these studies about
potential human impacts. Others have argued that such corollaries are not justified, making
this one of the most pressing controversies to overcome.

The best evidence for both the importance of animal models for predicting human outcomes
and causality between early life exposure and adult disease has been definitively provided by
the unfortunate case of the estrogenic pharmaceutical, diethylstilbestrol (DES). Prescribed to
pregnant women to avert miscarriage (a practice subsequently discovered to be ineffective), it
exposed their fetuses to high levels of a powerful synthetic estrogen. While the children
appeared anatomically normal at birth, the daughters grew up to have a high incidence of
reproductive tract structural abnormalities, and an increased prevalence of very rare clear cell
vaginal and cervical carcinomas. It is now recognized that DES sons experience higher rates
of reproductive disorders and cancers as well. This tragic event was critically informative
because it illuminated several crucial concepts embedded in the endocrine disruption
hypothesis. First, it provided a direct cause-and-effect relationship between prenatal exposure
to an estrogenic compound, and the later development of an endocrine cancer [14]. Second, it
also emphasized that the human fetus is not fully protected from exogenous hormones, as once
believed, and that human health is just as vulnerable to endocrine disruption as wildlife and
laboratory species. Finally, it demonstrated that animal models can in fact be good predictors
of human health outcomes, as comparisons of results of perinatal DES exposures between mice
and humans reveal very similar results [15]. Of particular relevance to neuroendocrinologists,
actions of DES on the hypothalamus and pituitary have been known for over sixty years [16;
17], a predictable finding based on the abundance of estrogen receptors in these regions [18].
The DES model, as currently studied in the DES daughters, sons, and now grandchildren,
together with laboratory animal models of DES exposure, has provided translational links to
the developmental origins of adult disease. Current research on EDCs has been informed by
DES, including recent work by some of the original investigators who first described DES’s
effects. Still, an understanding of the impacts of EDCs on neuroendocrinology is still in its
infancy, and it is imperative that this data gap be filled by future research.

An Evolving Field
The Environmental Protection Agency (USA) now defines an EDC (in part) as “an exogenous
chemical substance or mixture that alters the structure or function(s) of the endocrine system
and causes adverse effects.” Recognition by scientists in the field that effects may extend
beyond the endocrine system has forced this definition to evolve into the broader hypothesis
that there are “developmental origins of adult disease,” (also referred to as the “fetal basis of
adult disease (FeBAD) hypothesis”) [19;20;21]. This concept was first articulated by David
Barker in describing the links between adult coronary artery or type 2 diabetes and previous
poor fetal or infant growth [22]. The DES tragedy is also consistent with this hypothesis and
demonstrates that fetal exposure to estrogens can lead to cancer, infertility and other adverse
outcomes in later life. There is now concern that the fetal environment, including exposure to
toxicants, can contribute to obesity and metabolic syndrome. Skeptics insist that endocrine
disruption cannot account for such effects, but neuroendocrinologists are well aware that
disruption of hypothalamic-pituitary regulation can undermine body systems controlling
reproductive, thyroid, metabolic, obesity and pancreatic hormones, water/electrolyte balance,
lactation and growth.

Research in neuroendocrinology has additional roots in several concepts that are now the basis
for current work on environmental endocrine disruption. The neuroendocrine systems have
elements of both nervous and endocrine systems. As such, they enable the organism to interact
with and respond to the environment, with the nervous system level mediating the most
immediate and rapid effects, and the endocrine level enabling the organism to maintain and
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prolong the response, but ultimately to restore homeostasis. Internal secretions such as
hormones play key roles as effectors of environmental triggers, and themselves trigger
responses in the organism, thus resulting in the feedforward/feedback mechanisms with which
endocrinologists are familiar. These properties of neuroendocrine systems are critical to the
effects of environmental endocrine disruptors, which can interfere with natural hormonally-
mediated processes in the body and disrupt homeostasis.

There is now strong biological evidence for effects on EDCs in vitro and in vivo, and
experiments seeking to understand the molecular and cellular mechanisms targeted by EDCs
show that along with the more predictable targets such as estrogen receptors, EDCs can affect
other hormone receptors (androgen, thyroid, retinoid and orphan receptors involved in
metabolism), coregulatory factors, metabolic enzymes, and neurotransmitters/receptors.
Exposures to EDCs typically involve lifelong contact with hundreds of chemicals. Although
there are rare examples of toxic exposures of humans to a single EDC compound, such as the
release of dioxin in high concentrations from an industrial plant in Seveso, Italy, or
contamination of cooking oil with polychlorinated biphenyls (PCBs) in Taiwan and Japan,
most EDC exposures are sub-toxic. The fact that exposure to a single EDC predicts exposure
to multiple EDCs makes the issue of complex mixtures very relevant [23]. At the same time,
there is now epidemiological evidence for adverse links between EDCs and human disease,
including for the controversial compound bisphenol A (BPA) used in food containers and
plastics in the food industry [24]. Biomonitoring studies show the pervasiveness of EDCs in
human tissues, serum, urine and amniotic fluid [25;26;27;28].

Human Health Trends
In her 1985 dystopian novel, The Handmaid’s Tale, Margaret Atwood described a human
population rendered largely infertile by overwhelming chemical and nuclear pollution.
Sometimes science fiction is too close to non-fiction for comfort. Global trends indicate that
over the past half century human health has been declining and chronic disease is on the rise.
For example, two pivotal studies independently concluded that mean seminal volume and
sperm concentration have steadily decreased over the last 50 years [29;30]. In Denmark, it is
now estimated that more than 10% of men have sperm counts in the infertile range and upwards
of 30% are in the subfertile range [31]. Alarming reproductive health trends are also emerging
among women and girls [32]. For example, in the United States, the median age at menarche,
first breast development, and sexual precocity has steadily advanced, particularly among
minority populations [33;34], such that is no longer unusual for girls to obtain their first bras
in second or third grade. Similar effects have been noted in Europe and among children adopted
from developing countries by Western parents [35;36;37]. Although somewhat weak, there is
emerging evidence for a decline in female fecundity, even among young women who have not
elected to delay childbearing [38;39;40]. Concomitant with this decline in reproductive health
is a similarly paced increase in the incidence of childhood psychological and behavioral
disorders such as attention deficit disorder and autism spectrum disorders (ASD) (see CDC
database at http://www.cdc.gov/ncbddd/adhd/data.html) [41]. A recent survey of over 78,000
families conducted by the National Survey of Children’s Health revealed that as many as 1.1%
of all children born in the US are now diagnosed with ASD, with rates in boys nearly four
times that of girls [42]. In their ground-breaking 2010 report, the President’s Cancer Panel
highlighted that rates of cancer in children continue to increase, and argued for a greater
research focus on the relationship between exposure to toxicants and cancer. In all cases, the
underlying cause of such alarming human health trends is likely multi-faceted, and although
lifestyle factors such as delayed childbearing, diet, stress, and body composition likely play a
role, the rapidity of the increase in reproductive and behavioral disorders, and cancer, suggests
an environmental component.
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It is now widely hypothesized that exposure to EDCs, both synthetic and naturally occurring,
are at least partially responsible. We believe this a plausible hypothesis but robustly testing it
is not straightforward. For example, did the decline in male fecundity result from exposure in
the womb, when the gonads were forming; during puberty, when the reproductive system was
maturing; in adulthood, when conception is desired; or all of the above? Obviously, obtaining
absolute proof of endocrine disruption in humans by a chemical (or a mixture of chemicals)
with weak hormonal activity is likely impossible because it would be unethical to conduct a
double-blind study where one group is exposed to a suspected toxicant and the other is not. So
how can data obtained from animal models be used to inform human risk assessment? Can
health effects that result from environmental factors be improved or corrected once diagnosed?
Could effects be transmitted to subsequent generations by epigenetic or other mechanisms?
Such questions are on the minds of policy-makers and the general public, and will be touched
upon throughout this special issue.

Regulatory Action and Public Policy
Endocrine disruptors are critically important for another reason-they illuminate how public
trust in regulatory agencies charged with protecting human health has eroded and how
assessment paradigms must change to deal with emerging, and unanticipated threats. The
groundbreaking book Silent Spring by Rachel Carson, published in 1962, highlighted the
devastation to wildlife caused by the pesticide, DDT. Although tremendously successful at
killing disease-carrying pests such as lice and mosquitoes, the unintended impacts of DDT on
vertebrates nearly led to the extinction of the brown pelican and the bald eagle. This event
highlights the important point that endocrine disrupting compounds were not designed to cause
harm, but rather to improve the human condition by reducing disease and famine, for example.
It also emphasized the need to consider unintended consequences on the endocrine system
when designing new products. Unfortunately, this lesson has gone largely unheeded and to this
day, pest-control products including insecticides, rodenticides, fungicides and nematocides
known to have endocrine-disrupting properties are still used liberally, making Carson’s book
all the more relevant nearly fifty years later. We have only just begun to quantify the costs
associated with the widespread use of these compounds. In the US, products are not currently
tested for endocrine disrupting activity before coming to market, thus it is up to scientists to
discover which chemicals are endocrine disrupting and where they are found only after the
fact. It is now obvious that they are everywhere. This is unacceptable and must change. The
President’s 2010 Cancer Panel emphatically argued for reform of federal chemical policy and
for stronger regulation of chemicals, with a greater emphasis on precaution and prevention. To
those of us that have been in the endocrine disruption field for many years, this argument sounds
very familiar.

This is an historically important time, when scientists and policymakers are talking and
listening to one another with the intent of identifying a solution. The discussion is too often
cantankerous and not without controversy, but it is generating bold and meaningful change.
This cooperation has undeniably been spurred by growing public awareness of the prevalence
of these compounds in popular products, and shifts in consumer habits (as exemplified by the
recent explosive popularity of stainless steel water bottles). The 2008 announcement by
Walmart that it would no longer sell plastic baby bottles or food containers containing the
additive Bisphenol A (BPA) arguably had the greatest impact on manufacturing methods than
any FDA, EPA or other governmental decision, and bottles bearing a “BPA-Free” sticker are
now ubiquitous in major retail stores. In January of 2010 the FDA reversed its long held ruling
that BPA exposure was inconsequential and adopted the position that it has “some concern
about the potential effects of BPA on the brain, behavior, and prostate gland of fetuses, infants
and children.” The move was revolutionary and signifies a major shift in how regulatory
agencies are thinking about endocrine disruptors. Journalists are paying attention too and
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articles on the subject have appeared in publications as diverse as The Christian Science
Monitor, The New York Times, The New Yorker, Time Magazine, The Daily Mail, Men’s
Health and Vogue, further fueling public interest and concern. Momentum to quantify the scale
and scope of the problem has never been greater.

The Endocrine Disruptor Screening and Testing Advisory Committee (EDSTAC) was formed
by Congress back in 1996 to make specific recommendations to the EPA about how to test and
screen compounds for endocrine disrupting properties, but progress has been frustratingly slow.
A list of compounds to be screened was not compiled until April of 2009 and only 67 chemicals
were included, a tiny fraction of the thousands of compounds now believed to have endocrine
disrupting properties. There is also concern that the screening program itself is insufficient,
poorly designed and unlikely to reliably identify potential endocrine disruptors, further bogging
down the implementation of the program. In response to this, there are currently bills pending
in both the US House (“The Endocrine Disruption Prevention Act” H.R.4190) and the US
Senate (S2828) to give the NIH the power to develop an endocrine disruption screening
program and specifically generate data to guide better regulatory control over their use. NIEHS
is currently working with the FDA to develop a mechanism by which academic scientists could
cooperatively work in conjunction with FDA scientists to conduct risk assessment work [43].
The hope is that, by working together, the rapidity of the screening process, the incorporation
of innovative experimental approaches, and the number of endpoints screened can be
dramatically enhanced. At the moment this emerging partnership focuses on BPA but could
ultimately be expanded to include other compounds of concern.

Scientific societies and medical organizations have also taken note of the biological evidence
for EDCs, and they have begun to weigh in. The publication of the Faroes Statement, a
consensus statement authored by a group of eminent researchers and clinicians, focused on
developmental exposure to EDCs and emphasized the particular vulnerability of the developing
infant [44]. This statement challenged toxicologists to move from a testing paradigm centered
around the idea that “the dose makes the poison” to one that appreciates that “the timing makes
the poison.” Of even greater impact was the Endocrine Society’s Scientific Statement on EDCs
[1], which was rapidly endorsed by the American Medical Association and garnered
considerable media coverage. The European Union and Canada have made moves to ban some
EDCs, and some states in the U.S. are following suit. The Johnson Foundation again hosted a
workshop at Wingspread to revisit the state of the science and develop ideas to mitigate the
threat posed by “contaminants of emerging concern.” A formal statement from that group, one
of whom also attended the original 1991 Wingspread meeting, is forthcoming.

Concluding Thoughts About Where to Go From Here
Although the two of us are basic researchers, we are concerned about the regulation of putative
EDCs. The identification of EDCs is not necessarily straightforward due to their existence as
complex mixtures and their actions through multiple biological pathways. In its Scientific
Statement [1], The Endocrine Society invoked the “Precautionary Principle” in the regulatory
process, advocating that new compounds being introduced into products that come into contact
with human tissues or in our food/water containers be considered harmful unless proven
otherwise. This puts the burden of proof on the manufacturer, something that has caused
resistance from the chemical industry. Some of the responsibility can be assumed by consumers
who can make informed choices about storing and heating their food products in safe
containers, washing produce that may come into contact with pesticides, and choosing organic
alternatives and unprocessed food when available/affordable. Unfortunately, it is
extraordinarily difficult for individuals to make informed choices about how to reduce their
potential exposure because it is often impossible to determine which plastics, cosmetics, toys,
or other household items contain endocrine disrupting compounds, so consumers have no
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adequate way to avoid them if desired. This powerlessness is one major reason why the topic
of endocrine disruption continues to receive global attention by scientists and the general
public, and why the time has never been better for neuroendocrinologists to get involved and
weigh in both through performing high-quality basic research, for making translational links
to humans, and by getting out of their comfort zone of the laboratory/clinic and getting engaged
in a dialogue with policymakers. The articles presented in this special issue describe some of
the seminal findings within the endocrine disruption field and highlight the critical data gaps
that remain to be addressed. This landmark issue of Frontiers in Neuroendocrinology is
intended to be a first step in the directions that we have advocated.
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Figure 1.
Schematic representation of exposure of neuroendocrine systems in humans to EDCs. Depicted
here is how exposure of multiple generations can occur via maternal exposure. EDCs can
directly modify the mother’s brain, hormones and the germ cells in her ovary. The mother’s
hormones, brain and behavior can be altered by EDCs, and her germ cells can be subject to
epigenetic programming through a variety of molecular mechanisms. At the same time, her
developing fetus is exposed to EDCs through placental transfer, and infants are exposed via
breast milk. Further exposure to suckling infants may occur through formula feeding (soy
products, plastics in baby bottles). In addition, the germ cells of these developing infants and
fetuses, which represent the third generation, may be modified through behavioral, hormonal,
and epigenetic mechanisms of the previous two generations.
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