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Preface

The State of the Science of Endocrine Disrupting
Chemicals—2012, is an update of the scientific knowledge,
including main conclusions and key concerns, on
endocrine disruptors as part of the ongoing collaboration
between the World Health Organization (WHO) and the
United Nations Environment Programme (UNEP) to
address concerns about the potential adverse health effects
of chemicals on humans and wildlife.

We live in a world in which man-made chemicals
have become a part of everyday life. It is clear that some
of these chemical pollutants can affect the endocrine
(hormonal) system, and certain of these endocrine
disruptors may also interfere with the developmental
processes of humans and wildlife species. Following
international recommendations in 1997 by the
Intergovernmental Forum on Chemical Safety and the
Environment Leaders of the Eight regarding the issue of
endocrine disrupting chemicals (EDCs), WHO, through
the International Programme on Chemical Safety (IPCS),
a joint programme of WHO, UNEP and the International
Labour Organization, developed in 2002 a report
entitled Global Assessment of the State-of-the-Science of
Endocrine Disruptors.

The Strategic Approach to International Chemicals
Management (SAICM) was established by the
International Conference on Chemicals Management
(ICCM) in February 2006, with the overall objective to
achieve the sound management of chemicals throughout
their life cycle so that, by 2020, chemicals are used and
produced in ways that minimize significant adverse effects
on human health and the environment.

SAICM recognizes that risk reduction measures need to
be improved to prevent the adverse effects of chemicals on
the health of children, pregnant women, fertile populations,
the elderly, the poor, workers and other vulnerable groups
and susceptible environments. It states that one measure
to safeguard the health of women and children is the
minimization of chemical exposures before conception and

through gestation, infancy, childhood and adolescence.

SAICM also specifies that groups of chemicals that
might be prioritized for assessment and related studies,
such as for the development and use of safe and effective
alternatives, include chemicals that adversely affect, inter
alia, the reproductive, endocrine, immune or nervous
systems. A resolution to include EDCs as an emerging
issue under SAICM was adopted in September 2012 by
ICCM at its third session.

EDCs represent a challenge, as their effects depend
on both the level and timing of exposure, being especially
critical when exposure occurs during development.

They have diverse applications, such as pesticides, flame
retardants in different products, plastic additives and
cosmetics, which may result in residues or contaminants in
food and other products. Therefore, EDCs may be released
from the products that contain them.

The protection of the most vulnerable populations
from environmental threats is a key component of the
Millennium Development Goals. As the challenge in
meeting the existing goals increases, with work under
way in developing countries to overcome traditional
environmental threats while dealing with poverty,
malnutrition and infectious disease, emerging issues
should be prevented from becoming future traditional
environmental threats. Endocrine disruption is a challenge
that must continue to be addressed in ways that take into
account advances in our knowledge.

UNEP and WHO, in collaboration with a working
group of international experts, are taking a step forward
by developing these documents on endocrine disruptors,
including scientific information on their impacts on human
and wildlife health and key concerns for decision-makers
and others concerned. The well-being of future human and
wildlife generations depends on safe environments.

UNEP and WHO convened, in December 2009, a
meeting of the planning group for the development of
an update to the 2002 IPCS “Global Assessment of the
State-of-the-Science of Endocrine Disruptors”. This was
followed by teleconferences and a planning meeting



in Geneva in June 2010. These meetings allowed for
defining the scope, the outline, the development process
and suggestions of main authors that would be integrated
in the working group. Authors were identified because
of previous peer-reviewed publications and according to
their area of expertise. The following experts provided
guidance and expertise for the planning stages:

+ Ake Bergman, Stockholm University, Sweden

* Poul Bjerregaard, University of Southern Denmark,

Denmark

» Niels Erik Skakkebaek, University of Copenhagen,
Denmark

* Hans-Christian Stolzenberg, Federal Environment
Agency, Germany

» Jorma Toppari, University of Turku, Finland

The working group consequently met in Stockholm
in November 2010, in Copenhagen in May 2011 and
in Geneva in December 2011, as well as through
teleconferences, to develop and revise various drafts of the
documents. Professor Ake Bergman led the working group
and facilitated the development of the chapters with the
main authors in coordination with UNEP and WHO.

The following international scientific experts were
part of the working group that developed the documents:

* Georg Becher, Norwegian Institute of Public Health,
Norway

+ Ake Bergman, Stockholm University, Sweden
(Leader)

* Poul Bjerregaard, University of Southern Denmark,
Denmark

* Riana Bornman, Pretoria Academic Hospital, South
Africa

 Ingvar Brandt, Uppsala University, Sweden

¢ Jerrold J. Heindel, National Institute of Environmental
Health Sciences, USA

 Taisen Iguchi, National Institutes of Natural Sciences,
Okazaki, Japan

» Susan Jobling, Brunel University, England
» Karen A. Kidd, University of New Brunswick, Canada

* Andreas Kortenkamp, University of London and
Brunel University, England

¢ Derek C.G. Muir, Environment Canada, Canada

* Roseline Ochieng, Aga Khan University Hospital,
Kenya

* Niels Erik Skakkebaek, University of Copenhagen,
Denmark

» Jorma Toppari, University of Turku, Finland

* Tracey J. Woodruff, University of California at San
Francisco, USA

* R. Thomas Zoeller, University of Massachusetts, USA

The development of these documents would not have
been made possible without the significant contributions
of the planning and working groups and the valuable
leadership of Professor Ake Bergman, as well as of the lead
authors of the main chapters Professor Susan Jobling, Dr.
Jerrold J. Heindel, Professor Karen A. Kidd and Professor
R. Thomas Zoeller. UNEP and WHO are very grateful for
their extensive support and for the hard work of all.

Additional authors that contributed specific sections to

the main document were:

* Bruce Blumberg, University of California, Irvine, USA
» Jayne V. Brian, Brunel University, United Kingdom

» Stephanie C. Casey, University of California, Irvine,
USA

* Heloise Frouin, Institute of Ocean Sciences, Fisheries
and Oceans, Canada

» Linda C. Giudice, University of California, San
Francisco, USA

* Monica Lind, Uppsala University, Sweden

» Erik Ropstad, Norwegian School of Veterinary
Science, Oslo, Norway

* Peter S. Ross, Institute of Ocean Sciences, Fisheries

and Oceans Canada
* Laura N. Vandenberg, Tufts University, Medford, USA

A semi-final draft of the main document was reviewed
in parts by the following experts:

*  Scott M. Belcher, University of Cincinnati, USA

¢ Antonia Calafat, National Center for Environmental
Health, Centers for Disease Control and Prevention,
USA

¢ Jean-Pierre Cravedi, French National Institute for
Agricultural Research (INRA), France

» Sally Darney, Research Triangle Park, USA

« Evanthia Diamanti-Kandarakis, Laiko General

Hospital, Athens University, Greece
* Cynthia A. de Wit, Stockholm University, Sweden

* Tamara Galloway, College of Life and Environmental
Sciences, University of Exeter, United Kingdom

* Andreas Gies, Federal Environment Agency, Germany

 Philippe Grandjean, Landmark Center, USA
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Environmental Hygiene, Technical University of
Munich, Germany

Louis J. Guillette, Jr., Medical University of South
Carolina, USA

Leif Kronberg, Abo Akademi University, Finland
Robert Letcher, Environment Canada, Canada

Angel Nadal, Institute of Bioengineering and
CIBERDEM, Miguel Hernandez University, Spain

Roger Beemer Newman, Medical University of South
Carolina, USA

Heather Patisaul, North Carolina State University,
USA

Gail S. Prins, University of Illinois at Chicago, USA

Martin Scheringer, Institute for Chemical and
Bioengineering, The Swiss Federal Institute of
Technology (ETH), Switzerland

Helmut Segner, University of Bern, Switzerland
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Shirlee Tan, Independent Consultant, Paris, France
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Executive summary

Introduction

In 2002, the International Programme on Chemical Safety
(IPCS), a joint programme of the World Health Organization
(WHO), the United Nations Environment Programme
(UNEP) and the International Labour Organization,
published a document entitled Global Assessment of the
State-of-the-Science of Endocrine Disruptors (IPCS, 2002).
This work concluded that scientific knowledge at that time
provided evidence that certain effects observed in wildlife
can be attributed to chemicals that function as endocrine
disrupting chemicals (EDCs); that the evidence of a causal
link was weak in most cases and that most effects had

been observed in areas where chemical contamination was
high; and that experimental data supported this conclusion.
The document further concluded that there was only

weak evidence for endocrine-related effects in humans.
Uncertainties regarding global endocrine disrupting effects
were put forward; simultaneously, concern was expressed
that endocrine disruption may affect developmental
processes if exposure occurs during early life stages. Almost
no data regarding endocrine-related effects were available
for chemicals other than those defined as persistent organic
pollutants (POPs) according to the Stockholm Convention
on Persistent Organic Pollutants: polychlorinated biphenyls
(PCBs), dioxins and dichlorodiphenyltrichloroethane (DDT).
Even for these chemicals, the data gaps were obvious

for parts of the world other than western Europe, North
America and Japan. The IPCS (2002) document finally
concluded that there was a need for broad, collaborative

and international research initiatives and presented a list of
research needs.

Since the start of this century, intensive scientific work
has improved our understanding of the impacts of EDCs on
human and wildlife health. Scientific reviews published by,
for example, the Endocrine Society (Diamanti-Kandarakis
et al., 2009), the European Commission (Kortenkamp et al.,
2011) and the European Environment Agency (2012) show
the scientific complexity of this issue. These documents

implicate EDCs as a concern to public and wildlife health. In
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addition, the European Society for Paediatric Endocrinology
and the Pediatric Endocrine Society have put forward a
consensus statement calling for action regarding endocrine
disruptors and their effects (Skakkeback et al., 2011).

Now, in 2012, the United Nations Environment
Programme (UNEP) and WHO present an update of the
IPCS (2002) document, entitled State of the Science of
Endocrine Disrupting Chemicals—2012. This document
provides the global status of scientific knowledge on
exposure to and effects of EDCs. It explains, in the first
chapter, what endocrine disruption is all about, and then
it discusses in detail, in 12 sections in the second chapter,
endocrine disrupting effects in humans and wildlife. The
work is based on the fact that endocrine systems are very
similar across vertebrate species and that endocrine effects
manifest themselves independently of species. The effects
are endocrine system related and not necessarily species
dependent. Effects shown in wildlife or experimental
animals may also occur in humans if they are exposed to
EDCs at a vulnerable time and at concentrations leading to
alterations of endocrine regulation. Of special concern are
effects on early development of both humans and wildlife,
as these effects are often irreversible and may not become
evident until later in life. The third and final chapter of this
document discusses exposure of humans and wildlife to
EDCs and potential EDCs.

Key concerns

Human and wildlife health depends on the ability
to reproduce and develop normally. This is not
possible without a healthy endocrine system.

Three strands of evidence fuel concerns over

endocrine disruptors:

o

the high incidence and the increasing trends of

many endocrine-related disorders in humans;

observations of endocrine-related effects in wildlife
populations;



o the identification of chemicals with endocrine
disrupting properties linked to disease outcomes in
laboratory studies.

Many endocrine-related diseases and disorders are
on the rise.

o Large proportions (up to 40%) of young men in
some countries have low semen quality, which
reduces their ability to father children.

o The incidence of genital malformations, such as
non-descending testes (cryptorchidisms) and penile
malformations (hypospadias), in baby boys has
increased over time or levelled off at unfavourably
high rates.

o The incidence of adverse pregnancy outcomes,
such as preterm birth and low birth weight, has
increased in many countries.

> Neurobehavioural disorders associated with thyroid
disruption affect a high proportion of children
in some countries and have increased over past
decades.

o Global rates of endocrine-related cancers (breast,
endometrial, ovarian, prostate, testicular and
thyroid) have been increasing over the past 40-50
years.

o There is a trend towards earlier onset of breast
development in young girls in all countries where
this has been studied. This is a risk factor for breast

cancer.

o The prevalence of obesity and type 2 diabetes has
dramatically increased worldwide over the last 40
years. WHO estimates that 1.5 billion adults world-
wide are overweight or obese and that the number
with type 2 diabetes increased from 153 million to
347 million between 1980 and 2008.

Close to 800 chemicals are known or suspected

to be capable of interfering with hormone
receptors, hormone synthesis or hormone
conversion. However, only a small fraction of these
chemicals have been investigated in tests capable
of identifying overt endocrine effects in intact
organisms.

o The vast majority of chemicals in current commer-
cial use have not been tested at all.

o This lack of data introduces significant uncertain-
ties about the true extent of risks from chemicals

that potentially could disrupt the endocrine system.

Human and wildlife populations all over the world
are exposed to EDCs.

o There is global transport of many known and
potential EDCs through natural processes as well as
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through commerce, leading to worldwide exposure.

o Unlike 10 years ago, we now know that humans
and wildlife are exposed to far more EDCs than just
those that are POPs.

o Levels of some newer POPs in humans and wildlife
are still increasing, and there is also exposure to
less persistent and less bioaccumulative, but ubiqui-

tous, chemicals.

o New sources of human exposure to EDCs and
potential EDCs, in addition to food and drinking-
water, have been identified.

o Children can have higher exposures to chemicals
compared with adults—for example, through their

hand-to-mouth activity and higher metabolic rate.

The speed with which the increases in disease
incidence have occurred in recent decades rules out
genetic factors as the sole plausible explanation.
Environmental and other non-genetic factors,
including nutrition, age of mother, viral diseases
and chemical exposures, are also at play, but are
difficult to identify. Despite these difficulties, some
associations have become apparent:

o Non-descended testes in young boys are linked
with exposure to diethylstilbestrol (DES) and
polybrominated diphenyl ethers (PBDEs) and with
occupational pesticide exposure during pregnancy.
Recent evidence also shows links with the pain-
killer paracetamol. However, there is little to sug-
gest that PCBs or dichlorodiphenyldichloroethylene
(DDE) and DDT are associated with cryptorchi-
dism.

o High exposures to polychlorinated dioxins and cer-
tain PCBs (in women who lack some detoxifying
enzymes) are risk factors in breast cancer. Although
exposure to natural and synthetic estrogens is
associated with breast cancer, similar evidence link-
ing estrogenic environmental chemicals with the

disease is not available.

o Prostate cancer risks are related to occupational ex-
posures to pesticides (of an unidentified nature), to
some PCBs and to arsenic. Cadmium exposure has
been linked with prostate cancer in some, but not
all, epidemiological studies, although the associa-

tions are weak.

> Developmental neurotoxicity with negative impacts
on brain development is linked with PCBs. Atten-
tion deficit/hyperactivity disorder (ADHD) is over-
represented in populations with elevated exposure
to organophosphate pesticides. Other chemicals

have not been investigated.

> An excess risk of thyroid cancer was observed

among pesticide applicators and their wives, al-



though the nature of the pesticides involved was not
defined.

Significant knowledge gaps exist as to associations

between exposures to EDCs and other endocrine

diseases, as follows:

o

There is very little epidemiological evidence to link
EDC exposure with adverse pregnancy outcomes,
early onset of breast development, obesity or diabe-
tes.

There is almost no information about associations
between EDC exposure and endometrial or ovarian

cancer.

High accidental exposures to PCBs during fetal
development or to dioxins in childhood increase the
risk of reduced semen quality in adulthood. With
the exception of these studies, there are no data sets
that include information about fetal EDC exposures
and adult measures of semen quality.

No studies exist that explore the potential link
between fetal exposure to EDCs and the risk of
testicular cancer occurring 2040 years later.

Numerous laboratory studies support the idea

that chemical exposures contribute to endocrine

disorders in humans and wildlife. The most

sensitive window of exposure to EDCs is during

critical periods of development, such as during fetal

development and puberty.

o

Developmental exposures can cause changes that,
while not evident as birth defects, can induce per-
manent changes that lead to increased incidence of
diseases throughout life.

These insights from endocrine disruptor research
in animals have an impact on current practice in
toxicological testing and screening. Instead of
solely studying effects of exposures in adulthood,
the effects of exposures during sensitive windows
in fetal development, perinatal life, childhood and
puberty require careful scrutiny.

Worldwide, there has been a failure to adequately

address the underlying environmental causes of

trends in endocrine diseases and disorders.

o

Health-care systems do not have mechanisms in
place to address the contribution of environmental
risk factors to endocrine disorders. The benefits that
can be reaped by adopting primary preventive mea-
sures for dealing with these diseases and disorders

have remained largely unrealized.

Wildlife populations have been affected by

endocrine disruption, with negative impacts

on growth and reproduction. These effects are
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widespread and have been due primarily to POPs.
Bans of these chemicals have reduced exposure and
led to recovery of some populations.

o It is therefore plausible that additional EDCs, which
have been increasing in the environment and are of
recent concern, are contributing to current population
declines in wildlife species. Wildlife populations that
are also challenged by other environmental stressors

are particularly vulnerable to EDC exposures.

Internationally agreed and validated test methods
for the identification of endocrine disruptors
capture only a limited range of the known spectrum
of endocrine disrupting effects. This increases the
likelihood that harmful effects in humans and
wildlife are being overlooked.

o For many endocrine disrupting effects, agreed and
validated test methods do not exist, although scien-
tific tools and laboratory methods are available.

° For a large range of human health effects, such
as female reproductive disorders and hormonal
cancers, there are no viable laboratory models. This
seriously hampers progress in understanding the
full scale of risks.

Disease risk due to EDCs may be significantly
underestimated.

o A focus on linking one EDC to one disease severely
underestimates the disease risk from mixtures of
EDCs. We know that humans and wildlife are
simultaneously exposed to many EDCs; thus, the
measurement of the linkage between exposure to
mixtures of EDCs and disease or dysfunction is
more physiologically relevant. In addition, it is like-
ly that exposure to a single EDC may cause disease
syndromes or multiple diseases, an area that has not
been adequately studied.

An important focus should be on reducing
exposures by a variety of mechanisms. Government
actions to reduce exposures, while limited, have
proven to be effective in specific cases (e.g. bans and
restrictions on lead, chlorpyrifos, tributyltin, PCBs
and some other POPs). This has contributed to
decreases in the frequency of disorders in humans
and wildlife.

Despite substantial advances in our understanding
of EDCs, uncertainties and knowledge gaps still
exist that are too important to ignore. These
knowledge gaps hamper progress towards better
protection of the public and wildlife. An integrated,
coordinated international effort is needed to define
the role of EDCs in current declines in human and
wildlife health and in wildlife populations.



General aspects on endocrine
disruption (chapter 1)
The present document uses the same definitions of EDCs
and potential EDCs that were developed in IPCS (2002):
“An endocrine disruptor is an exogenous substance or
mixture that alters function(s) of the endocrine system
and consequently causes adverse health effects in an
intact organism, or its progeny, or (sub) populations”;
and “A potential endocrine disruptor is an exogenous
substance or mixture that possesses properties that might
be expressed to lead to endocrine disruption in an intact
organism, or its progeny, or (sub) populations”.

In addition to the key concerns presented above, the
most relevant main messages from chapter 1 are presented

below:

¢ What is endocrine disruption all about? Some
endocrine disruptors can act directly on hormone
receptors as hormone mimics or antagonists. Others
can act directly on any number of proteins that control
the delivery of a hormone to its normal target cell or

tissue.

¢ The affinity of an endocrine disruptor to a hormone
receptor is not equivalent to its potency. Chemical
potency on a hormone system is dependent upon many
factors.

¢ Endocrine disruptors produce non-linear dose—
response curves both in vitro and in vivo, by a variety

of mechanisms.

¢ Environmental chemicals can exert endocrine
disrupting activity on more than just estrogen,
androgen and thyroid hormone action. Some are
known to interact with multiple hormone receptors
simultaneously.

¢ Sensitivity to endocrine disruption is highest during
tissue development; developmental effects will occur
at lower doses than are required for effects in adults.

¢ Testing for endocrine disruption must encompass the
developmental period and include lifelong follow-up
to assess latent effects.

¢ Endocrine disruption represents a special form of
toxicity, and this must be taken into consideration
when interpreting the results of studies on EDCs or
when designing studies to clarify the effects of EDCs
and quantifying the risks to human and wildlife
health.

Over the last 10 years, it has been established that
endocrine disruptors can work together to produce
additive effects, even when combined at low doses that
individually do not produce observable effects.

Evidence for endocrine disruption in
humans and wildlife (chapter 2)

Over the last decade, scientific understanding of the
relationship between exposure to endocrine disruptors
and health has advanced rapidly. There is a growing
concern that maternal, fetal and childhood exposure to
EDCs could play a larger role in the causation of many
endocrine diseases and disorders than previously believed.
This is supported by studies of wildlife populations and
of laboratory animals showing associations between
exposure to EDCs and adverse health effects and by the
fact that the increased incidence and prevalence of several
endocrine disorders cannot be explained by genetic factors
alone. Epidemiological studies to date have explored

quite narrow hypotheses about a few priority pollutants,
without taking account of combined exposures to a
broader range of pollutants. The main messages for each
endocrine disease or disorder described in chapter 2 are
presented below, focusing on advances in knowledge and
understanding since publication of the IPCS (2002) report.

Female reproductive health

¢ Increased understanding of endocrine pathways
governing female reproductive processes suggests
that a role for EDCs in the multicausality of female
reproductive dysfunction is biologically plausible.

¢ There is limited and conflicting experimental and
epidemiological evidence to support a role for EDCs
in advancing puberty and breast development and in
causing fibroids (phthalates) and endometriosis (PCBs,
phthalates and dioxins) and almost no evidence for
causation of polycystic ovary syndrome or infertility;
however, few studies have examined chemical
causation of these diseases directly, and very few
chemicals have been investigated.

¢ Historically high incidences of fibroids have
also occurred in seal populations in the Baltic
Sea and have been associated with exposure to
contaminants (particularly PCBs and organochlorine
pesticides). Recovery of these populations is now
occurring, following a decline in the environmental
concentrations of these chemicals. More evidence now
exists that reduced reproductive success in female
birds, fish and gastropods is related to exposure to
PCBs, organochlorine pesticides, tributyltin and
dioxins. As exposure to these EDCs decreased,
adverse reproductive effects in wild populations also

decreased.

¢ There is more evidence from laboratory studies now
than in 2002 that chemical exposures can interfere
with endocrine signalling of pubertal timing, fecundity
and fertility and with menopause.



¢

There are many gaps in our knowledge of endocrine
disruption of the female reproductive system. Many of
the mechanisms are poorly understood, and the number

of chemicals that have been investigated is limited.

There are many gaps in the available chemical test
methods for screening chemicals for endocrine
disrupting effects on female reproduction. Regulatory
tests for many wildlife taxa are currently not developed,
and the endocrine end-points measured in mammalian
assays are sometimes not adequate to detect possible
roles of EDCs in inducing many of the female
reproductive disorders and diseases described here.

Male reproductive health

¢

In comparison with 2002, the incidence of testicular
cancer has further increased in the European countries
in which it has been carefully studied.

Although geographical differences exist, semen quality
has declined in some countries; 20-40% of young

men in the general population of Denmark, Finland,
Germany, Norway and Sweden have sperm counts in
the subfertile range.

Decreases in semen quality reported in Scandinavian
studies parallel increases in the incidence of both
genital abnormalities in babies and testis germ cell
cancer in men in the same areas over the last 60 years.
The occurrence of cryptorchidism at birth is associated
with a 5-fold increased risk of testicular cancer and

with impaired semen quality and subfecundity.

Several epidemiological studies show weak
associations between cryptorchidism in sons and
exposure of their mothers to DES, paracetamol,
mixtures of PBDEs or unknown pesticides during
pesticide application. No associations have been found
with individual pesticides, underlining the importance
of including mixtures assessment in epidemiological
and laboratory investigations. Studies have not
identified associations with PCBs or with DDT/DDE.

High accidental exposures to PCBs during fetal
development or to dioxins in childhood increase the
risk of reduced semen quality in adulthood. With the
exception of these studies, there are no data sets that
include information about fetal EDC exposures and
adult measures of semen quality. No studies have been
performed to explore the potential link between fetal
EDCs and the risk of testicular cancer occurring 2040

years later.

Limited evidence suggests a slightly increased risk of
hypospadias or of reduced semen quality associated
with exposure to mixtures of endocrine disrupting
pesticides. Limited evidence also suggests links
between maternal phthalate exposure and reduced

¢

¢

anogenital distance (a proxy for reduced semen
quality) in baby boys. For most chemicals, potential
associations between fetal exposure and childhood or
adult male reproductive health have not been studied.

An animal model for aspects of testicular dysgenesis
syndrome has been established in the rat and shows

an interrelationship between testicular dysgenesis

and exposure to some EDCs during the fetal male
programming window. There is now a mechanism
demonstrated in the rat by which irreversible disorders

of the male reproductive tract can be caused.

Exposures to several anti-androgenic pesticides have
been shown to induce cryptorchidism, hypospadias
and reduced semen quality in rodent experiments and

are also often linked to shortened anogenital distance.

Not all effects seen in the rat appear across species,
and vice versa. Recent data show that effects of
phthalates in the rat are not seen in the mouse or in
human testis studied in culture. For bisphenol A (BPA),
the human testis model is more sensitive to toxic
effects than the rat model.

With the exception of testicular germ cell cancers,
which are logistically difficult to detect, symptoms of
androgen deficiency and estrogen exposure occur in
a variety of wildlife species in both urban and rural
environments and have been linked to exposure to
chemicals in a limited number of species in some

arcas.

The feminizing effects of estrogenic chemicals from
sewage effluents on male fish were first reported in
the 1990s and have now been seen in many countries
and in several species of fish, indicating that this is a
widespread phenomenon. Feminized (intersex) male
fish have reduced sperm production and reduced

reproductive success.

The suite of effects seen in wildlife can be reproduced
in laboratory studies in which experimental animals

are exposed to EDCs.

Sex ratio

EDC-related sex ratio imbalances, resulting in fewer
male offspring in humans, do exist (e.g. in relation to
dioxin and 1,2-dibromo-3-chloropropane), although
the underlying mechanisms are unknown. The effects
of dioxin on sex ratio are now corroborated by results
obtained in the mouse model.

EDC-related sex ratio imbalances have been seen in
wild fish and molluscs, and the effects of EDCs on sex
ratios in some of these species are also supported by
laboratory evidence.



Thyroid-related disorders

¢

Compared with 2002, increased but still limited
evidence exists showing associations between thyroid-
related disorders and chemical exposures. There is,
however, very little direct evidence that effects on
thyroid hormone action mediate these associations.
There is currently no direct approach to test this
hypothesis on human populations.

Some epidemiological studies report associations
between chemical exposures (PCBs, PBDEs,
phthalates, BPA and perfluorinated chemicals) and
thyroid function, including in pregnant women, but
few of these report associations with thyroid measures
in the cord blood of their offspring or with abnormal

function in these offspring.

Laboratory experiments with rodents show that there
are many chemicals that can interfere with thyroid
function. For example, exposure to PCBs clearly
reduces serum thyroid hormone levels in rodents.

Similarly, there are chemicals that can interfere
directly with thyroid hormone action in a manner that
will not be captured by measuring serum hormone

levels only.

The variability of effects seen is interpreted by some
to indicate that there is no convincing evidence that
chemicals can interfere with thyroid hormone action in
humans.

Evidence of relationships between exposure to
chemicals and thyroid hormone disruption in wildlife
species has increased in the last decade, especially in
relation to exposure to the flame retardant PBDEs and
PCBs, but other chemicals are inadequately studied.

The strength of evidence supporting a role for EDCs in
disrupting thyroid function in wildlife adds credence to
the hypothesis that this could occur in humans.

Thyroid disruption is acknowledged to be poorly
addressed by the chemical tests currently listed in

the Organisation for Economic Co-operation and
Development conceptual framework. Genetic lines of
mice are now widely available that could help clarify
the mechanisms by which chemical exposures can

interfere with thyroid hormone action.

Neurodevelopmental disorders in children
and wildlife

¢ There are some strong data sets (e.g. for PCBs, lead

and methylmercury) showing that environmentally
relevant developmental exposures to these EDCs and
potential EDCs have caused cognitive and behavioural

deficits in humans.
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¢ Sufficient data indicate that in utero exposure to EDCs

also affects cognition in animal studies, and limited
data indicate that sexually dimorphic behaviours are
also affected.

Studies of exposed wildlife provide important
information on exposure levels, early and subclinical
effects and the clinical neurotoxicity of EDCs, because
the mechanisms, underlying effects and outcomes

of exposures are often similar to those in humans.
Data showing effects on growth, development and
behaviour in wildlife exist for some PCBs and
mercury, but are sparse or non-existent for other
EDCs.

Since 2002, increased evidence supports the
involvement of thyroid hormone mechanisms in
neurodevelopmental disorders in humans and wildlife
and the sensitivity of embryonic and postnatal
development to EDCs when compared with adulthood.

Severe thyroid hormone deficiency causes severe
brain damage. Moderate (25%) or even transient
insufficiency of thyroxine during pregnancy is also
associated with reduced intelligence quotient, ADHD

and even autism in children.

Chemical testing strategies do not routinely require
evaluation of the ability of a chemical to produce
developmental neurotoxic effects in a pre-market
setting.

Hormone-related cancers

¢ The increase in incidence of endocrine-related cancers

in humans cannot be explained by genetic factors;
environmental factors, including chemical exposures,
are involved, but very few of these factors have been
pinpointed.

For breast, endometrial, ovarian and prostate cancers,
the role of endogenous and therapeutic estrogens

is well documented,; this makes it biologically
plausible that xenoestrogens might also contribute
to risks. However, chemicals shown to be associated
with breast (dioxins, PCBs and solvents) or

prostate (unspecified agricultural pesticides, PCBs,
cadmium and arsenic) cancer either do not have
strong estrogenic potential or are unspecified. The
possibilities of involvement of EDCs in ovarian and
endometrial cancers have received little attention.

For thyroid cancer, there are indications
of weak associations with pesticides and
2,3,7,8-tetrachlorodibenzo-p-dioxin, but there is no

evidence that hormonal mechanisms are involved.

Models of hormonal cancers are not available for
regulatory testing. This makes the identification



of hormonal carcinogens very difficult and forces
researchers to rely on epidemiological studies.
However, epidemiological studies cannot easily
pinpoint specific chemicals and can identify

carcinogenic risks only after the disease has occurred.

Similar types of cancers of the endocrine organs,
particularly reproductive organs, are also found in
wildlife species (several species of marine mammals
and invertebrates) and in domestic pets. In wildlife,
endocrine tumours tend to be more common in animals
living in polluted regions than in those inhabiting more
pristine environments.

Adrenal disorders in humans and wildlife

¢ Experimental data and data from exposed wildlife

populations suggest that both the hypothalamic—
pituitary—adrenal (HPA) axis and the adrenal gland are
targets for endocrine disruption caused by pollutants at
environmentally relevant exposure concentrations; for
example, adrenocortical hyperplasia is found in Baltic
Sea seals exposed to a mixture of DDT and PCBs and
their methyl sulfone metabolites. Despite this fact, and
compared with other endocrine axes, the HPA axis has
so far gained relatively little attention in endocrine

disruptor research.

Developing organs are particularly sensitive to
alterations in hormone levels, and exposure to
chemicals during critical windows of development
may cause irreversible effects on the adrenal glands
that may not be expressed until adulthood. Recent
experimental data suggest that environmentally
relevant exposures to pollutants (PCBs) affect
development of the fetal adrenal cortex and the
function of the HPA axis and induce delayed effects in
the response to stress in animal models.

For the great majority of chemicals, there is no
evidence for effects of exposures on adrenal function,
nor have there been any in vivo studies to test for this.
A variety of chemicals and mixtures have, however,
been shown to cause effects in vitro (in the H295R cell
line).

Bone disorders

¢ Limited studies indicate that accidental poisoning of

humans with hexachlorobenzene, PCBs and DDT
caused bone disorders, and a plausible, although not
proven, endocrine mechanism for these effects has
been proposed.

Epidemiological studies on humans also show a
relationship between exposure to endocrine disrupting
POPs and decreased bone mineral density or increased
risk of bone fractures.

Metabolic disorders

¢ Obesity, diabetes and metabolic syndrome are due

to disruption of the energy storage—energy balance
endocrine system and thus are potentially sensitive to
EDCs.

Exposures of animal models to a variety of chemicals
during early development have been shown to result

in weight gain, revealing the possibility of an origin
for obesity early in development. Because they

are disrupting many components of the endocrine
system involved in controlling weight gain (adipose
tissue, brain, skeletal muscle, liver, pancreas and
gastrointestinal tract), these chemicals constitute a new

class of endocrine disruptors called “obesogens”.

Obesity is also correlated with type 2 diabetes, and
chemicals that have been shown to cause obesity in
animal models also result in altered glucose tolerance

and reduced insulin resistance.

There are no compelling animal data linking

chemical exposures with type 1 diabetes, although
some chemicals can affect the function of insulin-
producing beta cells in the pancreas, including BPA,
PCBs, dioxins, arsenic and phthalates. Many of these
chemicals are also immunotoxic in animal models, and
so it is plausible that they could act via both immune

and endocrine mechanisms to cause type 1 diabetes.

Limited epidemiological data exist to support the
notion that EDC exposure during pregnancy can

affect weight gain in infants and children. Limited
epidemiological data show that adult exposures to some
EDCs (mainly POPs, arsenic, BPA) are associated

with type 2 diabetes, but there are no data for type 1
diabetes, there is insufficient evidence of endocrine
mechanisms and there is insufficient study of this area

in general.

Immune function and diseases in humans
and wildlife
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¢ ltis clear from both laboratory data and human and

wildlife samples that EDCs can play a role in the
development of immune-related disorders and are at
least partially responsible for their rise in recent years.

Since 2002, molecular mechanisms connecting a
variety of nuclear receptors to NF-kB (one of the
master regulators of inflammation and immunity) have
been elucidated, and developmental immunotoxicity
studies link compounds such as DES and the
phytoestrogen genistein to postnatal immune disorders.
Estrogen exposure has been shown to cause prostate
inflammation, and BPA caused allergic sensitization,
antibody production and type 2 helper T cell immune

responses.



¢ Systemic inflammation, immune dysfunction and

immune cancers such as lymphoma and leukaemia in
humans have been associated with EDC exposures.
These chemicals may exert their effects through
nuclear receptor signalling pathways that have well-
established ties with the immune system through cross-
talk with inflammatory pathways.

There are good epidemiological data associating
exposure to polycyclic aromatic hydrocarbons, PCBs
and other persistent POPs with autoimmune thyroid
disease, exposure to phthalates and dioxins with
endometriosis and allergies, and exposure to phthalates
with asthma and other airway disorders. Endocrine

mechanisms are not, however, clear.

Together, these new insights stress a critical need to
better understand how EDCs affect normal immune
function and immune disorders and how windows of
exposure may affect disease incidence (particularly for
childhood respiratory diseases).

Population declines

+ Wildlife species and populations continue to decline

worldwide. This is due to a number of factors,
including overexploitation, loss of habitat, climate
change and chemical contamination.

Given our understanding of EDCs and their effects

on the reproductive system, it is extremely likely that
declines in the numbers of some wildlife populations
(raptors, seals and snails) have occurred because of

the effects of chemicals (DDT, PCBs and tributyltin,
respectively) on these species. The evidence for EDCs as
a cause of these population declines has increased now
relative to 2002, due to recoveries of these populations
following restrictions on the use of these chemicals.

EDCs in modern commerce with mechanisms of
action similar to those of the endocrine disrupting
POPs are suspected to also be a factor contributing to
declines seen in wildlife species today. Demonstrating
a clear link between endocrine effects in individuals
and population declines or other effects will always
be challenging, because of the difficulty in isolating
effects of chemicals from the effects of other stressors
and ecological factors. An endocrine mechanism for

current wildlife declines is probable, but not proven.

In spite of concerns about rising human populations

on a global scale, numerous industrialized countries
have fertility rates well below replacement levels.

It has generally been accepted that socioeconomic
factors play a role in these changes. It is plausible that
widespread poor semen quality and subfertility levels
also contribute to this trend; however, this has not been
explored systematically.

Human and wildlife exposures to
EDCs (chapter 3)

There is far more knowledge on exposure to EDCs and
potential EDCs today compared with 10 years ago. This
applies to the diversity of chemicals being implicated as

EDCs and to the exposure routes and levels in humans and

wildlife. As examples, brominated flame retardants were

mentioned only briefly and perfluorinated compounds not

at all when the IPCS document on EDCs was prepared

10 years ago (IPCS, 2002). In addition to these, there are

now many more EDCs being found in both humans and

wildlife. The most relevant main messages regarding

exposure to EDCs follow:
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¢ Unlike 10 years ago, it is now better understood

that humans and wildlife are exposed to far more
EDCs than just POPs. However, only a fraction of
the potential EDCs in the environment are currently

known.

EDCs are chemically diverse, are primarily man-
made chemicals and are used in a wide range of
materials and goods. EDCs are present in food, nature
(wildlife) and human beings. They can also be formed
as breakdown products from other anthropogenic
chemicals in the environment and in humans, wildlife
and plants.

Humans and wildlife are exposed to multiple EDCs

at the same time, and there is justifiable concern

that different EDCs can act together and result in an
increased risk of adverse effects on human and wildlife
health.

Right now, only a narrow spectrum of chemicals and
a few classes of EDCs are measured, making up the
“tip of the iceberg”. More comprehensive assessments
of human and wildlife exposures to diverse mixtures
of EDCs are needed. It should be a global priority to
develop the capacities to measure any potential EDCs.
Ideally, an “exposome”, or a highly detailed map of
environmental exposures that might occur throughout

a lifetime, should be developed.

Exposures to EDCs occur during vulnerable periods of
human and wildlife development—from fertilization
through fetal development and through nursing of
young offspring—which raises particular concern.

¢ New sources of exposure to EDCs, in addition to food,

have been identified and include indoor environments
and electronics recycling and dumpsites (the latter
being issues of particular concern for developing
countries and countries with economics in transition).
Children can have higher exposures due to their hand-

to-mouth activities and higher metabolic rate.



¢ Not all sources of exposure to EDCs are known
because of a lack of chemical constituent declarations
for materials and goods.

¢ Spatial and temporal monitoring is critical for
understanding trends and levels of exposure. This
monitoring should include tissues from both humans
and wildlife (representing a range of species) as well
as water or other environmental compartments to
capture the less persistent EDCs.

¢ Levels in humans and wildlife are related to how
much a chemical is used. Bans on several POPs have
led to declines in environmental levels and human
body burdens. In contrast, there are increasing levels
of some newer EDCs, such as perfluorinated alkyl
compounds and replacements for banned brominated
flame retardants.

¢ There is global transport of EDCs through natural
processes (ocean and air currents) as well as through
commerce, leading to worldwide exposure of humans
and wildlife to EDCs.

Concluding remarks

EDCs have the capacity to interfere with tissue and organ
development and function, and therefore they may alter

susceptibility to different types of diseases throughout life.

This is a global threat that needs to be resolved.

Progress

We are beginning to understand the importance of
certain events during development and throughout the
lifespan that interact with genetic background to increase
susceptibility to a variety of diseases. It is clear that a
large number of all non-communicable diseases have
their origin during development. It is also clear that one
of the important risk factors for disease is exposure to
EDCs during development. Exposure to EDCs during
development can, as demonstrated in animal models
and in an increasing number of human studies, result in
increased susceptibility to, and incidence of, a variety of
diseases. These include some of the major human diseases
that are increasing in incidence and prevalence around the
world. The incidence of these diseases and dysfunctions is
increased at current levels of exposure to EDCs in normal
populations. It is also clear from human studies that we are
exposed to perhaps hundreds of environmental chemicals
at any one time. It is now virtually impossible to identify
an unexposed population around the globe. There is an
increasing burden of disease across the globe in which
EDCs are likely playing an important role, and future
generations may also be affected.

There have been clear benefits for human and
wildlife health from the declining use of these chemicals.

Government actions to reduce exposures, while limited,

have proven to be effective in specific cases (e.g. bans and
restrictions on lead, chlorpyrifos, tributyltin, PCBs and
some other POPs). This has contributed to decreases in the
frequency of disorders in humans and wildlife.

The advances in our understanding of EDCs have
been based mainly on information derived from studies in
developed regions. There is still a major lack of data from
large parts of the world, in particular from Africa, Asia

and Central and South America.

Future needs

Better information on how and when EDCs act is needed
to reduce exposures during development and prevent
disease from occurring. A clear example of the success of
primary prevention through exposure control is lead. We
have identified the following needs to take advantage of
current knowledge to improve human and wildlife health
by prevention of environmentally induced diseases.

A. Strengthening knowledge of EDCs: 1t is critical to
move beyond the piecemeal, one chemical at a time, one
disease at a time, one dose approach currently used by
scientists studying animal models, humans or wildlife.
Understanding the effects of the mixtures of chemicals
to which humans and wildlife are exposed is increasingly
important. Assessment of EDC action by scientists
needs to take into account the characteristics of the
endocrine system that are being disrupted (e.g. low-dose
effects and non-monotonic dose—response curves, tissue
specificity and windows of exposure across the lifespan).
Interdisciplinary efforts that combine knowledge from
wildlife, experimental animal and human studies are
needed to provide a more holistic approach for identifying
the chemicals that are responsible for the increased
incidence of endocrine-related disease and dysfunction.
The known EDCs may not be representative of the full
range of relevant molecular structures and properties due
to a far too narrow focus on halogenated chemicals for
many exposure assessments and testing for endocrine
disrupting effects. Thus, research is needed to identify
other possible EDCs. Endocrine disruption is no longer
limited to estrogenic, androgenic and thyroid pathways.
Chemicals also interfere with metabolism, fat storage,
bone development and the immune system, and this
suggests that all endocrine systems can and will be
affected by EDCs. Together, these new insights stress
a critical need to acquire a better understanding of the
endocrine system to determine how EDCs affect normal
endocrine function, how windows of exposure may affect
disease incidence (particularly for childhood respiratory
diseases) and how these effects may be passed on to
generations to come.

Furthermore, new approaches are needed to examine
the effects of mixtures of endocrine disruptors on
disease susceptibility and etiology, as examination of one



endocrine disruptor at a time is likely to underestimate

the combined risk from simultaneous exposure to multiple
endocrine disruptors. Assessment of human health effects
due to EDCs needs to include the effects of exposure to
chemical mixtures on a single disease as well as the effects
of exposure to a single chemical on multiple diseases.
Since human studies, while important, cannot show cause
and effect, it is critical to develop cause and effect data in
animals to support the studies on humans.

B. Improved testing for EDCs: Validated screening

and testing systems have been developed by a number

of governments, and it requires considerable time and
effort to ensure that these systems function properly.
These systems include both in vitro and in vivo end-
points and various species, including fish, amphibians
and mammals. New approaches are also being explored
whereby large batteries of high-throughput in vitro tests
are being investigated for their ability to predict toxicity,
the results of which may be used in hazard identification
and potentially risk assessment. These new approaches are
important as one considers the number of chemicals for
which there is no information, and these high-throughput
assays may provide important, albeit incomplete,
information. An additional challenge to moving forward
is that EDC research over the past decade has revealed the
complex interactions of some chemicals with endocrine
systems, which may escape detection in current validated
test systems. Finally, it will be important to develop
weight-of-evidence approaches that allow effective
consideration of research from all levels—from in vitro

mechanistic data to human epidemiological data.

C. Reducing exposures and thereby vulnerability to
disease: It is imperative that we know the nature of EDCs
to which humans and wildlife are exposed, together
with information about their concentrations in blood,
placenta, amniotic fluid and other tissues, across lifespans,
sexes, ethnicities (or species of wildlife) and regions.
Many information gaps currently exist with regard to
what is found in human and wildlife tissues, more so for
developing countries and countries with economies in
transition and for chemicals that are less bioaccumulative
in the body. Long-term records to help us understand
changes in exposures exist only for POPs and only for a
few countries.

In addition, there is a need to continue expanding
the list of chemicals currently examined to include those
contained in materials and goods as well as chemical
by-products; it is impossible to assess exposure without
knowing the chemicals to target. The comprehensive
measurement of all exposure events during a lifetime
is needed, as opposed to biomonitoring at specific
time points, and this requires longitudinal sampling,
particularly during critical life stages, such as fetal

development, early childhood and the reproductive years.
Wildlife and humans are exposed to a wide variety of
EDC:s that differ greatly in their physical and chemical
properties. Further, these compounds are generally present
at trace concentrations and in complex matrices, requiring
highly selective and sensitive analytical methods for their
measurement. The wide range of different compound
classes requires a variety of analytical approaches and
techniques, making it challenging to understand all of

the different chemicals in the environment and in human
and wildlife tissues. There is a growing need to develop
new analytical techniques and approaches to prioritize
the assessment of EDCs. There is global transport of
EDCs through natural processes (ocean and air currents)
as well as commerce, leading to worldwide exposures.
New sources of exposure to EDCs, in addition to food,
have been identified and include indoor environments and
electronics recycling and dumpsites (of particular concern
in developing countries and countries with economies in
transition). The sources and routes of exposure to EDCs
need to be further investigated.

D. Identifying endocrine active chemicals: Identifying
chemicals with endocrine disrupting potential among all
of the chemicals used and released worldwide is a major
challenge, and it is likely that we are currently assessing
only the “tip of the iceberg”. It is possible to trace high
production volume chemicals, but that is not the case for
the numerous additives and process chemicals. Adding
greatly to the complexity, and to the number of chemicals
in our environment, are the unknown or unintended by-
products that are formed during chemical manufacturing,
during combustion processes and via environmental
transformations. While the active ingredients in
pharmaceuticals and pesticides have to be documented
on the final product, this is not the case for chemicals in
articles, materials and goods. Personal hygiene products
and cosmetics require declarations of the ingredients,
and the number of chemicals applied in this sphere of
uses counts in the thousands. Many sources of EDCs

are not known because of a lack of chemical constituent
declarations in products, materials and goods. We need to
know where the exposures are coming from.

E. Creating enabling environments for scientific
advances, innovation and disease prevention: Exposure
to EDCs and their effects on human and wildlife health
are a global problem that will require global solutions.
More programmes are needed that foster collaboration and
data sharing among scientists and between governmental
agencies and countries. To protect human health from
the combined effects of EDC exposures, poor nutrition
and poor living conditions, there is a need to develop
programmes and collaborations among developed

and developing countries and those in economic
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transition. There is also a need to stimulate new adaptive
approaches that break down institutional and traditional
scientific barriers and stimulate interdisciplinary and

multidisciplinary team science.

F. Methods for evaluating evidence: There is currently
no widely agreed system for evaluating the strength of
evidence of associations between exposures to chemicals
(including EDCs) and adverse health outcomes. A
transparent methodology is also missing. The need

for developing better approaches for evaluating the
strength of evidence, together with improved methods

of risk assessment, is widely recognized. Methods for
synthesizing the science into evidence-based decisions
have been developed and validated in clinical arenas.
However, due to differences between environmental and
clinical health sciences, the evidence base and decision
context of these methods are not applicable to exposures
to environmental contaminants, including EDCs. To

meet this challenge, it will be necessary to exploit new
methodological approaches. It is essential to evaluate
associations between EDC exposures and health outcomes
by further developing methods for which proof of concept
is currently under development.
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Chapter 1

What is endocrine disruption all about?

Jerrold J. Heindel, R. Thomas Zoeller, Susan Jobling, Taisen Iguchi, Laura Vandenberg, Tracey J. Woodruff

10 Introduction

We live in a world in which man-made chemicals are part of
everyday life. Some of these chemical pollutants can affect the
endocrine system, and as such can interfere with hormonally-
controlled processes of humans and wildlife. In response to this
recognition, the joint International Programme on Chemical
Safety (IPCS) of WHO, UNEP and ILO (International Labour
Organisation) developed in 2002 a "Global Assessment of the
State of the Science of Endocrine Disruptors". In the intervening
decade, a great deal of research has provided new information
about the mechanisms by which environmental chemicals

can interfere with hormone actions, the degree to which our
environment is contaminated with such chemicals, and the
relationship between chemical exposures and health outcomes
in humans and in wildlife. The goal of this chapter is to provide
an introduction to the concept of endocrine disruption before
delving into the details of human and wildlife health effects in
Chapter 2 and the exposure science in Chapter 3.

1.1 Overview of human and
wildlife health

Chronic (non-infectious) diseases are the principal causes

of sickness and death around the world (WHO, 2011;

Hanson & Gluckman, 2011). In the pediatric population,

this includes — but is not limited to — asthma, birth defects,
neurodevelopmental disorders, cancer, diabetes and obesity
(Bloom, Cohen & Freeman, 2009); in adults, this includes —
but is not limited to — cardiovascular diseases (CVDs), cancer,
diabetes and obesity, allergic and autoimmune diseases (Pleis,
Ward & Lucas, 2010). Many of these diseases and disorders are
increasing, some globally (WHO, 2011; Woodruff et al. 2004;
reviewed in Chapter 2 of this document) (Table 1.1). Important
examples are the increases in the global rates of obesity,
elevated blood pressure, diabetes and metabolic syndrome.
Taken together, chronic illness represents a significant burden
on the world’s populations (WHO, 2011).

As developed more fully in Chapter 2, the World Health
Organization in 2008 estimated that 1.5 billion adults, aged
20 and older, were overweight and nearly 500 million were
considered obese. In some developed countries like the USA,
the prevalence reaches approximately 27% of adults and
17% of children and adolescents. Developing countries like
Kuwait also have a very high prevalence and it is common to
find obesity and malnutrition side by side in low- and middle-
income countries. In the USA, the complications of obesity

are now more financially costly than any other preventable
cause of death with expenditures estimated to be 17% of all
USA medical costs each year (Cawley & Meyerhoefer, 2012).
Further, at age 12, obese children who remain overweight

will have direct medical expenses throughout life associated
with their excess weight that is estimated at US$ 6.24 billion
(Trasande &Liu, 2011). Obesity is also a significant risk factor
for other diseases and other disorders; worldwide estimates of
billons of humans suffer from diseases associated with obesity
such as glucose intolerance, insulin resistance, and raised blood
pressure.

The number of diabetics in the world is expected to increase
from 194 million in 2003 to 330 million in 2030 with three of
four affected individuals living in developing countries. The
global health expenditure on diabetes alone is expected to rise
to US$ 490 billion in 2030—12% of all per capita health-care
expenditures (Zhang et al., 2010). The burden of premature death
from diabetes in developing countries is similar to that of HIV/
AIDS, yet the problem is largely unrecognised in these areas.

Worldwide, an estimated 17 million people die of CVDs
every year (mostly from heart attacks and strokes). Once
associated with industrialized countries, CVDs are now
emerging or rapidly increasing in some developing countries.

Alongside CVDs, adult cancers are also an increasing
cause of mortality throughout the world and are exceeded
only by CVDs in developed countries. As with CVDs also
cancer frequency increases are strongly influenced by ageing.
However, endocrine related cancers may not fully follow
the same pattern. Breast cancer is the second most common
cancer in the world and the most common among women.
Other reproductive endocrine cancers such as prostate and
cervical cancers are amongst the top ten most common cancers
globally, together with colorectal, stomach, liver, oesophageal,
head, neck and bladder cancers. The rates of breast, pancreatic,
endometrial, prostate and kidney cancers are up to five times
higher in industrialized countries than developing countries,
whereas the rates of stomach cancer show decreasing trends
with increasing economic development.

Limited data suggest difficulties among women to conceive
and maintain pregnancy in the last two decades, (Swan et al.,
1999; Chandra, 1998). Female reproductive disorders such
as polycystic ovarian syndrome (PCOS), uterine fibroids and
endometriosis are leading causes of sub fecundity and infertility,
affecting 3 to 15%, 25-50%, and 10.35%, respectively, of women
of reproductive age (Chapter 2.2). Large proportions (up to 40%)
of young men in some countries have low semen quality which
reduces their ability to father children (Chapter 2.3).
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Table 1.1. Trends in childhood diseases and disorders. National statistics provide information on these trends.

Outcome Years Available Data Source

Data Description

Notes

Centers for Disease Control and
Prevention, National Center for

Asthma 1980-2000

Data for ages 0-17.The NHIS is a continuing nation-
wide sample survey of the civilian non-institution-

Health Statistics, National Health alized population collected by personal household

Interview Survey

interviews. In 2000, 32 374 people 18 years or older

and 13 376 children aged 0-17 were interviewed.

Data are based on parental response to whether
child has had asthma in last 12 months (see text).

ADHD 1997-2000 Centers for Disease Control and
Prevention, National Center for
Health Statistics, National Health

Interview Survey

See NHIS description above. Data for ages 15-17.
Terminology for this condition has evolved. The
American Psychiatric Association adopted the name
“attention deficit disorder” in early 1980s and revised
it to “attention-deficit/hyperactivity disorder”in
1987.The NHIS of 1997-2000 used here to represent

Data for 1997-2000 are combined
because of small response in
single years. Data for children
aged 5-17 are used because of
difficulty in diagnosing ADHD in
younger children

prevalence of ADHD used the term “attention deficit

disorder”.

Data are based on parental response to the question,
“Has a doctor or health professional ever told you
that (child’s name) had attention deficit disorder?”

Centers for Disease Control and
Prevention, National Center for
Health Statistics, National Health
Interview Survey

Mental
retardation

1997-2000

Childhood 1974-1998
cancer

National Cancer Institute; Surveil-
lance, Epidemiology and End
Results Program (incidence);
Centers for Disease Control and
Prevention, National Center for
Health Statistics, National Vital
Statistics system (mortality).

See NHIS description above. Data for ages 0-17. Data
are based on parental response to the to the ques-
tion “Has a doctor or health professional ever told
you that (child’s name) had mental retardation?”

Most common definitions em-
phasize sub average intellectual
functioning before 18 years of
age, usually defined as IQ <70,
and impairments in life skills.
Different severity categories,
ranging from mild retardation to
severe retardation, are defined
by 1Q scores.

There are also trends in pediatric health (Woodruff et al.
2004). In the United States, United Kingdom and Scandinavia,
the preterm birth rate has increased by more than 30% since
1981. This is of concern because these infants experience
increased rates of morbidity, including respiratory and
neurological conditions, and mortality during the perinatal
period. They are also more likely to suffer from CVDs
and obesity, lung disease, and type 2 diabetes in adulthood
(Chapter 2.2). In addition, birth defects are the leading cause
of infant death and certain birth defects, such as those of the
male reproductive organs are rising in many countries (Caione,
2009). Neurobehavioral disorders, including dyslexia, mental
retardation, attention deficit hyperactivity disorder, and autism
affect nearly 20% of children in those countries where it has
been evaluated; autism spectrum disorders now occur at a
rate that approaches 1% (Chapter 2.6). Thyroid diseases and
disorders also represent a particularly high and increasing
disease burden in children and adolescents in several countries
in which they have been studied (Chapter 2.5). The prevalence
of paediatric asthma has more than doubled over the past
20 years, and is now the leading cause of hospitalizations
and school absenteeism (Landrigan & Goldman, 2011). The

incidences of paediatric leukemia and brain cancer have

also risen (Woodruff et al., 2004), as well as the incidence of
testicular cancer (increases of up to 400%), the most common
cancer in young men in many industrialized countries (Chapter
2.3). Aside from these disease trends, there is a secular trend
toward premature puberty among American and European
girls which is concerning because it can lead to reduced adult
height, increased risk of breast cancer and polycystic ovarian
syndrome, and a greater likelihood of engaging in risky
behaviours (i.e. smoking, unprotected sex, alcohol and drugs;
Chapter 2.2).

These public health statistics have important parallels in
some wildlife populations. For example, testicular non descent
was observed in 68% of males in a population of black deer
in Alaska; similar trends were also observed in Montana.
There is recent evidence that animals living near humans
have trended toward increasing body weight (Klimentidis
et al., 2011). All of these diseases have both a genetic and
an environmental component and because the increase in
incidence and prevalence cannot be due solely to genetics, it is
important to focus on understanding the contributions made
by the environment, often easier to study in wildlife than in
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human populations. For example, as early as 1915, lead-related
neurological disorders were observed in horses and cattle
living near industrial facilities; adverse neurological effects of
mercury were seen in the local wildlife species in Minimata
Bay (Japan) before they were seen in the human residents

there and in those living in the Great Lakes basin (Chapter
2.6). Differences in mammary cancer prevalence between
carnivores and herbivores and between captive and wild
carnivores are striking and support the hypothesis that diet is a
major risk factor for these cancers. In the St Lawrence estuary,
both the beluga whale and human populations were affected by
higher rates of cancer than populations in other parts of Quebec
and Canada, and some of these cancers were epidemiologically
related to exposure to chemical contaminants, also observed

in the beluga whale. In another example, a study of more than

8 000 dogs showed that canine bladder cancer mimicked the
distribution of bladder cancer among their human owners
(Chapter 2.7.4).

More recent evidence of environmentally caused human
diseases and disorders may exist in wildlife species. For
example, an inverse association between mercury exposure
and DNA methylation in the brain stem of Greenland polar
bears may be related to a similar association between mercury
exposure and neurological deficits in Inuit children (Chapter
2.6). Genital malformations, lowered semen quality and
altered sex hormone levels seen in male fish in urban areas
and amphibians in agricultural areas appear to mirror those
observed in human populations in similar environments
and may reflect common causes (Chapter 2.3). The apparent
similarities between diseases and disorders reported in humans
and in various wildlife populations are not surprising given that
there is often considerable overlap between their environments
and food chains as well as in their physiology.

Priiss-Ustiin and Corvalan have estimated that as much as
24% of human diseases and disorders globally are due at least
in part to environmental factors (Priiss-Ustiin & Corvalan,
2006). This provides both a challenge to identify and address,
but also a tremendous opportunity to improve human and
wildlife health by improving elements of the environment that
impact public and wildlife health (Landrigan & Goldman,
2011). The recognition of these challenges and opportunities,
along with the fact that many of the most prevalent diseases
are associated with the endocrine system, has led to a focus
on chemical exposures and specifically endocrine disruptors;

a subclass of chemicals that act by disrupting the normal
functioning of the endocrine system.

Attention has focused increasingly over the past 20 years
on the hypothesis that environmental chemicals may cause
human and wildlife diseases by interfering with normal
hormone action. In 2002, UNEP, in collaboration with
WHO, brought together a group of scientists knowledgeable
about research on endocrine disruptors to produce the IPCS
Global Assessment of the State of the Science of Endocrine
Disruptors document (IPCS, 2002). Since that time, a great
deal of scientific work has improved our understanding of
each of these issues, and these will be highlighted below.

Research published over the past 10 years has confirmed the
scientific complexity of endocrine disruption. As an index of
the scientific complexity of this issue, the Endocrine Society
published a scientific review in 2009 that cited nearly 500
scientific articles focused on various aspects of endocrine
disruption (Diamanti-Kandarakis et al., 2009).

The goal of the current document is to update the 2002
IPCS document, providing a current state-of-the science
of endocrine disruptors as it relates to human and wildlife
population health. It is essential to frame the issue of EDCs
within the context of normal endocrine function; therefore
in Chapter 1, we begin with a discussion of hormones and
human and wildlife health. In Chapter 2, we provide a detailed
scientific review of the literature concerning human and
wildlife endocrine disorders and diseases plausibly impacted
by endocrine disruptors. And in Chapter 3, we review the
literature documenting the exposure of humans and wildlife to
environmental chemicals with endocrine disrupting properties.
The following review of the state of the science of endocrine
disruption was developed by a large number of experts who
have contributed significantly to the primary literature, and
who have an international reputation for their work.

12 What are hormones?

To understand endocrine disruption, we must understand
the basic features of the endocrine system; a series of ductless
glands that secrete hormones directly into the blood to regulate
various body functions. The traditional definition of a hormone
is a molecule produced by an endocrine gland that travels
through the blood to produce effects on distant cells and tissues
(Melmed & Williams, 2011). Traditional concepts of endocrine
glands include the pituitary gland at the base of the brain, the
thyroid gland in the neck, the adrenal glands in the abdomen
next to the kidneys, the gonads and certain parts of the pancreas.
In addition to these specialized endocrine glands, many other
organs that are part of other body systems, such as the heart,
body fat, muscle, liver, intestines, and kidneys — have secondary
endocrine functions and also secrete hormones (Figure 1.1).
Hormone effects are mediated by specific proteins
called receptors (defined in section 1.2.2). Without receptors,
hormones cannot exert their hormonal effects. Steroid hormones
tend to be carried through the blood by specific “carrier”
proteins, and are able to passively enter cells and interact
with receptors inside the cells. In contrast, protein and amine
hormones cannot passively enter cells, so specific mechanisms
must be in place to allow these hormones to affect their target
organs and cells and this usually involves interactions with
cell membrane associated receptors on the outside of the cell.
Thyroid hormones are unique in that they act on receptors
inside cells, but require specific transport proteins to gain access
to the inside of a cell, unlike steroid hormones. We are learning
that steroid hormones can also act through cell membrane
receptors and this is likely to be important to fully understand
their effects and to understand the ways in which exogenous

chemicals can interfere with their actions.
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-

Figure 1.1. What are hormones? Hormones are molecules produced by specialized cells in a large variety of glands and tissues. These
molecules travel through the blood to produce effects at sometimes distant target tissues.

121 Hormones control major
physiological processes

Hormones are important to both vertebrates and invertebrates.

They are essential for controlling a large number of processes
in the body from early processes such as cell differentiation
during embryonic development and organ formation, to the
control of tissue and organ function in adulthood (Melmed

& Williams, 2011). A well-known example is that of insulin,
a small protein hormone produced by specialized cells in

the pancreas called “beta cells”. These cells are stimulated

to secrete insulin into the blood by the direct action of the
sugar, glucose. As blood levels of glucose rise during and
after a meal, it enters the beta cells through a specific protein
transporter on the cell membrane and is converted inside the
cell to the high-energy compound ATP. This process directly
causes changes inside the beta cells, resulting in the secretion
of insulin that was already produced and stored in anticipation
of these events. Insulin then travels through the blood to many
different tissues and cells, causing glucose to be taken up

into those tissues via specific membrane receptors linked to
transport systems.
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As aresult, blood glucose levels fall, which then shuts off

insulin secretion from beta cells. In this way, insulin is important

not simply to maintain glucose levels within a fairly narrow

range in the blood, but it is important for tissues to be able to

take up and use glucose for energy. In addition, insulin reaches
the brain, where it has important effects on appetite. Because
insulin rises during and after a meal, this hormone plays a role
in regulating the feeling of hunger. This is typical of hormones —

Table 1.2. Basic overview of the endocrine system and hormones (not comprehensive).

Hormone System  Hormone Actions
Ovary Progesterone Estrogens (converted from androstenedione) Timing of ovulation
Supports pregnancy
Ovulation, secondary sex characteristics, uterine growth
Testes Androgens Maturation of sex organs, secondary sex characteristics, body size
Placenta & uterus Progesterone Supports pregnancy
(during pregnancy) L . .
Chorionic gonadotropin Promotes maintenance of corpus luteum.
Prolactin Coordinates thyroid function
Promotes growth of mammary gland & milk production
Thyroid Thyroxine (T4) Major product of thyroid gland, metabolism development
Triiodothyronine (T3) Hormonally active form of T4
Calcitonin Regulates blood calcium levels, stimulates bone construction
Parathyroid Parathyroid hormone (PTH) Regulates blood calcium levels

Pituitary gland

Hypothalamus

Stomach

Pancreas

Liver
Adipose tissue

Kidney

Adrenal gland

Growth hormone (GH)
Thyroid stimulating hormone (TSH)
Follicle stimulating hormone (FSH)

Luteinizing hormone (LH)

Thyrotropin releasing hormone (TRH)

Growth hormone releasing hormone

Growth hormone inhibiting hormone (Somatostatin)
Gonadotropin releasing hormone (GnRH)
Corticotropin Releasing Hormone (CRH)

Vasopressin

Oxytocin

Dopamine

Gastrin

Ghrelin
Insulin

Glucagon

Somatostatin

Insulin-like growth factor (IGF)
Leptin

Renin

Erythropoietin

Cortisol

Aldosterone

Adrenaline/epinephrine

Noradrenaline/Norepinephrine

Dopamine

Stimulates growth
Stimulates T4 production by thyroid gland

Stimulates follicle maturation in ovary, stimulates spermatogen-
esis in testes

Stimulates ovulation (females), testosterone synthesis (males)
Promotes secretion of TSH and prolactin by pituitary
Stimulates secretion of GH from pituitary

Inhibits release of GH from pituitary

Stimulates secretion of FSH and LH from pituitary

Stimulates ACTH secretion from the pituitary gland

Has pressor effect on the cardiovascular system and is a major
anti-diuretic hormone

Causes smooth muscle contraction including the uterus during
parturition and in milk let-down

Inhibits Prolactin secretion
Causes secretion of gastric acid

Stimulates appetite
Uptake of glucose, regulates glycolysis

Release of glucose, regulates gluconeogenesis
Inhibits release of insulin and glucagon
Regulates cell growth, has insulin-like properties
Decreases appetite, increases metabolism
Regulates blood pressure & fluid balance

Stimulates production of red blood cells

Stimulates gluconeogenesis, fat metabolism, inhibits glucose
uptake into cells

Stimulates water resorption, controls blood pressure & fluid balance

Boosts oxygen and glucose to brain & muscles, suppresses
non-emergency body responses

Boosts oxygen and glucose to brain & muscles

Regulates heart rate & blood pressure




they are primarily involved in important physiological processes,
but they also act on the brain to integrate various behaviours
with the specific physiological processes.

In the same way, other hormones control major
physiological functions and coordinate these functions
between systems (Table 1.2). Reproductive hormones, steroids
(estrogens, androgens, progestins) and proteins (LH and FSH)
control the complex physiological processes associated with
reproduction. Thyroid hormones control metabolic processes
and coordinate these with the many hormones involved in
appetite and body weight regulation and metabolism. The
adrenal hormones control the various physiological responses
to stress. In addition to their actions on these physiological
processes, many hormones also control their own secretion by
“negative feedback”. For example, thyroid hormone secretion
is stimulated by a pituitary protein hormone, TSH (thyroid
stimulating hormone), and thyroid hormones in turn suppress
TSH. In this way, thyroid hormone levels are maintained
within a relatively narrow range for an individual under normal
circumstances. All hormone systems are governed to some
extent by these processes so that hormone levels are at the
appropriate concentration in blood to be effective at controlling
physiological process. However, it is also important to note that
there are times when tissues can control hormone action locally
such that the level of hormone in the blood is not indicative of
hormone action in the tissues (see below).

A wide variety of developmental problems and common
adult diseases and disorders are well-known to be caused by
abnormal endocrine function. For example, diabetes is the result
of a defect or defects in insulin action. Defects might be caused
by insulin not being present, being present in insufficient or
excess amounts, or by a defect in the receptor that mediates
insulin action. The insulin itself may be mutated, or there may
be a mutation in the receptor or other proteins that are essential
for insulin to act properly. Like most non-communicable
diseases, diabetes is a result of a complex combination of
genetic processes and the environment. Therefore, we need to
measure and assess both types of factors to better understand
complex disease. The wealth of knowledge that has been gained
by studying hormone systems and endocrine-related diseases
has enhanced our ability to treat people with these diseases
and disorders and forms the basis of our ability to identify
environmental chemicals that can interfere with hormone action
and evaluate the consequences of exposure to these chemicals.

122 Hormones act on receptors

Hormones produce effects by acting on specialized proteins
called receptors (see Figure 1.2), which attract and bind to
specific hormones. Hormone receptors provide specificity

to hormone actions, both in terms of the time and the place

of hormone action. Hormone receptors are always limited

in their abundance and cause limited and specific effects
downstream of hormone binding. Most hormones do not act

in all cells because their receptors are not found in all cells.
Most hormones also do not act at all times during the life cycle
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because their receptors are found only at specific times during
development or in adulthood.

Importantly, hormones do not act the same way in all
cells or in the same cell at different developmental times, and
we are beginning to understand the physiology behind these
differences. In some cases, multiple receptor types mediate
the actions of a single hormone. For example, there are two
receptor classes for thyroid hormones (TRa and TR), and they
have different temporal and spatial patterns of expression. The
spatial distribution of hormone receptors can vary widely and
this accounts for the degree to which the hormone has global
effects. For example, insulin receptors are found throughout
the body and this accounts for the ability of insulin to affect
all tissues. In contrast, receptors for the hormone Thyroid
Stimulating Hormone (TSH) are found predominantly in the
thyroid gland. This limited distribution accounts for the much
more restricted impact of TSH in the body.

Likewise, estrogens exert their effects by acting on at least
two major nuclear receptor types (Estrogen Receptor alpha and
beta; ERa and ER), although they also act by specific membrane
receptors on some cells. There is still uncertainty about how
many different kinds of receptors mediate estrogen actions.

In contrast, testosterone exerts its effects by acting on a single
Androgen Receptor (AR). Despite the fact that some hormones
act through multiple receptors and some hormones act through a
single receptor, in all cases the actions of a hormone in one cell
type are different from the actions of that hormone in another
cell type. There are important processes that contribute to the
cell-specific nature of hormone actions, and it is important to
understand how this happens so that the effects of environmental
chemicals that interfere with these processescan be better
predicted.

In the case of nuclear receptors — receptors for steroid
and thyroid hormones — the hormone-receptor complex
binds to specific regions of DNA to regulate the process of
gene transcription resulting in the formation of new proteins
(Figure 1.2). These hormones regulate different genes in
different cell types, or at different times during development.
While this flexibility is in part due to having different receptor
types in different cells, there are also mechanisms that allow
the same receptor to have different effects in different cells.
These mechanisms are not completely understood, but they
include mechanisms that turn “off™ or “on” specific genes
independent of the hormone. Thus, a liver cell will produce
different proteins than a brain cell, despite the fact that the
same hormone (e.g. estrogen) can affect both cells.

Protein hormone receptors can also be located on the cell
membrane (Figure 1.2). Insulin, for example, binds to its
membrane receptor to cause cells to take up and use glucose.
After insulin binds to its receptor, there are very specific
responses inside the cell to cause glucose to be taken up. In
this regard, it is important to recognize that insulin causes
glucose uptake by different processes in different cells, even
though there is only one insulin receptor. For example, insulin
stimulates the production of glycogen in the liver (which
sequesters glucose inside liver cells), but it activates a glucose
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Figure 1.2. Hormones produce effects in the body exclusively by acting on receptors. There are different classes of receptors. A (Upper left):
Nuclear receptors bind to steroid and thyroid hormones and act directly to regulate gene expression. B (Upper right): Membrane receptors bind
to protein and amine hormones and produce effects inside the cell by a second messenger system. C (lower): Membrane receptors can be linked
to a variety of second messenger systems. In addition, there are “co-regulator” proteins that link the hormone receptor to the transcriptional
apparatus, and these co-regulators can differ between cells, which can affect the way a nuclear hormone receptor can function. These are
important considerations because we know that environmental chemicals can interact directly with some nuclear receptors in ways that change
their ability to interact with gene regulatory processes, thereby producing effects that are unexpected. These effects need to be identified and

considered when we think about endocrine disruption.

transporter in other tissues, which directly stimulates glucose
uptake. This occurs because the insulin receptor is linked to
different kinds of cellular machinery in different cells. All
protein and peptide hormones act in a similar fashion; there are
specialized receptors on the outside of cells that “transduce”
the effect of hormone binding to the inside of the cell. These

receptors are linked to different sets of proteins in different
cells, which cause the cells to respond differently to the same
hormone. Interestingly, there are also membrane receptors
for some steroid hormones that also act via nuclear receptors.
Estrogens and progestins both act through nuclear and
membrane receptors. In these cases the membrane receptor is



coupled to fast acting pathways that result in immediate effects,
in contrast to the nuclear receptors, which take several hours to
stimulate production of new proteins and exert effects.
Importantly, hormone receptors on the cell membrane
can interact with hormone receptors in the nucleus by various
mechanisms. Thus, different kinds of hormones can interact
with each other through both extracellular and intracellular
receptors to regulate development and various physiological
processes.

123 Hormones act at very low
concentrations

In general, hormones act at very low concentrations. In

part, because hormones act through high affinity receptors;
that is, very low concentrations of hormone can bind to the
receptor population and initiate important biological effects. In
addition, hormones produce a sigmoidal dose-response curve
(see Figure 1.3A). In this case, small changes in hormone
concentration at the low end of the dose-response curve
produce greater differences in effect than similar changes in
hormone concentration at the high end of the dose-response
curve. This is important because very low concentrations

of environmental endocrine disruptors could add to the
endogenous hormone effect to produce a response that is much
greater than would be predicted based on the hormone alone.
In addition, hormone receptors can be expressed in a single
cell at different concentrations, and this will affect the various

Response

Log, dose

Figure 1.3A. Dose-response curve for hormones. As the dose of
hormone increases, the response increases in a logarithmic manner
until the point of saturation. Different hormone-receptor interactions
will have differences in the dose of hormone or the dynamic range
of the log-linear portion of the curve or the maximal response. Some
receptors are down-regulated by the hormone, so the dose-response
curve will decline at the high dose (this will be a function of both dose
and time). Note that a small change in hormone concentration at the
low end of the curve (yellow box) will have much greater effects on
the response than a similar change in hormone concentration at the
high end of the curve (blue box).
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characteristics of the dose-response curve (see Figure 1.3B).
In this case, as receptor concentration increases, the dose-
response curve is shifted to the left; i.e., the same biological
effect is produced at lower hormone concentrations. This can
explain both why some endpoints of hormone action are more
sensitive to hormones than others, and can explain why some

are more sensitive to exogenous chemicals than others.

124 Responses to hormones are not
linear and can be“bi-phasic”
(non-monotonic)

Because hormones interact with and activate their receptors
in a non-linear fashion, dose-responses are at least sigmoidal,
but can also be more complex, including being non-monotonic
(Figure 1.3C). These dose response curves are often referred
to as U-shaped (with maximal responses observed at low and
high doses) or inverted U-shaped (with maximal responses
observed at intermediate doses). In vitro studies have been
instrumental in understanding the mechanisms behind non-
monotonic dose responses. Studies using many hormone
sensitive cell lines have shown that non-monotonic responses
can be produced by a variety of mechanisms. One mechanism
involves integrating two (or more) monotonic responses that
affect a common endpoint. For example, studies of prostate
cell lines have shown that these cells proliferate to the highest
degree when provided with intermediate concentrations of
androgen. The reason for this inverted U-shaped response is
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Figure 1.3B. The dose-response to the hormone depends on
receptor concentration. These data show clearly that as the receptor
concentration increases, the hormone becomes “more potent”; that
is, it takes significantly less hormone to produce the same response.
In fact, at low hormone receptor levels, the maximum response does
not achieve the “EC50” response of the high receptor level. (Figure
from Charlton (2009), redrawn; Used with publisher’s permission).
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Figure 1.3C. Hormones can produce dose-response curves of various shapes including non monotonic. Non-monotonic dose-response
relationship in steroid hormone receptor-mediated gene expression. (Figure from Li et al. (2007), redrawn; Used with publisher’s permission).



that the cell line actually contains two populations of cells:
one population proliferates in response to testosterone, while
testosterone inhibits cell proliferation in the other population.
At low doses, the first population has minimal proliferation,
and at high doses the second population has a low level of
proliferation because it is being inhibited. When looking
only at cell number, intermediate doses have the maximal
effect because at these concentrations the first population
is somewhat proliferative and the second population is only
somewhat inhibited. Ultimately, these two cell populations
were isolated from each other, and when observed individually,
each one had a monotonic response to androgen. Vandenberg et
al. (2012) have extensively reviewed these issues.
Non-monotonic dose responses also occur as the result of
receptor down regulation. When hormones are present in high
concentrations, they bind to their receptors causing a down-
regulation of receptor number. The degradation of receptors is
increased when the hormone is abundant, and the cell’s ability
to replace these receptors is slower than the rate at which they
are removed from the system. Thus, high concentrations of
hormone lead to fewer available receptors, and a natural shift in
the receptor-mediated response. In addition to this mechanism,
non-monotonic responses can be caused by the increased
toxicity of a hormone (cytotoxicity) at high doses. For example,
the MCF7 breast cancer cell line proliferates in response to
estrogen until high doses are reached (10 — 10 M) where
it is cytotoxic resulting in cell death. The same toxicity has
been observed in a subpopulation of MCF7 cells that no longer
express the estrogen receptor, suggesting that 17B-estradiol (the
natural estrogen) is not having endocrine effects at these high

doses, but is generally toxic.
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Finally, non-monotonic dose responses can occur
because of differences in receptor affinity at low versus high
doses. More specifically, low doses of estrogen bind almost
exclusively to estrogen receptors, but at high doses it can
also bind weakly to other hormone receptors, like androgen
receptor and thyroid hormone receptor. Hormone-receptor
complexes are often thought of as a lock-and-key, suggesting
that the ‘keys’ (hormones) can actually fit multiple ‘locks’
(receptors) at certain concentrations. Thus, the effects seen
at high doses can be due to action via the binding of multiple
receptors, compared to the effects of low doses, which are only
caused by action via a single receptor or receptor family.

125 When do hormones act?

Hormones act at all times during life — in utero and in early
life, in childhood, puberty, adulthood and in aging (Figure
1.4). In fact, the timing of hormone action is an important
determinant in the potency of hormone action at low doses.
In the adult, hormones are thought to have transient effects
on target cells and tissues. Thus, the hormone has an effect
when it is present, but when the hormone is withdrawn the
effect diminishes — much like insulin levels rising when blood
sugar is high, and then declining when blood sugar declines.
This does not diminish their importance, but contrasts with
their effects in the fetus and neonate where a hormone can
have permanent effects in triggering early developmental
events such as cell proliferation or differentiation. Hormones
acting during embryonic development can, cause some
structures to develop (e.g. male reproductive tract) or cause
others to diminish (e.g. some sex-related brain regions). Once

Postnatal

Birth - 25 years

Figure 1.4. Timing of organ development. Hormones affect each of these indicating that they are important, and in different ways, throughout life.
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hormone action has taken place, at these critical times during
development, the changes produced will last a lifetime.

In some ways, hormone actions during development
are considered to be programming events. The term
“programming” in this case refers to the ability of hormones
to exert effects in the fetal period that influence or dictate the
functions of endocrine and physiological systems in the adult.
For example, the monthly cycle of changes in hormone levels
in adult women that cause ovulation, and upon which female
fertility depends, is programmed during fetal development by
the actions of estrogens and androgens (reviewed in Mahoney
& Padmanabhan, 2010; Sarma et al., 2005)). Thus, small
perturbations in estrogen action during fetal development
can change the reproductive axis in adulthood and diminish
fertility (Mahoney & Padmanabhan, 2010). It is now clear
that fetal programming events can predispose the adult to
a number of chronic diseases (Janesick & Blumberg, 2011;
Hanson & Gluckman, 2011); thus, endocrine disease prevention
should begin with maternal and fetal health. In some cases,
experimental studies have identified the developmental
events that influence adult function. An important example
of this is that of thyroid hormone and brain development. It
is well established that thyroid hormone is essential for brain
development during the fetal and neonatal period in humans,
especially as revealed in the disorder known as congenital
hypothyroidism (CH) (Klein, 1980). In fact, all babies born
in developed countries are universally screened for thyroid
function to identify those children with a defective thyroid
gland (Klein, 1980). This strategy has been successful
in preventing severe mental retardation. Moreover, the
fundamental knowledge we now have of the mechanisms by
which thyroid hormone acts and the developmental events it
controls can further guide clinical management of these and

other thyroid disorders.

13 What are endocrine disruptors?

In the preface to the 2002 IPCS document, endocrine
disruptors were referred to as “...chemicals that have the
potential to interfere with the endocrine system™; in Chapter
1 of that document, an endocrine disruptor was defined in a
generic sense as, “...an exogenous substance or mixture that
alters function(s) of the endocrine system and consequently
causes adverse health effects in an intact organism, or its
progeny, or (sub) populations. A potential endocrine disruptor
is an exogenous substance or mixture that possesses properties
that might be expected to lead to endocrine disruption in an
intact organism, or its progeny, or (sub) populations.” (IPCS,
2002). While there have been many modifications of this
definition (Kortenkamp et al., 2011), we use the original for this
review. However, scientific reports over the past decade support
the conclusion from the ICPS 2002 document that endocrine
disruptors represents a unique kind of toxicity.

If an endocrine disruptor is an exogenous chemical that

alters the function(s) of the endocrine system and thereby
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causes adverse health effects, it is important to consider the
role of hormone action in development and adult physiology

as the backdrop for understanding both the potential health
consequences in a population (human or wildlife) and the ways
that we can observe this activity in experimental systems and
in human epidemiology. The mechanism by which a chemical
disrupts hormone action has a very large impact on the pattern
of effects one would expect to observe. Generally, there are
two pathways by which a chemical could disrupt hormone
action: a direct action on a hormone receptor protein complex,
or a direct action on a specific protein that controls some
aspect of controlling hormone delivery to the right place at the
right time. This could be a protein that is involved in hormone
production (e.g. aromatase), an important transporter (e.g.
sodium/iodide symporter), or a carrier protein (e.g. cortisol
binding protein). Thus, a chemical could block the synthesis of
a hormone, with the result that the blood levels of the hormone
would increase or decline. The impact on the downstream
action of that hormone would likely be the same as the situation
in which hormone levels are changed because of disease or
genetic defect in which hormone synthesis is inhibited or
stimulated. In contrast, if a chemical interacts directly with a
hormone receptor, then the effects could be quite complex and
should be expected to follow the mechanisms outlined above
for how hormones interact with receptors.

In the following sections, we introduce the evidence that
exogenous chemicals can interfere with hormone action and
produce adverse effects. It is not our intention to develop a list
of known EDC:s, or to identify the properties of EDCs. Rather,
we provide a description of the logic that must be implemented
to identify EDCs and their properties.

13.1 Endocrine disruptors act on major
physiological systems
Endocrine disruptors interfere in some way with hormone
action, and in doing so can produce adverse effects on human
and wildlife health. The physiological systems affected by
this disruption likely include all hormonal systems ranging
from the development and function of reproductive organs to
adult onset diabetes or cardiovascular disease. While there are
many hormones and hormone systems (see Figure 1.1), most
studies of endocrine disruptors have focused predominantly
on chemicals that interact with estrogen, androgen and thyroid
hormone systems. A growing number of studies, however,
indicate that environmental chemicals can interfere with
other endocrine systems (Casals-Casas & Desvergne, 2011);
indeed, no endocrine system should be ruled out for being
directly affected by environmental chemicals. Fat development
and weight gain is a good example of complex physiological
systems that are influenced by endocrine disruptors. There
are a number of endocrine disruptors that have been shown to
affect weight gain, insulin sensitivity and glucose tolerance
(See Chapter 2 for details) indicating a potentially important
role for endocrine disruptors in the development of obesity,



Table 1.3. Comparison of hormone and endocrine disruptor action.
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Hormones

Endocrine Disruptors

Act via receptors

Some have multiple receptors

Tissue specific receptor classes and subtypes
Hormones normally bind similarly to all receptor subtypes
Active at low doses

Blood levels do not always reflect activity

May be bound to serum proteins in blood with small % free

No bioaccumulation

Non-linear dose response relationships
Always saturable with variable dynamic range
Can exhibit non-monotonic dose-response
High dose effects not same as low dose
Tissue and life-stage specific effects
Developmental effects permanent
Programs brain and endocrine system for adult function

Different end-points vary in sensitivity

Some act on hormone receptors
Will cause abnormal receptors function

Likely isoform-specific interactions

Some act at low doses, others variable
Blood levels do not always reflect activity
May be bound to serum proteins
Effects on hormone blood levels may not reflect on hormone action
Possible bioaccumulation
Non-linear dose response relationships
Always saturable with variable dynamic range
Can exhibit non-monotonic dose-response
High dose effects not same as low dose
Tissue and life-stage specific effects
Developmental effects permanent
Interferes with programming processes

Different end-points vary in sensitivity

type 2 diabetes and metabolic syndrome (Casals-Casas &
Desvergne, 2011). The elements of the endocrine system
that control weight gain and metabolism/energy expenditure
include the adipose tissue, pancreas, GI tract, liver, skeletal
muscle, bone and brain, and endocrine disruptors could
specifically and directly affect each of these tissues by
interfering with their various hormone systems.

132 How do exogenous chemicals
interfere with hormone action?

As discussed above, environmental chemicals have been shown
to exert direct actions on hormone receptors and receptor
function, as well as to exert direct actions controlling hormone
delivery to the receptor. Both of these pathways of endocrine
disruption can be quite specific to a particular endocrine system
in part because hormone receptors have features that might be
somewhat unique to that system, and because the process by
which a hormone is delivered to the target may be somewhat
unique. Thus, there are few rules about the actions of endocrine
disruptors that can be generalized to all cells and organs of

the body and to all times in the life cycle. Since endocrine
disruption represents a special form of toxicity, this must be
taken into consideration when interpreting the results of studies
of endocrine disrupting chemicals, or when designing studies
to clarify the effects of endocrine disrupting chemicals and
quantifying the risks to human and wildlife health.

Hormone receptors have a high affinity for their natural
ligand, but typically a much lower affinity for endocrine
disruptors — with some exceptions. However, it is important
not to confuse affinity (ability to bind) for the receptor with

potency (ability to cause effects) of action (Ruenitz et al.,
1996). Although we don’t fully understand this issue, the part
of the chemical that controls its ability to bind to the receptor
is not necessarily the same part of the chemical that controls
receptor activation. Also, as reviewed in section 1.2.3, receptor
abundance will impact the dose at which a hormone activates
the receptor, and this will apply to an endocrine disruptor

as well. This may underlie in part the tissue- or cell-specific
differences in effects of endocrine disruptors. Thus, just like
the hormones they interfere with, endocrine disruptors will
be receptor and tissue specific. Some endocrine disruptors
actually have an affinity that is similar to or greater than that
of the natural ligands. An example of this is tributyltin (TBT),
which has an affinity for RXR (retinoid-X-receptor) and
PPARy (peroxisome proliferator activating receptor subtype
gamma) in the low nanomolar range (Grun & Blumberg,
2006). Indeed it is the most potent agonist known for these
receptors.

133 Endocrine disruptors produce
non-linear responses that can be
non-monotonic

Because natural hormones are characterized by non-linear
dose-responses, it is expected that endocrine disruptors should
also produce non-linear responses. The dose-response curve
can take several forms: in its simplest form — a sigmoidal
shape — non-linear dose responses occur because hormones
act on receptors, which are limited in number and the response
itself is “saturable”. That means that there is a dose of

hormone — or endocrine disruptor — beyond which there is no
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further response (see Figure 1.3A). However, like hormones,
endocrine disruptors can also produce non monotonic dose
responses in which the slope of the curve changes sign over
the course of the dose-response. For example, when fetal
mice are exposed to low or high doses of diethylstilbestrol
(DES), a synthetic estrogen, their adult prostate weights are
relatively low. However, intermediate doses of DES produced
significantly heavier prostates (vom Saal et al., 1997). This
also occurs for the female reproductive tract (Figure 1.5). A
review of bisphenol A (BPA) has shown that there are over
50 reports on non-monotonic dose responses in a variety

of tissues [see (Richter et al., 2007) and (Wetherill et al.,
2007) for a review of some of these studies and (Alonso-
Magdalena et al., 2008; Hugo et al., 2008; Jeng & Watson
2011; Jenkins et al., 2011; Cabaton et al., 2011) for several
recent examples]. Indeed non-monotonic dose responses have
been reported for more than a dozen natural hormones and
more than 60 endocrine disruptors in both cell culture and
animal experiments [reviewed in (Vandenberg et al., 2012)].
Recent research also suggests that non-monotonic responses
can be extended to the population level. For example,
individuals in the highest quartile of environmental exposure
to dichlorodiphenyldichloroethane (DDE, an estrogenic
metabolite of the pesticide, DDT) have decreased BMI and
blood triglyceride levels compared to individuals in the third
quartile (Lee et al., 2011). Moreover, women exposed to the
lowest and highest doses of dioxin after an industrial accident
had no changes to the age at which they entered menopause,
although those women exposed to intermediate doses had

an increased risk of early menopause (Eskenazi et al., 2005).
The actual mechanisms to explain these non-monotonic
effects at the population level have not yet been identified,
but it is important to recognize that these dose-response
characteristics are fully within the realm of hormone action
and endocrine disruption; indeed they are to be expected.

134 Do endocrine disruptors act at
low doses?

Hormones act at low doses, in part by virtue of their strong
affinity for their receptors (see 1.2.3). Some endocrine
disruptors also have a very high affinity for nuclear receptors
(e.g. tributyltin for PPARY), and can act at very low doses
primarily as a result. However, it is important to recognize
that endocrine disruptors can act at low doses even if their
affinity for hormone receptors is considerably lower than that
of the native hormone. This can happen, in part, because the
impact of small changes in hormone action at the low end of
the dose-response curve is much greater than at the high end
of the dose-response curve (see Figure 1.3A). In addition,
differences in receptor abundance have a very large effect on
the concentration of hormone (or endocrine disruptor) required
to produce an effect (see Figure 1.3B). In addition, endocrine
disruptors may have different potencies on different receptor
isoforms (e.g. ERa or ERP). Therefore, the “potency” of an
endocrine disruptor will be highly dependent upon several

Table 1.4. Examples of EDCs with low dose effects (in animals)
(Vandenberg et al., 2012).

Insecticides/Fungicides Industrial/General

Chlordane Arachlor 1221

Chlorothalonil Bisphenol A/Genistein/DES

Chlorpyrifos Dioxin

DDT 4-methylbenzylidene
Heptachlor Methylparaben
Hexachlorobenzene Nicotin

Maneb Nonphenol
Parathion Octyphenol

Methoxychlor Sodium Fluoride

Tributyltin oxide PBDEs/PCBs

Vinclozolin Perchlorate

important factors. This explains why some cells and tissues
— or developmental time points — are much more sensitive to
endocrine disruptors than others.

There are many examples of low dose effects of endocrine
disruptors (Table 1.4), (Vandenberg et al. 2012).

We have focused our discussion on the principles of
endocrinology described above and from this perspective,
environmental chemicals interacting with endocrine systems
can exert effects at low, environmentally relevant doses, and
will exhibit dose-response curves that are non-linear and
potentially non-monotonic. However, this represents one of
two perspectives that are currently under debate. The term
"low dose" is defined in two ways. The first is a dose below
that which is traditionally accepted by toxicologists as the
no adverse effect level (NOAEL; Owens & Chaney, 2005).

The second is that of a dose that is environmental relevant to
humans, (e.g., Owens & Chaney, 2005). One perspective is that
chemicals exert toxicologically relevant adverse effects in a
manner that is or approximates linearity; i.e., the dose makes
the poison. In addition, the endpoints traditionally captured

in toxicological studies are sufficient to determine all adverse
outcomes (Owens & Chaney, 2005). In contrast, the “low dose”
hypothesis posits that exogenous chemicals that interact with
hormone action can do so in a manner that is quite specific
such that traditional toxicological endpoints are not sufficient to
preclude adverse outcome, and they do so with dose responses
that are nonlinear and potentially non-monotonic (Vandenberg
etal., 2012).

135 When do endocrine disruptors act?

Endocrine disruptors can act throughout life just as hormones
do by interacting with the same pathways as hormones (see
Table 1.2). When chemicals with endocrine disrupting activity
are present during development, they will affect programming
of cell and tissue development and thus their effects are
expected to be permanent. When the same endocrine disruptor
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Figure 1.5. Non-monotonic dose response of DES on uterine weight. (Figure from Newbold et al. (2004), redrawn; Used with permission of

the publisher).

is present later — in childhood or in the adult — the effects will
be different and could be transient. The difference in sensitivity
and action of endocrine disruptors over the lifespan has several
important implications. First, when studies are designed to
link human exposures to specific outcomes, it is important to
measure chemical exposures at the developmental time-point
that is appropriate for the specific outcome measured. Of
course, the outcome may not be visible until adulthood in some
cases. This may be more difficult for chemicals that do not
persist in the body (e.g. many pesticides), than for chemicals
that do (e.g. flame retardants, POPs). Another important
implication is that not all endpoints of hormone action will
exhibit the same sensitivity to chemical exposures.

The ability of endocrine disruptors to alter the normal
hormonal control of development is perhaps the most
significant consequence of exposure, because developmental
effects will occur at lower doses than are required for effects in
adults (Alonso-Magdalena et al., 2010). Additionally, the effects
of exposure to endocrine disruptors during development will
remain throughout life, due to their effects on programming of
cell differentiation and tissue development, resulting in a tissue
that has a different predisposition for disease in adulthood
to that of a non-exposed tissue. For example, a low dose of
bisphenol A during fetal mouse development predisposes the
prostate to the cancer-causing actions of low doses of estrogen
during adulthood but at birth the prostate “looks” normal and
the effect of BPA can only be picked up by an ‘omics analysis
(Prins et al., 2008). Table 1.1 shows a list of diseases that
have been observed in animal models after acute exposures to
endocrine disrupting chemicals during development. This list
contains the diseases that were highlighted at the beginning of
this chapter as those that have increased in the last few decades.
In addition, similar diseases and disorders have been reported
in wildlife populations in some cases in relation to exposure

to chemical contaminants that are known to be endocrine
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disruptive. The diseases caused by endocrine disruptors will be
described in more detail in Chapter 2.

136 Endocrine disruptors, the epigenome
and transgenerational effects

Parents pass on their genes to their children, and in so

doing, pass on various traits associated with those genes.

The combination of all genes in a species is referred to as

the “genome” and “genomic” studies refer to those studies
designed to understand how various patterns of genes are
controlled. Cells in the body can pass on heritable traits to
their cellular progeny without altering their genome. During
development, a single cell — the ovum — will divide, multiply
and differentiate and ultimately become an adult. Development
from this perspective is a process of “fate restriction” —
permanently turning on or turning off different combinations
of genes required for a cell to be a functional cell in the liver,
kidney, brain, etc. It turns out that this view of development
is not complete. Instead it is clear that development is
controlled not only by genetics but also by epigenetics, and
thus, is subject to changes depending on the “environment”.
Epigenetics is broadly defined as those heritable changes

in the genome not dependent upon changes in genetic
sequences (e.g. DNA methylation or histone modification).

It is these epigenetic processes that define and control

tissue development by controlling gene expression. Thus,

a major route by which hormones act during development

is by changing the epigenome — the combination of genes
that can or cannot be expressed. Though the mechanisms
underlying these effects are a relatively new area of study,
one manifestation of endocrine disruption is to alter a small
subset of hormone-dependent epigenetic mechanisms and
thereby alter development. Importantly exogenous chemicals
have also been shown to produce heritable “transgenerational”
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Figure 1.6. Potential mechanism by which EDCs may affect disease transmission across generations. In this scenario, EDC exposure during
the period of germ cell programing can alter epigenetic marks which are then transmitted both to germ cells (i.e., gametes) and via an unknown
mechanism thereby to future generations as well as in the somatic cells that develop in the embryo thereby altering tissue development. These
changes have been shown in animal studies to result in adult disease (Skinner & Guerrero-Bosagna, 2009; Used with publisher’s permission).

effects as a result of their ability to alter epigenetic processes.
This issue first arose with studies in which an anti-androgenic
pesticide (vinclozolin) was given to developing mice at a single
time when the testis was in a critical period of development.
Vinclozolin produced adverse effects on the developing
testis, and this effect was passed on to the following three
generations of mice (reviewed in (Skinner, Manikkam &
Guerrero-Bosagna, 2011)). This effect is likely to be caused
by epigenetic changes that were transmitted with high fidelity
from one generation to the next via the germ cells (Figure
1.6). A number of exogenous chemicals have now been shown
to influence epigenetic mechanisms and to produce effects in
several generations of animals. We have a great deal to learn
about this issue, but it is plausible that chemical exposures
during pregnancy will affect the health of several subsequent
generations of people and wildlife that are not themselves
exposed.

13.7 Evidence for a common mechanism
for human/wildlife effects

Estrogen, androgens and thyroid hormones are identical in all
vertebrates. However, the receptors are somewhat different
among different vertebrate classes and this can influence

the ability of exogenous chemicals to interact with them.
Endocrine disruptor screening methods for wildlife have
been developed using estrogen receptors (ERs) and androgen
receptors (ARs) from various animal species, including fish,
amphibians, and reptiles (Katsu et al., 2007; 2010). These
studies showed species differences in sensitivities of ERs to
chemicals. Therefore, in order to protect biodiversity from
endocrine disruptors, we need to understand the molecular
mechanisms underlying species differences in hormone
receptor sensitivity in various wildlife species. Receptor-
mediated mechanisms have received the most attention, but
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other mechanisms (e.g. hormone synthesis, transport and
metabolism, activation of nuclear receptors, gene methylation)
have been shown to be equally important (IPCS, 2002; Tabb
& Blumberg, 2006). For most associations reported between
exposure to endocrine disruptors and a variety of biological
outcomes, the mechanisms of action are poorly understood.

The endocrine systems of vertebrates largely share
molecular mechanisms such as the ability of particular
chemicals to bind to steroid receptors (Iguchi & Katsu, 2008).
However, the physiological consequences of these mechanisms
- for instance, for sex differentiation - differ in different classes
of vertebrates. For example, sex is determined by the sry gene
in mammals (Sinclair et al., 1990), the dmy gene in the medaka
fish (Matsuda et al., 2002), whereas temperature-dependent sex
determination is common in crocodilians and turtles. Estrogen
is quite important in the development of ovaries in fish,
amphibians, and reptiles, and very likely plays a role in birds as
well. Likewise, critical developmental windows of sensitivity -
periods when hormonal or xenobiotic chemicals can act during
development - differ among vertebrate species.

In insects and crustaceans, reproduction and development
are controlled mainly by novel steroids termed ecdysteroids,
such as ecdysone and juvenile hormones. The functions
of these are well understood in model species of insect
(Drosophila) and in some aquaculture species of crustacean.
For the remaining invertebrate species, information on the
endocrine system and the hormone receptor system is limited.
The ecdysone receptor has been cloned in Daphnia magna
(Kato et al., 2007), but no juvenile hormone receptor or binding
protein has been identified.

Of the “vertebrate” steroid hormones and their receptors,
ER homolog genes have identified in molluscs such as Aplysia,
octopus, and a marine snail (rock shell; Thais clavigera)
showed no ligand binding, but they did display ligand-
independent gene activation (Thornton, 2003). Thus, functional



nuclear-type ER may not be present in these invertebrates.

In annelids, however, a functional ER activated by estradiol
has been isolated (Keay & Thornton, 2009) and in rotifers, a
membrane progesterone receptor may also be functional (Stout
et al., 2010) Membrane ERs have been found in vertebrates
and act as an acute response system to estrogens. Therefore,
we cannot rule out the possibility that membrane ERs could be
present in invertebrate species.

Despite our lack of knowledge on their fundamental
endocrinology, chemicals that affect hormonal activities in
vertebrates also appear to affect several invertebrate species,
such as Hydra vulgaris, copepods, barnacles, nematodes,
freshwater mud snails, and sea urchins (Fox, 2005). Juvenile
hormone agonists used as pesticides induced a reduction
of reproduction in parthenogenic D.magna and resulted
in 100% male offspring (Oda et al., 2005), as would be
expected, but the effects of “vertebrate” steroid hormone
antagonists and agonists are less clear. In particular, the
susceptibility of molluscs to morphological and physiological
disruption by estrogenic compounds is a subject of current
debate. Amongst the most extreme effects reported are those
exerted by bisphenol A (BPA), 4-tert octylphenol (OP) and
ethinylestradiol on reproductive output and morphology
of the neo-tropical freshwater snail Marisa cornuarietis,
including increased oocyte production and egg-laying in
females and gross morphological effects on the sex organs
in both developing juveniles (e.g. formation of additional sex
organs in females) and adults (e.g. reduction in male penis
length) (Oehlmann et al., 2000, 2006; Schulte-Oehlmann et al.,
2004). In direct conflict with these reports are those in which
adult M. cornuarietis were exposed to BPA using a different
experimental design (Forbes et al., 2007) showing clearly that
these effects were not observed. These conflicting reports
have fuelled controversy (Dietrich et al., 2006) surrounding
the true sensitivity of this species, and molluscs in general, to
estrogen mimics and, also, the perceived safety of the aquatic
environment from the impacts of these xenestrogens. BPA, in
particular, is purported to be much more potent in molluscs
than in other aquatic organisms.

Clarifying the molecular basis of the action of hormones
and endocrine disruptors on invertebrates is essential to aid
in explaining differences in the responses of vertebrates
and invertebrates at the cellular and organismal levels and
to elucidate the ecological effects of exposure to endocrine
disruptors starting at the bottom of the food chain (Iguchi,
Watanabe & Katsu, 2006).

138 Endocrine disruptors and cocktail
effects

When the toxicity of chemicals is evaluated, their effects are
usually considered in isolation, with assumptions of “tolerable”
exposures derived from data about one single chemical. These
assumptions break down when exposure is to a large number
of additional chemicals that also contribute to the effect in
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question. This can be illustrated by considering combined
actions between estradiol and other chemicals capable of
mimicking the hormone’s action. For a long time, the risks
associated with these “xenestrogens’ have been dismissed, with
the argument that their potency is too low to make an impact

on the actions of estradiol. But it turned out that xenestrogens,
combined in sufficient numbers and at concentrations that on
their own do not elicit measureable effects, produced substantial
estrogenic effects (Silva, Rajapakse & Kortenkamp, 2002), an
observation dubbed “something from ‘nothing”. When mixed
together with estradiol, the presence of these xenestrogens at
low levels even led to a doubling of the effects of the hormone
(Rajapakse, Silva & Kortenkamp, 2002). All these effects

could be predicted accurately from the potency of all single
components by making the assumption that the xenestrogens
acted together without influencing each other’s action (the
additivity assumption according to the mixture assessment
concept of concentration addition).

The above experiments were conducted with a yeast-based
reporter gene system for estrogen action, a test system that
lends itself to working cost-effectively with the large sample
numbers necessary for conducting multi-component mixture
experiments. But for a long time it remained untested, whether
the principles of mixture toxicology established in such “test
tube” experiments would be applicable to more complicated
systems, including experimental animals. A break-through was
made with the demonstration that multi-component mixtures of
estradiol and other xenestrogens induced vitellogenin in fish in
a manner that could be predicted from the effects of the single
chemicals (Brian et al., 2005). At first, it seemed counter-
intuitive to expect that such experiments would be successful,
considering the many sources of variation and error inherent in
studies with animals, but the empirical evidence showed that
this is not the case.

The predictability of combination effects could be
demonstrated with systems even more complex than
vitellogenin induction in fish. In a developmental toxicity
model in the rat, it was shown that combinations of androgen
receptor antagonists worked together additively to produce
changes in anogenital distance and retained nipples, effects
considered to be the hallmarks of disruption of androgen
action in fetal life (Hass et al., 2007). In these models, pregnant
female rats were dosed throughout gestation and the effects
in male offspring monitored. Similar observations were made
with combinations of antiandrogens that work by a variety of
different mechanisms (Christiansen et al., 2009, Rider et al.,
2008). Studies with thyroid disrupting chemicals also showed
additive combination effects at low doses (Crofton et al., 2005).

In many of these in vivo experiments with endocrine
disruptors, the “something from ‘nothing” principle was shown
to apply. These findings challenge current regulatory practice.
The experimental doses that are used as a basis for deriving
health-based exposure standards (e.g. acceptable daily intakes)
cannot be considered safe under all circumstances if exposure
is to a large number of chemicals that also produce the effect
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of interest. These experiments expose an important knowledge
gap that currently hampers progress with the risk assessment

of endocrine disrupters (and other chemicals). To truly assess

the possible health risks that arise from these chemicals, it is
necessary to know the full extent of exposures to exogenous
chemicals that exert actions on a specific endocrine pathway,
together with their potency of effect. But, we are currently far
removed even from having fragmentary information about these
issues (Kortenkamp & Faust, 2010). Years of mixing cocktails of
endocrine disruptors have shown that the combined effects are
largely additive and that the effects of multi-component mixtures
can be predicted when the potency of its individual components
are known (see the review by Kortenkamp, 2007). The challenge
ahead is to define what environmentally relevant mixtures of
endocrine disruptors are and to assess their effects.

139 Endocrine disruptors and toxicity
testing methods

Man-made chemicals are an important part of modern life.
Human and wildlife populations cannot avoid coming into
contact with some chemicals employed in food production
(plants and meat), in pathogen control (e.g. insecticides), in the
production of modern materials (e.g. plastics), or in the built
environment (e.g. insulations, flame retardants) (see Chapter
3 for more details). Considering the importance of these
chemicals, and their widespread presence in the environment, it
is important that strategies are developed to preclude widespread
environmental contamination with endocrine disruptors.
Testing strategies currently employed around the world
are based on the premise that endocrine disruptors can
be evaluated in the same manner as acute toxicants; this
implies that tests at high doses will inform us about low-dose
exposures, and it also implies that one endpoint of hormone
action can effectively act as a surrogate for all endocrine
endpoints. However, as we have introduced in this chapter
and will develop further in the following chapters, hormone
action is quite complex and depends on the developmental
stage and the endpoint being evaluated and that endocrine
disruptors act like hormones and not general toxicants.
Therefore, it is predictable that endocrine disrupting chemicals
will exert effects that are also quite complex and that are not
captured using strategies designed to detect acute toxicity
with a limited range of exposure paradigms and endpoints
evaluated. Specifically, endocrine disruptors will produce non-
linear dose responses, sometimes including non-monotonic
dose-responses, such that high dose toxicity testing will not
be sufficient to predict the effects at low doses. In addition,
chemicals that interact directly with hormone receptors may
not produce effects on endpoints that are routinely employed
in toxicity testing in a manner that extrapolate to other disease
endpoints or doses. The sensitivity of different endpoints of
hormone action is quite variable and will not be captured by a
small subset of endpoints captured in general toxicity studies.
Finally, the preponderance of toxicity studies have focused
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on chemicals that interfere with reproductive and thyroid
hormones. Little is known about chemicals that can interact
with other endocrine systems, and we should not assume that
the current assays employed in toxicity testing will identify
those chemicals. Considering this, we cannot be confident that
the current system of protecting human and wildlife population
from chemicals with endocrine activity is working as well as
it should to help prevent adverse health impacts on human and
wildlife populations.

It is important to recognize that the identification of
human or wildlife health effects of chemical exposures in
epidemiological studies is an indication that the pre-market
evaluation of chemical effects failed to accurately predict their
toxicity. A clear example of this is that of polychlorinated
biphenyls (PCBs). These chemicals were produced heavily
during the first half of the 20" century and their production was
banned in the 1970s because of their potential carcinogenicity
and because of their persistence in the environment. However, a
large number of studies have now shown that prenatal exposure
to these chemicals — even several decades after their production
was banned — produces adverse effects on cognitive function
in children (Schantz, Widholm & Rice, 2003). Experimental
studies have demonstrated the different kinds of effects these
chemicals have on important signaling mechanisms including
on thyroid hormone, estrogen and calcium signaling in the
brain. Despite this, the current guideline studies for identifying
chemicals that interfere with thyroid hormone action would not
identify PCBs as anti-thyroid agents. Given the importance of
thyroid hormone action during development, and the successful
screening program for identifying congenital hypothyroidism
(CH) at birth, it is paradoxical that PCBs would be missed by
these guideline studies. It is critical then to learn from this
experience to avoid committing several generations of children
to exposures to chemicals that limit their potential (Suvorov &
Takser 2008).

13.10 Framework for evaluation of
evidence for endocrine disruption
in humans and wildlife

It is important to use a systematic and transparent approach

to evaluating the scientific evidence about the relationship
between environmental exposure and health effects. Often, this
approach is referred to as weight of evidence (WOE), which

is an approach used to characterize the extent to which the
available data support the hypothesis that there is a relationship
between an exposure and adverse health effect. Various WOE
methods have been developed; these methods are often a
qualitative process in which reviewers put various strands

of evidence together to evaluate whether they are likely to
support, or not some relevant associations which can include
causality. Descriptors are used to characterize the overall
conclusions. For example, IARC uses the terms “sufficient”,
“limited”, and “inadequate”, to characterize the evidence related
to carcinogenicity (IARC, 2006). Similarly, the US National



Toxicology Program (US NTP) uses the terms “sufficient”,
“limited” and “insufficient” to characterize the evidence
(NTP, 2011). The degree of subjectivity embedded in the WOE
process has led to much discussion and there are currently no
internationally agreed upon methods with which to perform
this process, although many proposals of how to do this exist
(see the review in Kortenkamp et al., 2011). One such proposal
was presented in the 2002 IPCS document (Chapter 7). Others
include Conrad & Becker (2011), Woodruff & Sutton (2011;
2010) Linkov et al., 2009, ANSES (2011), and SCENIHR (2012).
WOE of evidence evaluations, and current systematic
review approaches generally focus on an individual chemical
exposure and a specific outcome. In contrast, WOE evaluations
have not been adapted to answer the broad, more open-ended
questions addressed in this report, such as “Is there evidence
of endocrine disruption in wildlife?”’) (EFSA, 2010). In this
context, narrative reviews can serve an important first step in
compiling scientific evidence that addresses critical questions.
The European Environment Agency has stated that
methods for evaluating evidence need to be modified to
reflect reality more clearly, by including consideration of
multicausality, thresholds, timing of dose, mixtures and
delayed negative impacts, especially when evaluating EDCs
(Gee 2006; 2008). Similarly for temporality, which says that
the putative cause X of harm Y must come before Y appears.
This is not robust in a multicausal, complex world of common
biological endpoints that can have several biological pathways
leading to an adverse health effect. For example, falling sperm
counts can have multiple, co-risk factors and resulting overall
sperm count trends could be rising, falling, or static, depending
on the combined direction and strengths of the co-risk factors
and the time lags of their impacts” (Gee, 2006). Chlorine
chemicals may or may not be co-risk factors in falling sperm
counts, but the previous use of the temporality argument in the
IPCS (2002) document does not provide robust evidence that
they are not a contributing factor (Gee, 2006; EEA, 2012).
Finally, the evaluation of the strength of the evidence is not
the same as the strength of the recommendation. Specifically,
different strengths of evidence can be appropriate to justify
action to reduce exposures, or other measures, in specific
cases depending on their circumstances including the cost of
being wrong in both direction (i.e., in acting or not acting).
This is analogous to” iatrogenic risk in medicine (risk “caused
by the doctor”) (NAS, 2009). In the same way that a delay
in diagnosis by a physician can increase risk to the patient,
delays in the process of assessing risks may increase overall
exposure to risk when decisions are delayed” (NAS, 2009). Hill
(1965) recognised the case of specificity of different strengths
of evidence when deciding whether to act on the evidence, or
not, observing "that, it almost inevitably leads us to introduce
differential standards before we convict. Thus on relatively
slight evidence we might decide to restrict the use of a drug for
early-morning sickness in pregnant women. If we are wrong
in deducing causation from association no great harm will
be done. The good lady and the pharmaceutical industry will
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doubtless survive. On fair evidence we might take action on
what appears to be an occupational hazard, e.g. we might
change from a probably carcinogenic oil to a non-carcinogenic
oil in a limited environment and without too much injustice if
we are wrong. But we should need very strong evidence before
we made people burn a fuel in their homes that they do not like
or stop smoking the cigarettes and eating the fats and sugar
that they do like.” Indeed, Bradford Hill himself recognised the
shortcomings of his framework, stating that “‘none of my nine
viewpoints can bring indisputable evidence for or against the
cause and effect hypothesis and none can be required as a sin
qua non......what they can do is help us to make up our minds
on the answer to the fundamental question — is there another
way of explaining the set of facts before us”. (Hill, 1965).

In the example above, Bradford Hill recognized the

need to separate strengths of evidence for causality from
strengths of recommended actions, an approach subsequently
taken up by the GRADE scheme in clinical medicine, which
also recognises this separation (GRADE 2011). As noted

by GRADE, “Not all grading systems separate decisions
regarding the quality of evidence from the strength of the
recommendations. Those who fail to do so create confusion.
High quality evidence doesn’t necessarily imply strong
recommendations, and strong recommendations can arise
from low quality evidence”. (Guyatt et al., 2008). These
considerations were not taken into account in the IPCS (2002)
document. Further, the use of the Bradford Hill criteria was
intended to evaluate evidence with only a few examples
given in Tables 7.1 and 7.2 of that document and it was not a
suggestion for a general way forward.

In the current document, features specific to endocrine
disrupting chemicals were considered. These have been
articulated by the Endocrine Society (Zoeller et al., 2012).
Their perspective emphasizes the non-linearity of hormone
action, the temporal and spatial specificity of hormone action,
and the myriad of known ways in which chemicals can
interfere with hormone action to produce adverse outcomes.
Inherent in any approach employing endocrine principles to
assess WOE is a careful evaluation of the science itself, rather
than a simple “count” of negative and positive findings for a
certain chemical. Approaches have been developed in clinical
medicine that applies a systematic, transparent approach to
evaluating evidence that provides an overall evaluation of
the evidence (similar to WOE approaches in environmental
health). Further, more recent development of these approaches
(GRADE) allows for both assessing the strength of evidence
and strength of recommendations separately to allow decision-
making even when scientific evidence is uncertain. While
these approaches have been developed for clinical medicine
and evaluating randomized control trials, they are not currently
amenable to evaluating EDCs, as they do not account for
evidence from ecological and toxicology literature and are still
evolving in relationship to observational epidemiology studies
—all evidence that is critical to environmental health. While
these approaches are being developed and tested (Woodruff



What is endocrine disruption all about?

& Sutton, 2011), and particularly their application to EDCs,
conventional narrative.

A central issue common to all WOE approaches is that
the reliability of the data must be evaluated. This, in itself, is
a very difficult issue and different authors propose different
standards. For example, Conrad & Becker (2011) propose that
the use of Good Laboratory Practice (GLP) is an important
—if not the essential — element of evaluating laboratory
studies. This, however, eliminates almost all modern scientific
studies and it seems unreasonable to employ state-of-the-art
(non GLP) science to guide public health protection in some
domains (e.g. clinical), but not in chemical safety. Many of the
standardized protocols carried out to GLP standards are no
guarantee of quality if they do not include the most sensitive
relative endpoints or exposures during critical windows in
development. In contrast, Woodruff & Sutton (2011) and
ANSES (2011) propose ways of evaluating the strength
of evidence based on scientific standards, independent of
the method applied. Experience in clinical medicine with
systematic reviews suggests that rigorous, empirically tested
evaluation of the methods and study quality will provide the
least biased evaluation.

It is also noteworthy that there is no universally accepted
scheme for the classification of the results of a WOE
assessment for endocrine disruptors (e.g. probable, possible or
unlikely), like those developed for carcinogens (by IARC) or
for air pollution (by WHO) or for Climate Change (by IPCC).
It is also not straightforward to adopt the approaches worked
out for carcinogenic modes of action under the auspices of
WHO IPCS (Sonich-Mullin et al., 2001, Boobis et al., 2006) for
application to endocrine disrupting chemicals. Uniquely, WOE
approaches for endocrine disruptors will have to deal with
the issues of adversity and mode-of-action at the same time
which is currently without precedent. Such methods will have
to be elaborated for endocrine disruptors, as recommended by
Kortenkamp et al. (2011).

With this in mind, Chapter 2 takes a narrative review of
the state of the science on endocrine disruption in humans
and wildlife, considering each part of the endocrine system in
turn. Emphasis was placed on the literature that appeared after
2000, with a cut-off data by March 2012. Best professional
judgment was used to make expert assessments of the data
linking exposure to chemicals with each disease/dysfunction.
The literature on disease and disorder trends was aggregated,
biological plausibility, relevant exposures (considering
possible multiple exposures), consistency of the data across
species (Where endocrinology is similar), dose responses and
temporality (considering possible latent effects and multi-
causality). Wherever relevant, evidence was integrated from
human and ecotoxicological species. The reviewers of the
evidence were the expert authors of each of the sub-chapters.
Their reviews were then peer-reviewed by an external panel
of experts carefully chosen for their knowledge of each of the
relevant areas. Both non-GLP and GLP studies were included
as long as they were considered to be reliable and relevant.
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Concerns about the hazards and risks following widespread
exposures to EDCs arise from what is known of the role of
hormones in organizing critical events during early development.
Consequently, evidence was assessed from a viewpoint that is
sensitive to the evidence that EDCs may exert low dose effects
and effects during critical windows of susceptibility. Although
debates relating to low dose phenomena are likely to go on
for the foreseeable future, authoritative bodies (such as the
US National Academy of Sciences) have proposed that given
multiple chemical exposures and variability in response, that,
like for carcinogens, a “threshold” should not be assumed (NAS,
2009). Rather, it is more likely that risks increase linearly also
in the low dose range, but this will be difficult to prove because
methods for detecting effects at low doses are insufficiently
sensitive to observe these thresholds, if they exist. Moreover,
because in almost all situations, pre-existing endogenous
hormone levels exist, any additional exposure will increase this
load in a threshold-independent manner.

Statements of the strength of the evidence are generic
(e.g. sufficient or insufficient, strong, moderate or weak).
Characterizing the strength of evidence is an integral step in
decision-making; however, equally important is to characterize
the other aspects critical to decision-making including values
and preferences, and consequences of different choices.

As pointed out by Bradford Hill and articulated here, weak
evidence might be sufficient if there was a possible teratogenic
effect of a pregnancy pill prescribed to millions of women
worldwide whilst stronger evidence might be needed if there
was a probable carcinogen in the workplace. Our goal was

that these descriptors provide guidance seeking the goals

of protecting wildlife and human health from hormonally
active chemicals; however we suggest that a methodology and
framework for evaluating evidence for endocrine disruption is
further developed together with guidance for future directions
for applying transparent, consistent and systematic concepts and
terminology on the nature of the EDC-effect relationships.

14 Main messages

¢ Endocrine disruptors are exogenous chemicals or chemical

mixtures that can interfere with any aspect of hormone action.

Endocrine disruptors can act directly on hormone receptors
or can act directly on any number of proteins that control the

delivery of a hormone to its normal target cell or tissues.

The affinity of an endocrine disruptor for a hormone
receptor is not equivalent to its potency. Chemical potency
on a hormone system is dependent upon many factors

including receptor abundance.

Endocrine disruptors produce nonlinear dose responses both
in vitro and in vivo; these non linear dose responses can

be quite complex and often include non-monotonic dose
responses. They can be due to a variety of mechanisms;
because endogenous hormone levels fluctuate, no threshold
can be assumed.



Endocrine disruptors show tissue specific effects.

Endocrine disruptors can act on membrane or nuclear

receptors.

Environmental chemicals can exert endocrine disruptor
activity on more than estrogen, androgen and thyroid
hormone action. Some are known to interact with multiple

hormone receptors simultaneously.

Sensitivity to endocrine disruption is highest during tissue
development; developmental effects will occur at lower
doses than are required for effects in adults. Endocrine
disruptors can work together to produce combination effects
when combined at low doses. The extent of combination
effects is governed by the sheer number of endocrine
disruptors and their individual potency.

Testing for endocrine disruption must encompass the
developmental period and include lifelong follow-up to
assess latent effects.

Not all endpoints of hormone action will exhibit the
same sensitivity to chemical exposures (example, uterine

response to BPA).

Endocrine disruption represents a special form of toxicity,
and this must be taken into consideration when interpreting
the results of studies of endocrine disrupting chemicals, or
when designing studies to clarify the effects of endocrine
disrupting chemicals and quantifying the risks to human
and wildlife health.

Endocrine disruptors will exert effects that are also quite
complex and that are not captured using strategies designed
to detect acute toxicity.

Efforts are needed to develop systematic and transparent
approaches to identify, evaluating and synthesizing the
scientific evidence for endocrine disruptors that consider
the science of endocrine action.
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20 Introduction

At the time of the publication of the Global Assessment of the
State-of-the-science of Endocrine Disruptors (IPCS, 2002),
there was evidence that the health of some wildlife populations
had been adversely affected by exposure to EDCs, but very
weak evidence that human health was similarly affected. This
was mainly due to an insufficient number of rigorous studies
carried out on this issue, rather than to a lack of likelihood that
EDCs could cause health effects in human populations. There
were multiple experimental animal studies showing chemicals
could interfere with hormone production and/or action and
that this could result in adverse effects. Abnormalities in male
reproductive health and development in fish and other wildlife
species exposed to contaminants were the early leads for this
research.

Over the last decade, scientific understanding of the
relationship between the environment and health has advanced
rapidly. Of greatest significance is that we now know that
there are particularly vulnerable periods during fetal and
postnatal life when EDCs alone, or in mixtures, have strong
and often irreversible effects on developing organs, whereas
exposure of adults causes lesser or no effects. Consequently,
there is now a growing probability that maternal, fetal and
childhood exposure to chemical pollutants play a larger role in
the etiology of many endocrine diseases and disorders of the
thyroid, immune, digestive, cardiovascular, reproductive and
metabolic systems (including childhood obesity and diabetes)
than previously thought possible.

Many of the internationally agreed upon and validated
test methods for the identification of EDCs address only a
very limited range of the known spectrum of EDC effects.

For many effects, adequate test methods do not exist. This
introduces uncertainties with potentially serious consequences
for human and wildlife populations and also suggests a failure

in environmental protection that should be addressed. Although
there are genetic, anatomical and physiological constraints,

large parts of the endocrine system are highly conserved among
vertebrates and, therefore, wildlife should be considered effective
and important sentinels of human health. Moreover, the protection
of wildlife is vital in ensuring the conservation of biodiversity and
safeguarding the important role that biological communities play
in preserving ecosystem services and ecological sustainability.

The aim of this chapter is to provide a critical review of

the evidence for endocrine disruption in wildlife and humans
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and to highlight the gaps in knowledge and in chemical test
methods that need to be filled if we are to protect humans

and wildlife from potential effects of endocrine disrupting
chemicals. The focus is on identification of the characteristics
of the hazards posed by endocrine disruptors rather than risk
assessment. As risk assessment is largely undertaken on a
chemical by chemical basis with little or no account taken of
other concurrent exposures, it is not appropriate for assessing
the combined effect of mixtures of similarly acting endocrine
disruptors described here in. Moreover, human exposure data
are limited for most EDCs, making accurate risk assessment
difficult or impossible for many chemicals.

Plans to comprehensively evaluate chemicals for their
endocrine-disrupting activities are already part of the
regulatory agenda in the USA and Europe, however, so it may
be possible to count the number of chemicals to be taken into
account in a “mixtures risk assessment " in the future.

A brief account is given of the historical case of
diethylstilbestrol (DES), a “pharmaceutical endocrine
disruptor” that caused a variety of unexpected reproductive
disorders and diseases in the sons and daughters of the women
who took it during pregnancy. These problems arose because
of ignorance of the actions of hormones on the programming
of tissue structure and function during fetal life. Although
DES was a pharmaceutical drug given at relatively high doses,
this case study illustrates the spectrum of possible effects that
endocrine disrupting chemicals could cause when exposures
occur at critical times during the early development of an

organism.

21 Anintroduction to endocrine
disruption of the reproductive
system

211 The diethylstilbestrol case

DES is a potent synthetic estrogen that was originally
synthesized in 1938. It was used extensively to treat pregnant
women from the 1940s-1970s to prevent miscarriages and other
pregnancy complications (Giusti Iwamoto & Hatch, 1995;
Bamigboye & Morris, 2003). It was initially given to women
with at-risk pregnancies, but ultimately it was also prescribed
to women with normal pregnancies to make babies “healthier”.
It is still not known how many people were DES-exposed



worldwide. Anyone born or pregnant in the USA between 1938
and 1971, and until the mid-’80s in some European countries
(until 1977 in France), could have been exposed. In the USA
alone, there were an estimated 10 million people (mothers,
daughters and sons). Subsequently, DES was found ineffective
in reducing miscarriages. More importantly, it was linked to

a rare form of vaginal cancer in a small number (< 0.1%) of
adolescent daughters who were exposed to it during in utero
development (Herbst, Ulfelder & Poskanzer, 1971). DES

was later associated with more frequent benign reproductive
problems in ~90-95% of DES-exposed daughters; reproductive
tract malformations and dysfunction, miscarriage, preterm
delivery, and low birth weight, ectopic pregnancies, and
premature labour and births were reported (for review, Giusti,
Iwanioto & Hatch, 1995; Bamigboye & Morris, 2003) and
there were also effects on DES sons (described fully in section
2.3). Research found that in utero exposure to DES alters the
normal programming of gene families that play important
roles in reproductive tract differentiation (Pavlova et al., 1994;
Taylor, Vanden, Heuvel & Igarashi, 1997; Miller, Dagenhardt
& Sassoon, 1998). As a result, women exposed to DES in
utero were at increased risk of clear cell adenocarcinoma of
the vagina and cervix, structural reproductive tract anomalies,
infertility, and poor pregnancy outcomes (Schrager &

Potter, 2004). Moreover, developmental exposures may have
played a role in increased risk of adult onset of fibroids and
endometriosis. Two epidemiologic studies evaluated increased
risk of uterine fibroids in women who were prenatally
exposed to DES. One study using a more sensitive method

to detect fibroids found an elevated risk from prenatal DES
exposure, whereas a second study did not find an association
with fibroids, but did find an association with paraovarian
cysts (Baird & Newbold, 2005; Wise et al., 2005). In utero
exposure to DES is associated with an 80% increased risk of
endometriosis (Missmer 2004).

As DES-daughters age, they are more susceptible to breast
cancer than unexposed, age-matched women. DES-exposed
daughters > 40 years exhibit a statistically significant increase
in risk of developing breast cancer (Hatch et al., 1998; Palmer
et al., 2002; Palmer et al., 2006; Troisi, Potishman & Hoover,
2007); this increased risk is more pronounced in DES-women
over 50 years old, though this association did not reach
statistical significance (Palmer et al., 2006). DES-exposed
mothers also have an increased risk of breast cancer (Giusti,
Iwanioto & Hatch, 1995). Prenatally DES-exposed sons suffer
a range of reproductive tract problems including malformations
(urethral abnormalities, epididymal cysts, and undescended
testes) and increased genital/ urinary inflammation (Herbst &
Bern, 1981; NIH, 1999; CDC, 2003; Titus-Ernstoff et al., 2010).

These observed human effects of DES have been confirmed
in numerous animal models, and predict changes found in DES-
exposed humans, such as oviductal malformations (Newbold
et al., 1983) and increased incidence of uterine fibroids
(McLachlan et al., 1977; Newbold et al., 1998; Baird & Newbold
2005; Hoover et al., 2011), particularly in Eker rats genetically
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predisposed to uterine fibroids (Cook et al., 2005). There are
also second-generational effects (Newbold et al., 1998; Newbold
et al.,, 2000) such as increased menstrual irregularities (Titus-
Ernstoff et al., 2006) and possibly ovarian cancer (Blatt et al.,
2003) in DES grandaughters. Prenatal DES exposure resulted in
hormonal imprinting of the developing uterine myometrium in
both wild -type and genetically susceptible rats.

Based on a wealth of accumulated scientific information
from humans and experimental animals, DES is well-
documented to be a “transplacental carcinogen”; it crosses
the placenta, reaches the fetus, adversely affects developing
tissues/organs, and causes a myriad of problems including
cancer (Herbst & Bern, 1981; NIH, 1999; CDC, 2003;
Diamanti-Kandarakis et al., 2009; Hoover et al., 2011). DES
caused a major medical catastrophe that continues to unfold
today.

DES was eventually banned for use during pregnancy, but
experimental studies continue to explore mechanism(s) through
which DES causes its adverse effects. The murine model using
prenatally DES-exposed outbred mice has been particularly
successful in duplicating and predicting abnormalities reported
in prenatally DES-exposed humans (for reviews see Newbold,
1995; Newbold, 2004). DES taught us the following four
important lessons that can guide our investigations on endocrine
disrupting chemicals now and in the future. Lessons are further
discussed in detail in Chapter 2.43:

1. Exposure to endocrine disruptors during early (fetal)
development can induce disorders of the endocrine system

in the fetus, whilst the mother may appear healthy.

. The risk of health impacts from exposure to hormone
disruptors is especially high during early development
when multiple developing tissues may be affected.

. An endocrine disease or disorder induced during early
development might only be apparent decades later, and
exposure to this one chemical could lead to multiple health
risks in exposed individuals and in subsequent generations.

. Since all the effects shown in animal models with DES
have also been shown in human situations (indeed animal
models even predicted human outcomes), DES is also a
good example of the need for extrapolation of animal data
on EDCs to humans.

212 Endocrine disruptors in the repro-
ductive system — experimental
results

There is a large body of literature from experimental studies
with rodents on the adverse effects of DES and of other EDCs
on the reproductive system, examples of which are compiled

in Table 2.1. Unlike human studies, animal studies enable the
investigator to measure all indices of hormone action at various
times during development and thus to accurately interpret the
relationship between exposure and all of the effects on the
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endocrine system. Although most of the chemicals listed would
appear to be weaker (less potent) estrogens than DES, their
effects can be equally undesirable when the exposure occurs
in early development where potency seems less important
(Diamanti-Kandarakis et al., 2009). These data present a
compelling case for chemically-induced endocrine disruption
as one factor in the causation of male and female reproductive
disorders and diseases in both human and wildlife populations.
The use of some of these chemicals is now prohibited in many
countries (e.g. alkylphenols, some of the phthalate plasticizers,
PCBs and the pesticide DDT, in addition to DES; see Chapter 3

for a description of these chemicals), but others are still in wide

of chemicals in modern commerce can interfere with male
and female reproductive function (see Chapter 2.2 & 2.3 fora
current review of effects).

There are currently many gaps in the available chemical
test methods for screening chemicals for endocrine disrupting
effects. Regulatory tests for many wildlife taxa are currently not
developed and of the mammalian assays available, most do not
cover endocrine endpoints adequately enough to detect the effects
of endocrine disrupting chemicals described in this chapter.
Perhaps most importantly, the exposure periods do not cover
critical developmental windows of increased susceptibility now
known to exist. Delayed effects that can manifest themselves with

use. Moreover, we now recognize that an increasing number

ageing are not included either.

Table 2.1. Effects of endocrine disruptors observed in the reproductive system of animals (adapted from WHO, 2012).

Contaminant Sex Observation References
Diethylstilbestrol (DES) Male Sterility McLachlan, 1977
Epididymal cysts McLachlan, 1977
Cryptorchidism McLachlan, 1977
Reduction in testis weight Fisher et al., 1999; Lewis et al., 2003;
McKinnell et al., 2001
Testicular lesions McLachlan, 1977
Inflammatory disease of the accessory sex glands McLachlan, 1977
Reduction in the number of spermatogonia with McLachlan, 1977
multinucleate cells in lumina of testis
Nodular enlargements of the seminal vesicles and/or prostate  McLachlan, 1977
Distension and overgrowth of the rete testis Fisher et al., 1999; McKinnell et al., 2001;
Rivas et al., 2002
Distension and reduction in epithelial height of the efferent Fisher et al., 1999; McKinnell et al., 2001;
ducts Rivas et al,, 2002
Underdevelopment of the epididymal duct epithelium McKinnell et al., 2001
Reduction in epithelial height in the vas deferens McKinnell et al., 2001; Rivas et al., 2002
Convolution of the extra-epididymal vas McKinnell et al., 2001;
Decreased testosterone levels Rivas et al,, 2002; Yamamoto et al., 2003
Increased gonadotrophin levels Yamamoto et al., 2003
Decreased AR expression in testis, epithelium of the rete McKinnell et al., 2001
testis, caput and cauda epididymis and vas deferens
Female  Decrease in reproductive capacity McLachlan, 1977
Impaired ovarian function McLachlan, 1977
Increased uterus weight Lewis et al.,, 2003
Squamous metaplasia in the oviducts, uterus and cervix McLachlan, 1977
Increased the size of sexually dimorphic nucleus of the Faber & Hughes 1991; Lewis et al., 2003
preoptic area
Cystic hyperplasia of the endometrium and uterine McLachlan, 1977
adenocarcinoma
Epidermoid tumours of the cervix and vagina McLachlan, 1977
Glandular elements and cellular atypia in the vaginal epithelium  McLachlan, 1977
Advanced development of primary and secondary Yamamoto et al., 2003
follicles in the ovary
Decreased pituitary responsiveness to GnRH Faber & Hughes 1991
Increased pubertal FSH levels Yamamoto et al., 2003
Tributyltin Male Increased anogenital distance Adeeko et al.,, 2003
Reduced the number of Sertoli cells and gonocytes in fetal testis ~ Kishta et al., 2007
Female  Reduced the number of germ cells in fetal ovaries Kishta et al., 2007

Increased post-implantation loss
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Contaminant Sex Observation References
Phytestrogens Male Impaired erectile function Pan et al., 2008
(Genistein, Daidzein) Decreased plasma testosterone levels Pan et al., 2008
Increased testis weight Fisher et al., 1999
Reduction in epithelial height of the efferent ducts Fisher et al., 1999
Increased pituitary response to GnRH Faber & Hughes, 1991
Female  Decreased pituitary responsiveness to GnRH Faber & Hughes, 1991
Increased the size of sexually dimorphic nucleus of the Faber & Hughes, 1991; Lewis et al., 2003
preoptic area
Increased the weight of uterus Lewis et al., 2003
Decreased the weight of uterus Awoniyi et al.,, 1998
Decreased the weight of ovaries Awoniyi et al., 1998
Reduced serum estradiol levels Awoniyi et al., 1998
Reduced serum progesterone levels Awoniyi et al., 1998; Lewis et al., 2003
Irregular estrous cycle Nagao et al., 2001
Histopathological changes in the ovaries and uterus Nagao et al., 2001
Induced permanent estrous Lewis et al., 2003
Decreased the age of vaginal opening Lewis et al., 2003
Alkyl phenol ethoxylates Male Increased testis weight Fisher et al., 1999
iﬁ:gﬁ;?;mﬁgﬁno" Decreased testis weight de Jager, Bornman & Oosthuizen, 1999;
Pocock et al.,, 2002
Decreased seminiferous tubule diameter de Jager, Bornman & Oosthuizen, 1999;
Pocock et al., 2002
Decreased epididymal weight de Jager, Bornman & Oosthuizen, 1999
Decreased total cauda epididymal sperm count de Jager, Bornman & Oosthuizen, 1999
Reduction in epithelial height of the efferent ducts Fisher et al., 1999
Female  Post-implantation embryonic loss Harazono & Ema, 2001
Irregular estrous cycle Katsuda et al., 2000; Pocock et al., 2002
Alkylphenolethoxylates Female Increased sexual motivation towards a female teaser Pocock et al., 2002

(p-tert-octylphenol,
p-nonylphenol)

Decreased the weight of ovaries

Increased the size of sexually dimorphic nucleus of the
preoptic area

Decreased the age of vaginal opening
Persistent estrus

Increased relative uterine weight
Decreased serum gonadotropin levels
Decreased serum progesterone levels

Increased serum inhibin levels
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Pocock et al., 2002
Herath et al., 2001

Katsuda et al., 2000
Katsuda et al., 2000
Katsuda et al., 2000
Katsuda et al., 2000
Katsuda et al., 2000
Katsuda et al., 2000
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Table 2.1. (Continued)
Contaminant Sex Observation References
Phthalate esters (DEHP, Male Nipple retention Barlow, McIntyre & Foster, 2004; Borch et
BBP, DiNP, DBP) al., 2004; Gray et al,, 1999b; Gray et al., 2000;
Mylchreest et al., 1999; Mylchreest et al.,
2000
Decreased testis weight Gray et al., 1999b; Gray et al., 2000; Mylchre-
est et al.,, 1999; Mylchreest et al., 2000; Parks
etal, 2000
Reduced anogenital distance Borch et al., 2004; Barlow, McIntyre & Foster,
2004; Gray et al.,, 1999b; Gray et al., 2000;
Mylchreest et al., 1999; Mylchreest et al.,
2000; Parks et al., 2000
Cryptorchidism Gray et al., 1999b; Gray et al., 2000; Mylchreest
etal, 1999; Mylchreest et al., 2000
Reduced accessory sex organ weights Andrade et al.,, 2006; Barlow, McIntyre &
Foster, 2004; Gray et al., 1999b; Gray et al.,
2000; Mylchreest et al., 1999; Mylchreest et
al., 2000
Lesion of the rete testis Barlow, McIntyre & Foster, 2004
Hemorrhagic testis Gray et al., 1999b; Gray et al., 2000
Cleft phallus and hypospadias Barlow, McIntyre & Foster 2004; Gray et al.,
1999b; Gray et al., 2000; Mylchreest et al.,
1999; Mylchreest et al., 2000
Multinucleated gonocytes Gray et al., 2000; Parks et al., 2000
Agenesis of the seminal vesicles and coagulating glands Gray et al., 2000; Mylchreest et al., 2000
Agenesis of bulbourethal glands Gray et al., 2000
Agenesis of ventral prostate Barlow, McIntyre & Foster 2004; Gray et al.,
2000
Agenesis of gubernacular cords Gray et al., 2000
Agenesis of epididymis and vas deferens Barlow, McIntyre & Foster, 2004; Gray et al.,
1999b; Mylchreest et al.,, 1999; Mylchreest et
al,, 2000
Histopathological changes of testis Barlow, McIntyre & Foster, 2004; Mylchreest
et al,, 1999; Mylchreest et al., 2000; Parks et
al., 2000
Delayed preputial separation Gray et al., 1999b; Mylchreest et al., 1999
Reduced fertility Gray et al., 1999b
Reduced fecundity Gray et al., 1999b
Reduced cauda epididymal sperm numbers Gray et al., 1999b
Reduced daily sperm production Andrade et al.,, 2006
Reduced plasma and/or testicular testosterone levels Borch et al., 2004; Parks et al., 2000
Increased serum testosterone levels Andrade et al., 2006
Reduced serum inhibin B levels Borch et al,, 2004
Increase plasma LH levels Borch et al,, 2004; Grande et al., 2007
Female  Uterine abnormalities Gray et al., 1999b
Reduced fertility Gray et al., 1999b
Chlorinated pesticides Male Nipple retention Gray et al., 1999b; Kelce et al., 1995;
(DDE ") You et al., 1998
Hypospadias Gray et al., 1999b
Reduced accessory sex organ weights Gray et al., 1999b; Kelce et al., 1995
Reduced anogenital distance Kelce et al., 1995; You et al., 1998
Delayed preputial separation Kelce et al., 1995
Abnormally small penis Guillette et al., 1994
Poorly organized testis Guillette et al., 1994
Decreased plasma testosterone levels Guillette et al., 1994
Female Increased plasma estradiol levels Guillette et al.,, 1994

Abnormal ovarian morphology with large number of
polyovular follicles and polynuclear oocytes
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Contaminant Sex Observation References
Dioxins Male Reduced accessory sex organ weights Gray et al., 1995; Mably et al., 1992a;
Mably et al., 1992b; Ohsako et al., 2001;
Simanainen et al., 2004
Decreased testis weight Gray et al., 1995; Mably et al., 1992b
Delayed preputial separation Gray et al., 1995a
Reduced anogenital distance Gray et al., 1995; Mably et al., 1992a; Ohsako
et al., 2001; Simanainen et al., 2004
Delayed testis descent Mably et al., 1992a
Epididymal malformations Gray et al., 1995; Simanainen et al., 2004
Altered sex behaviour Gray et al,, 1995
Decreased sperm numbers Gray et al., 1995; Mably, Moore & Peterson
1992b; Simanainen et al., 2004
Dioxins Male Decreased daily sperm production Mably, Moore & Peterson, 1992b
Dose-related tendencies to decrease plasma testosterone Mably et al., 1992a
and DHT
Female  Delayed puberty Gray et al., 1995
Clef phallus Gray et al,, 1995
Vaginal thread Gray etal,, 1995
Reduced ovarian weight Gray et al., 1995
Enhanced incidences of constant estrus Gray et al., 1995
Cystic endometrial hyperplasia Gray et al., 1995
Decreased fertility rate Gray et al,, 1995
Reduced fecundity Gray et al., 1995
Polychlorinated biphenyls ~ Male Reduced accessory sex organ weights Fagi et al., 1998; Gray et al., 1999b; Hsu et al.,
(PCBs; PCB 77,118,126, 2007; Kuriyama & Chahoud, 2004
132,169) Decreased testis weight Gray et al., 1999b; Kuriyama & Chahoud,
2004
Increased testis weight Faqi et al.,, 1998
Increased epididymis weight Faqi et al., 1998
Reduced anogenital distance Fagietal,, 1998
Increased anogenital distance Kuriyama & Chahoud, 2004
Delay in onset of spermatogenesis, preputial separation and  Gray et al., 1999b
sex accessory growth
Decreased sperm number and total motile sperm count Gray et al., 1999b; Hsu et al., 2007; Kuriyama
& Chahoud, 2004
Increased daily sperm production Faqi et al., 1998
Decreased serum testosterone levels Fagietal., 1998
Increased the number of abnormal sperm Kuriyama & Chahoud, 2004
Altered sex behaviour Faqi et al., 1998
Female  Vaginal thread Gray et al., 1999b
Mild hypospadias Gray et al., 1999b
Delayed the timing of vaginal opening Faqi et al.,, 1998
Dicarboximide Male Hypospadias with cleft phallus Gray, Ostby & Kelce 1994; Gray et al., 1999a;

Fungicides (Vinclozolin,
Procymidone)

Reduced anogenital distance

Decreased testis weight

Cryptorchidism
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Gray et al., 1999b; Hellwig et al., 2000; Ostby
etal., 1999

Cowin et al.,, 2010; Elzeinova et al., 2008;
Gray, Ostby & Kelce 1994; Gray et al., 1999a;
Gray et al., 1999b; Hellwig et al., 2000; Ostby
etal., 1999

Elzeinova et al., 2008; Hellwig et al., 2000

Gray, Ostby & Kelce, 1994; Hellwig et al.,
2000; Ostby et al., 1999
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Table 2.1. (Continued)
Contaminant Sex Observation References
Dicarboximide Male Increased the number of apoptotic germ cells in testis Cowin et al., 2010
ESQE}::;?;Z;Z;nClOZOHn’ Nipple retention Gray, Ostby & Kelce, 1994; Gray et al., 1999a;
Hellwig et al., 2000; Ostby et al., 1999
Reduced accessory sex organ weights Cowin et al., 2010; Elzeinova et al., 2008;
Gray, Ostby & Kelce, 1994; Gray et al., 19993;
Gray et al., 1999b; Hellwig et al., 2000; Ostby
etal, 1999
Glandular atrophy and chronic inflammation of prostate Cowin et al., 2010; Gray et al., 1999b;
Hellwig et al., 2000; Ostby et al., 1999
Reduced secretion and chronic inflammation of seminal Hellwig et al., 2000
vesicles
Epididymal granulomas Gray, Ostby & Kelce, 1994; Gray et al., 1999a;
Ostby et al., 1999
Chronic inflammation of epididymis Hellwig et al., 2000
Agenesis of prostate Gray, Ostby & Kelce, 1994
Spermatogenic granuloma Hellwig et al., 2000
Decreased sperm number and daily sperm production Elzeinova et al., 2008; Gray et al., 1994; Gray
et al., 1999a
Increased sperm head abnormalities Elzeinova et al.,, 2008
Reduced elongated spermatid content per testis Cowin et al., 2010
Low ejaculated sperm count Gray et al., 1999a
Abnormal morphology of seminiferous tubules Elzeinova et al., 2008; Gray, Ostby & Kelce
1994
Decreased fertility Gray, Ostby & Kelce, 1994
Reduction of erections during the ex copula penile reflex Colbert et al., 2005
test
Increase in seminal emissions during the ex copula penile Colbert et al., 2005
reflex tests
Decreased serum testosterone levels Gray, Ostby & Kelce, 1994
Herbicides (Linuron) Male Nipple retention Gray et al., 1999b
Reduced accessory sex organ weights Gray et al., 1999b
Delayed preputial separation Gray et al., 1999b
Decreased testis weight Gray et al., 1999b
Reduced spermatid number Gray et al., 1999b
Decreased anogenital distance Gray et al., 1999b
Epispadias Gray et al., 1999b
Testicular and epididymal malformations Gray et al., 1999b
Lead Male Reduced accessory sex organ weights Ronis et al., 1996
Decreased testis weight Ronis et al., 1996
Enlarged prostate weight McGivern, Sokol & Berman, 1991
Reduced serum testosterone levels Ronis et al., 1996
Decreased sperm counts
Reduced serum LH levels Ronis et al., 1996
Reduced volume of the sexually dimorphic nucleus of the McGivern, Sokol & Berman, 1991
preoptic area
Less masculine sex behaviour McGivern, Sokol & Berman, 1991
Irregular release pattern of gonadotropins McGivern, Sokol & Berman, 1991
Female  Delayed the timing of vaginal opening and the day of first Dearth et al., 2002; Kimmel et al.,

diestrus

Prolonged and irregular periods of dioestrus
Disruption of estrous cycling
Suppressed serum levels of IGF-I, LH and/or oestradiol

Irregular release pattern of gonadotropins
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1980; McGivern, Sokol & Berman, 1991;
Ronis et al., 1996

McGivern, Sokol & Berman, 1991;
Ronis et al., 1996

Dearth et al., 2002; Ronis et al., 1996
McGivern, Sokol & Berman, 1991
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Contaminant Sex Observation References
Cadmium Male Time- and dose-dependent decrease in sperm motility Benoff et al., 2008
Partial or entire evacuation of the seminiferous tubules Toman, Massanyi & Uhrin, 2002
Increased the diameter of seminiferous tubules Toman, Massanyi & Uhrin, 2002
Reduced epithelial volume and increased lumen of tubule Toman, Massanyi & Uhrin, 2002
in the epididymis
Hyperemic testes with extensive haemorrhaging, destruction Foote, 1999
of all of the presperm spermatogenic cells, and general necrosis
and shrinkage of the seminiferous tubules
Decrease in sperm output Foote, 1999
Reduced size of the testis Tam & Liu, 1985
Reduced number of differentiating germ cells in Tam & Liu, 1985
16.5-day embryos
Spermatozoa had poor ability to capacitate in vitro and Tam & Liu, 1985
showed a low fertilizing capability
Female  Perturbed estrous cycles Ishitobi & Watanabe, 2005
Reduced number of differentiating germ cells and the size Tam and Liu, 1985
the ovary in 16.5-day embryos
Tendency towards delayed timing of vaginal opening Ishitobi & Watanabe, 2005
Earlier onset of vaginal opening Johnson et al., 2003
Increased the epithelial area and the number of terminal Johnson et al., 2003
end buds in the mammary glands and decreased the
number of alveolar buds
Manganese Male Increased serum gonadotrophin levels Lee et al., 2006
Increased serum testosterone levels Lee et al., 2006
Increased daily sperm production and efficiency of Lee et al., 2006
spermatogenesis
Female Increased serum gonadotropin levels Pine et al., 2005

Increased serum estradiol levels

Earlier onset of vaginal opening

Pine et al., 2005
Pine et al., 2005

! Human health aspects of indoor spraying of DDT have been extensivly reviewed in IPCS, 2011. The document includes chapters on endocrine and reproductive effects, neurological effects and cancer.
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22 Endocrine disrupting chemicals
and female reproductive health

221 Overview of female reproductive
health trends in humans and
wildlife and evidence for endocrine
disruption

The knowledge gained from the case of the synthetic estrogen,

diethylstilbestrol, can now be used to protect humans and

wildlife from the effects of endocrine disrupting chemicals in
widespread use. Given that endogenous estrogens participate in
female reproductive development and function, it is biologically
plausible that exposures to endocrine disrupting chemicals

are influencing female reproductive health. If they are, then it

is possible that females today could be suffering from higher

rates of reproductive problems than their ancestors did. Whilst

historical data that could definitively answer this question do
not exist, currently-available data in human populations from all
countries that have been studied show that millions of women

are today affected by the following reproductive disorders:

Polycystic ovary syndrome (PCOS) can affect 3 to 15%

of women of reproductive age (Teede, Deaks & Moran,
2010; Broekmans et al., 2006). PCOS is the leading cause of
sub-fecundity and anovulatory infertility, and women with
this disorder are more likely to have gestational diabetes,
endometrial cancer, preterm labour, and pre-eclampsia. There
are no secular trend data, although the prevalence of PCOS is
a comorbidity with increasing rates of obesity (Mason et al.,
2008; Burt Solorzano & McCartney, 2010).

Uterine fibroids (also termed leiomyomata) are the most
common tumour of the female reproductive tract, possibly
affecting up to 25-50% of pre-menopausal women
(Walker & Stewart, 2005; Baird et al., 2003). They are a
significant cause of pelvic pain, abnormal uterine bleeding,
menorrhagia, infertility and complications of pregnancy
including preterm labour (Rice, Kay & Mahony, 1989;
Carlson, Miller & Fowler, 1994a;1994b; Kjerulff et al.,
1996; Rowe et al., 1999; Coronado, Marshall & Schwartz,
2000). Fibroids are the leading cause of hysterectomies,
accounting for over 200 000 of these surgeries annually in
the USA alone (Buttram & Reiter 1981) at an estimated cost
of $1.7 billion per year. Risk factors include age, obesity,
race, metabolic syndrome and early age at menarche.

Endometriosis occurs in 10-15% of women of
reproductive age (15-49) and a minimum of 176 million
women worldwide, and in up to 50% of women with
infertility and/or chronic pelvic pain (Rogers et al.,

2009; Adamson, Kennedy & Hummelshoj, 2010). The
prevalence of endometriosis is higher in infertile or sub-
fertile women than in the general population and has been
also been linked to increased risk of endometrial and clear
cell ovarian cancer, non-Hodgkin’s lymphoma, and atopic
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disorders (Giudice, 2010). The pelvic pain associated
with endometriosis is a major cause of disability and
compromised quality of life. Early menarche, short and
heavy menstrual cycles, and cycle irregularity are risk

factors for endometriosis.

These three disorders, described above, are causes of
infertility or sub fertility.

Data from the United States show that the percentage of
women who have difficulty in achieving and maintaining
pregnancy has increased between 1982 to 2002 (Swan et
al., 1999; NSFG, 2013), and is slightly lower in 2006-2010
(though still higher than 1995 and earlier). While some
of this increase is likely due to people starting families later
in life (fertility decreases with age and miscarriage rates
increase with age), this does not explain why the sharpest
increase in reported infertility is seen in younger women
between 1982 and 2002 (Crain et al., 2008).

In the United States, United Kingdom and Scandinavia,
the preterm birth rate has increased by more than 30%
since 1981 (Institute of Medicine, 2007; Martin et al.,
2009). Since 1990, the percentage of infants born in the
USA with low birth weight also rose 16% to 8.1% of
births in 2004 (Hamilton et al., 2005). This is of concern
because infants born preterm and/or with low birth
weight experience significantly higher rates of morbidity
and mortality, including respiratory and neurological
conditions, during the perinatal period than term and
normal birth weight infants. They are also more likely to
suffer from cardiovascular disease, obesity, lung disease,
and type 2 diabetes in adulthood (Resnik & Creasy, 2004).

There is a secular trend toward earlier onset puberty
among American and European girls (Euling et al., 2008;
Castellino et al., 2005; Semiz et al., 2008). Premature
puberty can lead to reduced adult height and is also
associated with a higher risk of breast cancer and polycystic
ovary syndrome (DiVall & Radovick 2009). It can also
have psychological consequences such as greater likelihood
of engaging in risky behaviours (smoking, unprotected sex,
alcohol and drugs; Cesario & Hughes, 2007).

Genetic and environmental factors (including diet, age,
exercise habits, sexually transmitted diseases, and access to
good health care) play a role in a woman’s overall reproductive
health and thus could contribute to these disorders. Moreover,
effects of chemicals seen in exposed wildlife and in laboratory
animals, similar to those seen in human populations and
in DES-exposed individuals, have caused the scientific
community to consider whether endocrine disruptors
could also cause an increasing variety of reproductive
health problems in women, including altered mammary
gland development, irregular or longer fertility cycles, and
accelerated puberty (Crain et al., 2008; Diamanti-Kandarakis
et al., 2009; Woodruff et al., 2008). These changes indicate
a higher risk of later health problems such as breast cancer,
changes in lactation, or reduced fertility.



Evidence for endocrine disruption in humans and wildlife

Alongside the evidence of female reproductive health
diseases and disorders in humans, data describing patterns of
reproductive dysfunction in female wildlife have expanded over
the past ten years, albeit effects on female reproductive health
have been little studied compared with those on the male. In
many cases, these patterns appear to mirror those observed
in humans, in that the affected wildlife populations appear to
exhibit a suite of symptoms that is consistent with exposure
to estrogen/anti-androgen and/or androgens. The symptoms
recorded often reflect the comparative endocrinology of humans
and wildlife, indicating that the human and wildlife evidence for
endocrine disruption should perhaps be considered in parallel
when assessing whether EDCs contribute to the etiology of
female reproductive disorders (for example, see Guillette &
Moore, 2006; Edwards, Moore & Guillette, 2006).

There are some well-known and closely-studied examples
of female reproductive system disorders in wildlife, which are
discussed in the following sections. In many of these wildlife
examples, the available evidence supports the involvement of
chemicals in the causation of reproductive dysfunction and
disease. Evidence includes:

¢ Population declines in Baltic grey seals during the
1950s and their more recent recovery (Olsson, Karksson
& Ahnland, 1994; O’Hara & Becker, 2003). A high
incidence of uterine fibroids (leiomyomata) was found

to be correlated with the body burden of organochlorine
contaminants in these seals (especially PCBs; Bergman &

Olsson, 1986; Bergman, 1999).

Dramatic declines in juvenile recruitment in a population
of American alligators exposed to chlorinated pesticides,
concomitant with abnormal ovarian morphology, large
numbers of polyovular follicles and polynuclear oocytes
(Guillette & Moore, 2006).

Reproductive endocrine disruption across a range of bird
species correlated with high concentrations of persistent

organic pollutants (e.g. Bosveld & Van Den Berg 2002)

Reduced fecundity, alterations in the timing of sexual
maturity and reproduction and premature atresia (or
degeneration and reabsorption of preovulatory follicles) in
some populations of fish in rivers receiving sewage treatment

works effluent (reviewed in Tyler & Jobling, 2008).

Masculinisation of female snails exposed to the antifoulant
tributyltin (TBT), causing blockage of the oviduct resulting
in sterility and leading to population declines (Galante-
Oliveira et al., 2011; Gibbs & Bryan, 1986; Ellis &
Pattisina, 1990).

In addition to wildlife studies, there are data from domestic
animal studies that are pertinent here. For example, one of the
earliest documented cases of female reproductive dysfunction
through exposure to estrogenic compounds concerns breeding
problems reported in adult sheep grazing on a type of
phytestrogen (isoflavone)-rich clover (Bennetts, Underwood
& Shier, 1946). Several biological effects were subsequently
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associated with reduced fertility in these female sheep,
including increased teat length, gestational period and uterine
weight, as well as an increased rate of prolapsed vagina, cervix
and rectum (Cox & Braden, 1974; Trenkle & Burroughs, 1978).
Thus the sheep have provided a useful model for the effects

of phytoestrogens. Similarly, it is noteworthy that in some
farmed and domesticated animals such as dogs, cats and guinea
pigs, as in humans, fibroids are the most common tumour of
the genitalia. However, this tumour is normally rare in other
species. Human and animal populations may be affected by
specific disorders because they share the same habitat (e.g.
urban, rural, indoor, and outdoor) and are exposed to similar
types of contaminants. Further studies on these domesticated
and companion animal species could provide opportunities

to learn more about causation and also serve to highlight the
similarities between effects occurring in humans and in other
vertebrate species.

Hormonal mechanisms underlying female reproductive
disorders and diseases
Mechanistic evidence suggests that a proportion of female
reproductive endocrine disorders in both humans and wildlife
are likely caused by exposures to estrogens, androgen excess
or insufficiency, and/or by an imbalance between estrogens
and androgens during critical times during the life cycle (e.g.
when the ovaries and genitalia are differentiating and/or during
puberty when the organs are maturing). Normal hormonal
signalling at these times is critical to future reproductive
health. For example, at birth the early development of the
ovarian follicles depends on the balance between estrogen
and other hormones within the developing ovary and, if this
is disrupted, ovarian follicle formation and function can be
impaired (Dupont et al., 2000). This is believed to lead to
ovarian disorders in women and vertebrate wildlife species,
like premature ovarian failure (POF). Pre- and/or post-natal
exposure to androgens, e.g. in sheep (Hogg, McNeilly &
Duncan, 2011), primates (Abbott Tarantal & Dumesic, 2009)
and rats (Tyndall et al., 2011) can lead to a polycystic ovary
syndrome-like phenotype, including a metabolic component.
Importantly, these disorders, both of which can impair
fertility, would not be seen until after puberty. It has also been
suggested that a changing endocrine environment underlies the
age-related increase in human aneuploidy (Hunt & Hassold,
2008). High concentrations of estradiol are required for normal
meiotic maturation, although the existence of an endocrine
mechanism in the onset of meiosis in the fetal ovary has not yet
been explored.

A further example is given by the development of the
Miillerian ducts that irreversibly differentiate and proliferate
in utero into the oviducts, uterus, cervix and upper vagina
(in humans between 9.5 and 11.5 weeks of gestation; Neill,
2006). In vertebrate wildlife species and in laboratory models
for human health, differentiation of the external and internal
reproductive organs is known to be controlled mainly by the
secretion of sex steroid hormones. Abnormal differentiation of
the external genitalia has been observed in numerous species



due to exposures to androgens or anti-androgens prenatally (e.g.
Jackson, Timmer & Foster, 2008; and c.f. below). As in humans,
activation of both the androgen and estrogen receptors (and
genes downstream of these) play critical roles in normal female
development and the balance of androgen and estrogen may be

more important than the action of either of these hormones alone.

Evidence for endocrine disruption of the female
reproductive system in humans and wildlife

Apart from the historical case of DES (Chapter 2.1), most of
the available evidence concerning the relationship between
environmental chemical exposures and female reproductive
disorders comes from studies of adults rather than neonates,
and often from exposures to persistent organic pollutants

(e.g. DDT, PCBs and dioxins), rather than to more modern
chemicals (see Chapter 3 for discussion of exposure). The
understanding of the contribution of other EDCs beyond
legacy persistent and bioaccumulative chemicals has only
recently expanded to other chemicals that may influence these
outcomes. As previously discussed, it is well established
scientifically that environmental exposures during critical
periods of growth and development can contribute to an
increased risk of future disease or dysfunction later in

life (Newbold & Heindel, 2010). In particular, an ovarian
dysgenesis syndrome has been proposed which posits that
alterations in ovarian structure or function could lead to

a syndrome of various gynaecologic disorders, impaired
fecundity or later onset adult disease (Buck Louis, Cooney &
Peterson, 2011). There is evidence that reproductive dysgenesis
in females occurs in response to high environmental exposure
levels, such as those encountered occupationally or during
chemical accidents or spills (reviewed in Crain et al., 2008).
However, evidence is lacking as to whether lower levels of
exposure, such as those encountered by the majority of human
and wildlife populations, pose a risk to female reproductive
development; these studies have not been done.

222 Evidence for endocrine disruption
of the female reproductive
system in humans and in
mammalian models of humans
(rodents and primates)

2221 Puberty

Human puberty can be divided into several stages, the first of

which involves breast development. This is closely followed by

the formation of pubic hair and completes, approximately two

years later, with the occurrence of menstruation (menarche).
The average age of menarche has been 13 years of age

for the last several decades, whereas some 200 years ago it

occurred around 17 years of age (Aksglaede et al., 2008; 2009a).

Whilst it is generally accepted that changes in general health
and nutrition have most likely caused this advancement (Parent
et al., 2003), the more recently reported increased proportion
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of young girls that develop breasts at aged 7-8 when compared
with 10-20 years ago is not so easily explained. Both American
(PROS, NHANES 111, BCERC) and European studies
document this earlier breast development (Biro et al., 2010;
Herman-Giddens et al., 1997; Sun et al., 2002; Wu, Mendola
& Buck, 2002; Chumlea et al., 2003; Aksglaede et al., 2009b;
Semiz et al., 2008; Castellino et al., 2005), as compared to
previous studies (e.g. Euling et al., 2008; Reynolds & Wines,
1948; Nicolson & Hanley, 1953).

Up to 86% of the variance in pubertal timing can likely be
explained by genetic factors (Parent et al., 2003; Wehkalampi
et al., 2008), and a role for increased body mass index and
childhood obesity are also indicated by several studies (e.g.
Kaplowitz 2001; Bau et al., 2009). The most recent studies,
however, suggest that obesity alone cannot explain earlier
puberty onset (Aksglaede et al., 2009a) and that other
environmental factors are involved (Mouritsen et al., 2010).

Hormonal mechanisms underlying puberty

Pubertal onset is regulated by gonadotropin releasing hormone
(GnRH) neurons in the central nervous system. Puberty starts
when pulsatile GnRH secretion stimulates the pituitary cells to
secrete other hormones (the gonadotropins, follicle stimulating
hormone, FSH, and luteinizing hormone, LH) that act on the
gonads. The testes and ovaries then start to secrete sex steroid
hormones (estrogens and androgens) that induce secondary
sexual characteristics such as breast development in females
and facial hair in males. Endocrine disruptors could affect
puberty through affecting the neuronal circuits and interactions
in the brain or directly on the gonads as steroid hormone
agonists or antagonists. Furthermore, the same compound can
be an agonist when the endogenous hormone level is very low
(childhood) and an antagonist when the endogenous hormone
level is high (adulthood; see Chapter 2.3).

In recent years, there have been large advances in our
understanding of the endocrine control of puberty, particularly
in neuroendocrine mechanisms shared with metabolic control,
thus providing a mechanistic explanation for the association
of obesity with early pubertal onset. The major breakthrough
was the discovery of the kisspeptins, hormones that stimulate
secretion of GnRH at puberty via interaction with their
receptors in GnRH neurons (Navarro et al., 2004). A year later,
the regulation of kisspeptin and its receptor by estrogens and
androgens was demonstrated in rodent animal models, thus
establishing the GnRH-producing neurons as putative key
targets of endocrine disruptors affecting the timing of puberty
(Navarro et al., 2005; Tena-Sempere, 2010).

Evidence for the role of EDCs in causing early puberty in
mammalian models of humans (rodents and primates)
Despite differences in the neuroendocrine control of initiation
of puberty, there is convincing evidence from experimental
studies with both rodents and primates that prenatal and/or
neonatal treatment with estrogen receptor agonists accelerates
pubertal onset (GnRH release) in a dose-dependent fashion,
whilst the aryl hydrocarbon receptor (AhR) agonists such as
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dioxins result in delayed vaginal opening in the female rat
(reviewed in Buck Louis et al., 2008). In female rodents, there
is evidence for several critical developmental windows that are
particularly sensitive to the accelerating influence of estrogenic
chemicals on vaginal opening (reviewed in Rasier et al., 2006).

These are:

1) The prenatal/postnatal period of reproductive tract

development
2) The prenatal period of brain differentiation, and

3) The prepubertal period of brain development.

A few chemicals (exposure to which is described in
Chapter 3) have been studied in both animals and humans (e.g.
dioxins (TCDD), lead, DDE (metabolite of the pesticide DDT),
PCBs and pharmaceutical estrogens), and similar findings
tend to be observed across these species. There is recent
evidence that neonatal administration of estradiol benzoate
or BPA to rodents impairs the release of kisspeptin from the
hypothalamus of the brain during pre-puberty, resulting in a
dose dependent decrease in luteinizing hormone concentrations
in the pituitary (Navarro et al., 2009). This same effect can be
seen in offspring from female dams who were undernourished
during gestation compared with those that received normal
nutrition (Iwasa et al., 2010), thus illustrating a similar effect of
chemical exposure and nutrition on puberty in this case.

Epidemiological evidence for EDCs causing early puberty
(reviewed in Toppari & Juul, 2010)
Several local epidemics of precocious (early) puberty have
been reported (Comas, 1982; Fara et al., 1979). Normal
puberty is started by the activation of the whole hypothalamic-
pituitary-gonadal axis. In central precocious puberty (CPP) this
activation occurs abnormally early. In peripheral precocious
puberty, the hypothalamus and the pituitary are not activated,
but the hormonal stimulation of pubertal development comes
from exogenous agents or autonomously functioning gonads,
adrenals or endocrine tumours. Endocrine disruptors with
intrinsic sex hormone activity are typical exogenous agents
causing precocious puberty. There have not been signs of
CPP, but rather of peripheral precocious puberty that has
been reversible in many instances. Unfortunately the causes
were not identified with sufficient certainty. There are also
some regions with a high incidence of CPP, e.g. in Northwest
Tuscany (Massart et al., 2005), but the possible causes remain
speculative (pollution from local greenhouses and several
small navy yards).

Children from developing countries who move to
industrialized and rich environments have an increased
risk of developing CPP (Parent et al., 2003) and endocrine
disruptors have been hypothesized to contribute (Krstevska-
Konstantinova et al., 2001). Twenty six immigrant girls
with CPP had relatively high levels of the organochlorine
contaminant p,p’-DDE, whereas only 2 of 15 native patients
in Belgium had detectable serum DDE concentrations
(Krstevska-Konstantinova et al., 2001). Early and temporary
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exposure to weakly estrogenic DDT might stimulate both
hypothalamus and pituitary maturation at the same time

as it has a direct negative feedback effect on the pituitary
gonadotropin secretion, preventing sexual maturation. After
moving to a new environment where DDT is no longer used,
the decrease in exposure may allow the onset of puberty
(Rasier et al., 2006). DDT has a long half life, however, making
a sudden decline in internal exposure unlikely. Nevertheless,
DDT affects GnRH activity in experimental settings and it is
likely that other chemicals with similar mechanisms of action
will also (Rasier et al., 2006).

There are many case reports of peripheral precocious
puberty in children exposed to pharmaceutical drugs or
ointments or food containing sex steroids (Henley et al., 2007).
Estrogens stimulate breast development, while androgens
induce growth of pubic hair and changes in skin (oily skin
and hair, adult-type sweat odour). If the exposure can be
stopped, peripheral puberty does not advance and pubertal
signs can disappear slowly. Peripheral puberty can also induce
central puberty although association of endocrine disruptors
with the onset of CPP is less well documented than with
peripheral puberty. A summary of the epidemiological studies
investigating a role for endocrine disruptors in causing early
puberty are summarized in Table 2.2.

In summary, there is consistent evidence that exposure
to lead is associated with a slight delay in puberty,
whereas all other exposures studied so far do not show
any clear association with the timing of puberty except for
polybrominated biphenyls that were linked to an early age
at menarche and pubic hair development. Taking all of the
evidence together, whilst there is biological plausability that
exposure to endocrine disruptors could contribute to changes in
pubertal onset, demonstrated epidemiological associations are
absent and warrant further investigation. One of the difficulties
concerns the complexity of relating this endpoint with
exposures that may have occurred at different times during
development and for different durations. Exposure to mixtures
have not been considered. There are also many other factors
known to influence timing of puberty (e.g. nutrition) that may
vary between individuals and populations.

2222 Low fecundity, sub fertility, infertility,
adverse pregnancy outcomes

Between 3.5 and 16.7% of couples in developed countries and
6.9 to 9.3% of couples in less developed countries experience
an inability to conceive (Boivin et al., 2007). Paternal
exposures to chemicals resulting in reduced semen quality
could have an effect on fecundity (capacity to conceive) as
well as specifically on male fertility, which is discussed in the
next section. Here we focus on female fecundity and fertility
(ability to deliver a live born infant). Sub fertility/infertility can
carry increased risks of adverse pregnancy outcomes such as
spontaneous abortion, preterm delivery, low birth weight, and
fetal death. Causes of low female fecundity and of sub fertility/

infertility include ovulatory disturbances, premature ovarian
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Table 2.2. Overview of epidemiological studies investigating the effects of endocrine disruptors on onset of human puberty. Adapted from WHO (2012).

Contaminant Sex Observation References
Chlorinated pesticides (DDT ~ Male No association with pubertal development Gladen, Ragan & Rogan, 2000
and DDE) Female Younger age at menarche Vasiliu, Muttineni & Karmans,
2004
Precocious puberty Krstevska-Konstantinova et al.,
2001
No association with breast stage or pubic hair development Wolff et al., 2008
No association with pubertal development Gladen, Ragan & Rogan, 2000
Dioxins Male No association with sexual maturation Den Hond et al., 2002
Female Later onset of breast development Leijs et al., 2008
No association with the onset of menarche Warner et al., 2004
Lower stage of breast development Den Hond et al., 2002
Polychlorinated biphenyls Female Slowed breast development Staessen et al., 2001
(PCBs) No association with menarche or pubertal stages Den Hond et al., 2002; Vasiliu,
Muttineni & Karmans, 2004
No association with breast stage or pubic hair development Wolff et al., 2008
No association with pubertal development Gladen, Ragan & Rogan, 2000
Male Late first ejaculation Leijs et al., 2008
Reduced penile length Guo et al., 2004
Slowed genital development Den Hond et al., 2002; Staessen
etal., 2001
No association with the development of puberty Mol et al., 2002
No association with pubertal development Gladen, Ragan & Rogan, 2000
Polybrominated biphenyls Female Earlier age at menarche and pubic hair development Blanck et al., 2000
(PBBs)
Bisphenol A Female No association with breast stage or pubic hair development WHO, 2011
Lead Female Delayed breast and pubic hair development Selevan et al,, 2003
Inversely associated with inhibin B levels Gollenberg et al., 2010
Delayed breast development, pubic hair growth and age of Naicker et al,, 2010
attainment of menarche
Male Delayed onset of puberty on the basis of testicular volume of Williams et al., 2010
> 3 mL, genitalia staging and pubic hair staging
Cadmium Female High levels of both cadmium and lead is inversely associated Gollenberg et al,, 2010

with inhibin B levels

insufficiency, implantation disorders, aneuploidy and uterine
abnormalities such as fibroids. It is important to note here that
exposure of the male parent to chemicals can also cause sub
fertility, albeit manifest in the female (Silbergeld & Patrick,
2005).

Premature birth rates and low birth weight

Preterm birth is the single largest factor worldwide in infant
mortality and morbidity, and the frequency of preterm birth

has seen a dramatic rise in developed countries over the last
two decades. In the United States, the preterm birth rate has
increased more than 30% since 1981, and 8% since 1990
(Institute of Medicine, 2007; Martin et al., 2009; Figure 2.1).
Most of the increase has been in moderately preterm births (32-
36 weeks), though the very early preterm birth rate (less than 32
weeks) has also risen in recent years. Since 1990, the percentage
of infants born with low birth weight in the United States has

also risen 16% to reach 8.1% of births in 2004 (Hamilton et al.,
2005). Low birth weight is defined as birth weight less than or
equal to 2500g and encompasses pre term infants and those born
at term but whose growth was restricted in utero (intrauterine
growth restriction, [IUGR), as well as those who are both growth
retarded and premature (small for gestational age; GA). These
increases in low birth weight and preterm delivery in the USA
cannot be explained by increases in multiple births or in vitro
fertilisation, changes in medical practice, or other demographic
factors (Davidoff et al., 2006; Donahue et al., 2010). Further,
there is a persistent racial disparity in adverse birth outcomes,
with African Americans having higher rates of low birth
weight and preterm delivery (Hamilton et al., 2005; Institute of
Medicine, 2007).

Trend data indicate that preterm delivery rates are also
increasing in the United Kingdom and in Scandinavian
countries (Morken et al., 2008; Beck et al., 2010), and as
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Figure 2.1. Preterm birth rates: United States, final 1990-2006 and
preliminary 2007 and 2008. Source CDC/NCHS National Statistics
System.

with the USA, are not necessarily explained by changing
demographic or medical/delivery characteristics, although
social inequalities such as rented and crowded homes,
smoking, alcohol consumption and intake of saturated fatty
acids are reported to be predictive of preterm delivery in some
populations (Morken et al., 2008; Niedhammer et al., 2011).
Birth weight and gestational age at delivery are important
predictors of neonatal and infant health. Infants born preterm
and/or with low birth weight also experience significantly
higher rates of morbidity and mortality during the perinatal
and neonatal periods than term and normal birth weight
infants, including respiratory and neurological conditions. Low
birth weight infants experience longer hospital stays at birth
and a greatly increased risk of respiratory distress syndrome.
IUGR has been identified as a significant risk factor for chronic
hypertension, cardiovascular disease, obesity, lung disease,
and type 2 diabetes in adulthood (Resnik & Creasy, 2004).
Premature deliveries and low birth weight pose significant
challenges to the children born from these pregnancies and
women during these pregnancies, and also have a major
financial impact on health care systems. For example, average
hospital charges for premature births in 2003 in the USA have
been estimated to be $18.1 billion, about half the total infant
hospital charges for all USA births (March of Dimes, 2006).

Hormonal mechanisms underlying fecundity and fertility
Achieving pregnancy requires a normally functioning
hypothalamic-pituitary-ovarian axis, a normal female
reproductive tract, normal endocrine homeostasis, and
normal semen parameters. The structure and function of
the oviduct relies heavily on the coordinated regulation and
interaction of progesterone and estrogens (Hess, Nayak

& Giudice, 2006). The same hormones also prepare the
endometrium for implantation through an orderly process
that enables attachment of the embryo to the endometrial
epithelium, passage through the epithelium, and invasion
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of the trophoblast into the maternal decidual compartment
(Hess, Nayak & Giudice, 2006). Dysfunction of the Miillerian
tissues (oviduct, uterus, cervix and upper vagina) can occur as
a result of disturbances in hormonal action and/or production
during the preparation of the uterus for pregnancy (Crain

et al., 2008). This can result in miscarriage as a result of
disturbances in implantation. If the fetus survives beyond the
first trimester, then there can be difficulties in pregnancy, such
as pre-eclampsia, which can contribute to adverse pregnancy
outcomes such as preterm delivery and intrauterine growth
restriction. Even a partial withdrawal of progesterone, for
example, in late pregnancy can result in reduced fetal growth
(Bowman, Streck & Chapin, 2010).

The female menstrual cycle is highly regulated by a variety
of hormones. According to Small et al., (2006), 84% of cycle
variability is due to variation in the length of the follicular
phase. In ageing women, changes in hormonal levels, including
increased follicular phase estradiol, results in decreased cycle
length and decreased fertility whilst decreased follicular phase
estrogen results in lower fecundity (Small et al. 2006). As with
puberty, kisspeptins have now emerged as major triggers for
ovulation and are also involved in the metabolic control of
reproductive function in overweight and underweight women
(Roa et al., 2008). Hormone disruptors could interfere with
menstrual cyclicity through multiple pathways, resulting in
irregular periods, shorter or longer cycles and changes in
duration of bleeding and/or pain (Mendola, Messer & Rapazzo,
2008; Mendola & Buck Louis, 2010).

Evidence for a role for EDCs in causing lowered fecundity
and/or fertility in mammalian models of humans
(laboratory rodents)

Hormonal balance, a proper level of sex hormones, is important
to preserve female reproduction and regular estrous cycles, and
to maintain fertility in rodent models, as with other vertebrates
including humans. This balance can be disturbed by changing
concentrations of estrogen, androgen or progesterone or by
altering the expression of steroid hormone receptors (e.g.
Ortega, Salvetti & Padmanabhan, 2009). Several studies have
shown that circulating estradiol concentrations in rodents

can be decreased by exposure to several pesticides, including
heptachlor, lindane, atrazine, simazine or hexachlorobenzene
(see Chapter 3 for a review of exposures to these chemicals).
Progesterone concentrations also can be decreased by exposure
to methoxychlor, especially during the estrous phase of the
estrous cycle in rats. It should be noted, however, that the estrous
cycle in non-primate mammals only partly corresponds with

the ovarian cycle in humans; estrus is the period of greatest
female sexual responsiveness, usually coinciding with ovulation;
whereas, diestrus is the luteal phase of the estrous cycle when the
female is not receptive to the male.

Organochlorine compounds, atrazine and simazine are all
known to interrupt the estrous cycle in rodents through altering
hormone synthesis or action. Some pesticides also decrease
the number of healthy follicles and increase the number of
atretic follicles, potentially reducing fertility. Adverse effects



of endocrine disruptors on the female reproductive system are
summarized in Chapter 2.1, Table 2.1. Some studies suggest
that in utero exposure to endocrine disruptors may alter the
mouse estrous cycle, and prematurely end cyclicity altogether
(Rubin et al., 2001; Markey et al., 2003; Nikaido et al., 2004;
Jefferson, Padilla-Banks & Newbold, 2005).

Several EDCs have been found to cause urogenital
dysmorphogenesis in mammalian laboratory models, leading
to infertility/sub fertility. TCDD and chlordecone inhibit events
responsible for the regression of the Wolffian ducts, which then
causes interference with development of the genitourinary
system (Silbergeld & Patrick, 2005). Neonatal exposure to
BPA, or DES, but not phytoestrogen isoflavones, has been
shown to alter Hoxa-10 and Hoxa-11 uterine expression in the
rat and thus impair the response of the endometrium to steroid
treatment (Varayoud et al., 2008).

Follicles containing two or more oocytes have been observed
in wildlife and in animal models in lab studies following
prenatal exposure to estrogenic substances, indicating that
EDCs can interfere with follicle formation (Crain et al., 2008)
and suggesting that this effect might precede the formation
of primordial follicles. The transition from primordial follicle
to primary follicle is inhibited by estrogen and EDCs such as
methoxychlor can inhibit folliculogenesis (Uzumcu et al., 2006).

Evidence for EDCs affecting menstrual cyclicity in women
A review of the results from epidemiology studies evaluating
adult environmental chemical exposures and menstrual cycle
effects published by Mendola, Messer & Rapazzo (2008)

states that there are a number of published studies, but they
cover differing types of exposures, and reported effects are
contradictory (e.g. longer versus shorter menstrual cycles for
different chemicals). This is perhaps not surprising considering
that exposures are never to one chemical, but rather to a large
number of additional chemicals that may also contribute to the
effect in question (Chapter 1.3.8 for a discussion of cocktail
effects). Thus, it is difficult to assess the overall effect of
environmental chemical exposures on menstrual cycles, given
the current limited data, although individual chemicals have
been associated with particular effects on menstrual cycles
(Mendola, Messer & Rapazzo, 2008). For example, shorter
menstrual cycles have been observed among lead-battery

plant workers (Tang & Zhu 2003), in women exposed to
chlorodibromomethane in drinking water (Windham et al.,
2003), or those exposed to DDT (Ouyang et al., 2005; IPCS,
2011). In contrast, longer menstrual cycles have been observed in
association with exposure to dioxins (Eskenazi et al., 2007) and
hormonally-active pesticides (Farr et al., 2004), elevated serum
PCBs (Cooper et al., 2005), or working in the semiconductor
industry (Hsieh et al., 2005). Many of these studies also
observed associations with other menstrual disorders such as
abnormal and/or painful bleeding, and missed periods (Tang

& Zhu, 2003; Farr et al., 2004; Cooper et al., 2005). Some
studies, however, find no relationship between menstrual
abnormalities, cycle length, or other menstrual characteristics
and PCB, metals, DDE, or DDT exposure (Yu et al., 2000; Chen
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et al., 2005). In studies with biomarker data, women exposed

to pentachlorophenol had lower follicle-stimulating hormone
levels (Gerhard et al., 1999a). Women exposed to DDT and DDE
had reduced progesterone and estrogens, but PCBs were not
associated with changes in hormone profiles (Windham et al.,
2005; Perry et al., 2000).

Epidemiological evidence for EDCs causing lowered
fecundity or fertility

Epidemiological evidence of effects of EDCs on female
fecundity has been the subject of three recent reviews (Buck
Louis et al., 2008; Mendola, Messer & Rapazzo, 2008;
Woodruff & Walker, 2008). These studies have generally been
restricted to occupational and accidental exposures, mainly to
metals and pesticides, as well as to perfluorinated compounds
(Fei et al., 2009). Effects include those on menstrual cycles
(mirrored by effects on fecundity) and on time to pregnancy
(which can be confounded). Interestingly, effects often only
become significant in population subsets with other known
risk factors such as age or smoking, suggesting that interacting
(perhaps additive) effects are occurring. Moreover, opposite
effects on female fecundity of prenatal exposure to DDT
appear to depend on whether high concentrations of DDT

or its metabolite DDE were measured in maternal serum
(IPCS, 2011; Law et al., 2005; Harley et al., 2008; Cohn et al.,
2003; Gerhard et al., 1999b). This raises interesting questions
regarding maternal differences in metabolism and genetic

susceptibility to endocrine disruption.

Epidemiological evidence for EDCs causing adverse
pregnancy outcomes including pre term delivery
Exposure to endocrine disruptors and other chemicals have
also been associated with a variety of adverse pregnancy
outcomes, including miscarriage, preeclampsia (characterized
by hypertension during pregnancy), [UGR, poor weight gain
during fetal development, and preterm delivery (Stillerman et
al., 2008; Slama & Cordier, 2010). Sufficient evidence exists
that prenatal exposure to lead and glycol ethers can increase
the risk of miscarriage (Slama & Cordier, 2010). There is
limited evidence that other metals (e.g. mercury and cadmium),
chlorinated chemicals (e.g. DDT/DDE) and solvents can
increase the risk of miscarriage (Slama & Cordier, 2010; IPCS,
2011). For fetal growth, most evidence is limited, including

for metals, PCBs and DDT/DDE, although there is stronger
evidence that exposure to perfluorinated chemicals can affect
fetal growth outcomes (Slama & Cordier, 2010).

Limited evidence exists that exposures to metals or
organochlorine and organophosphate pesticides can increase
the risk of preterm delivery (Slama & Cordier, 2010). There
are several studies evaluating the relationship between
phthalates and gestational length. However, studies reporting
both increased or decreased gestational length have been
found, and the current epidemiologic evidence is insufficient
to draw a conclusion about the mechanisms underlying such
a relationship (Slama & Cordier, 2010). Similarly, it has been
hypothesised that BPA can adversely affect pregnancy outcomes
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(Ranyjit, Siefert & Padmanabhan, 2010), and a small nested case
control study from Mexico City found an association between
BPA and preterm delivery (Cantonwine et al., 2010). Conclusions
based on this single small study are not possible; more studies
are needed.

The importance of steroidal hormones in implantation
means that adverse pregnancy outcomes are a plausible
consequence of endocrine disruption, albeit they are difficult
to study because of the possibility that trends may be
obscured by confounders for maternal age and weight and
by the quality of the prenatal care available. Over the last 10
years, there have been advances in our understanding of the
endocrinology underlying implantation, however, and there are
now suggestions that chemical exposures could influence birth
outcomes other than urogenital abnormalities.

Menopause

There are a few studies of the relationship between chemical
exposure and effects on menopause. Three studies of PCB
exposures have found no relationship with changes in age at
menopause (Yu et al., 2000; Blanck et al., 2004; Cooper et
al., 2005). However, some studies have found a relationship
between DDT/DDE or dioxin exposures and early age at
menopause (Cooper et al., 2002; Akkina et al., 2004; Eskenazi
et al., 2005; IPCS, 2011). In contrast, DDT exposure in the
Agricultural Health Study was associated with slightly older
age at menopause (Farr et al., 2006). Most of these studies are
cross-sectional, which could be insufficient to detect relevant
exposures if they occur earlier or during critical periods of
development.

2.2.23 Polycystic ovary syndrome
Polycystic ovary syndrome (PCOS) is a disorder affecting

both metabolism and reproduction and occurs in 3 to 15%

of women of reproductive age, depending on the population
studied and the diagnostic criteria applied (Teede, Deeks &
Moran, 2010; Broekmans et al., 2006). It has had multiple
diagnostic criteria, although it is typically characterized by
hyperandrogenism (abnormally high circulating testosterone
concentrations), oligo/amenorrhea (irregular or absent periods
or abnormal bleeding), and polycystic ovaries (i.e. those with
an overabundance of maturing follicles) (Mendola & Buck
Louis, 2010). A recent definition of PCOS requires two of the
following three criteria: (1) clinical or biochemical evidence
of hyperandrogenism; (2) intermittent or absent menstrual
cycles; and (3) polycystic ovary morphology as visualized by
ultrasound (The Rotterdam ESHRE/ASRM-Sponsored PCOS
Consensus Workshop Group 2004). PCOS is the leading cause
of sub-fecundity and anovulatory infertility, and women with
this disorder are more likely to have gestational diabetes,
preterm labour, and preeclampsia, endometrial cancer and
infertility (Azziz et al., 2004); up to 10% of women with this
disorder develop diabetes during the third or fourth decade
(Norman et al., 2007). Many body systems are affected
resulting in ovulatory dysfunction, infertility, obesity, acne
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and metabolic syndrome, all of which have personal, social,
and economic consequences. The prevalence of PCOS has
risen with increasing rates of obesity (Mason et al., 2008; Burt
Solorzano & McCartney, 2010).

Impaired fetal growth as well as a higher weight at birth
have been associated with the subsequent development of
PCOS during adulthood. It is also associated with early
puberty, although associations with age at menarche are
unclear (Hart, Hickey & Franks, 2004).

Hormonal mechanisms underlying PCOS.

Various mechanisms underlying this disorder have been
proposed, although the origins and etiology remain largely
unknown (Mendola & Buck Louis, 2010; Goodarzi et al.,
2011). Hypothesised etiologies include in utero environmental
exposures leading to fetal reprogramming during critical
windows of follicle formation and follicle activation (Mendola
& Buck Louis, 2010), primary ovarian abnormality, or
deregulation of fat metabolism (Mendola & Buck Louis, 2010).
The latter has received the least attention, albeit obesity—related
hyperinsulinemia may lead to hyperandrogenism during
puberty and promote progression towards a PCOS phenotype.
Evidence for a fetal origin for the development of PCOS
phenotypes stems from animal models and epidemiological
studies. For example, excessive prenatal testosterone (T)
exposure is hypothesized to be a mechanism underlying PCOS
(Dumesic, Abbot & Padmanabhan, 2007), with evidence

from experimental animal studies of rhesus monkeys, rats and
sheep (West et al., 2001; Abbott et al., 2005; Forsdike et al.,
2007) showing that exposure of fetuses to testosterone when
target organ systems are differentiating alters their ontogenic
development and phenotypic expression such that they mimic
characteristics of the phenotypes characteristic of PCOS in
women. The full spectrum of symptoms associated with PCOS
is not apparent until puberty and thus a “two hit” hypothesis
has also been proposed in which prenatal testosterone exposure
leads to hyperandrogenism which then impairs the sensitivity
of the brain to feedback mechanisms such that sustained
hyperandrogenism is maintained, eventually leading to PCOS
(Bremer, 2010). Yet another mechanism of fetal programming
by androgen excess is epigenetic changes in gene expression,
recently demonstrated in a PCOS mouse model (Zhu et

al., 2010). This may explain the heterogeneous phenotypic
expression of PCOS that occurs in sisters with the same
genotype (Diamanti-Kandarakis et al., 2006).

Epidemiological and animal studies linking EDCs
exposure to PCOS

There is definitely a genetic basis for PCOS but the
heterogeneity of its features even within families suggests

that the gestational environment and lifestyle are of prime
importance (Norman et al., 2007). Few studies have been
carried out to evaluate the relationship between PCOS and
exposure to EDCs. One EDC that has been associated with
PCOS, however, is BPA where two studies of adults found a
relationship between serum BPA levels and women with PCOS



(Takeuchi et al., 2004; Kandaraki et al., 2011). It is possible that
the elevated BPA is a consequence, and not a cause, of PCOS as
women with PCOS have higher circulating testosterone levels
than healthy women and these elevated androgen concentrations
decrease BPA clearance (Takeuchi et al., 2006). However, at
least one animal study supports the case for BPA exposure
playing a role in PCOS in rodents (Fernandez et al., 2010).

Overall, genetic markers for PCOS are still not established
and its etiology is not known, albeit it seems consistent with an
interaction between genetic susceptibility and environmental
factors, including lifestyle. Given the hormonal basis for this
disease, a role for EDCs as risk factors should be considered.
Prospective epidemiological studies have not been conducted
and chemical test methodologies have not been devised.

2224 Uterine fibroids

Uterine fibroids (leiomyomata), benign tumours that arise
from the uterine myometrium, are the most common tumour
of the female reproductive tract (Walker & Stewart, 2005).
They are a significant cause of pelvic pain, abnormal uterine
bleeding, infertility and complications of pregnancy including
preterm birth (Rice, Kay & Mahony, 1989; Carlson, Miller &
Fowler, 1994a; 1994b; Kjerulff et al., 1996; Rowe et al., 1999;
Coronado, Marshall & Schwartz, 2000). Uterine leiomyomatas
occur in 25-50% of all women in countries in which this has
been studied, although the prevalence estimates are mostly
based on clinical cases, and may not, therefore, reflect the
true incidence (Baird et al., 2003). A study in the USA of
randomly selected women from the northeast, independent of
clinical symptoms, found that cumulative incidence of fibroids
by age 50 was almost 70% for Caucasian women and greater
than 80% for African-American women (Baird et al., 2003).
One other published study has reported prevalence of fibroid
tumours using transvaginal ultrasound screening from a
random sample of women from Sweden (Borgfeldt & Andolf,
2000). Prevalence was much lower, with 5% of women aged
25 to 40 and 8% of women 33 to 40 years old having fibroids.
Prevalence for a comparable age range in the Baird et al. study
18 26% for white women and 53% for black women.

Time trend data are not available on fibroid incidence.
However, they are the leading cause of hysterectomies,
accounting for over 200 000 of these surgeries annually in the
USA alone (Buttram & Reiter, 1981) at an estimated cost of
$1.7 billion per year. The rates of hysterectomies in the United
States have declined slightly, although they have increased
for certain reproductive conditions (e.g. bleeding and pain)
(Farquhar & Steiner, 2002). While these tumours rarely
metastasize, they can have a significant and negative impact
on a woman’s health (Rice, Kay & Mahony, 1989). This is
because even in fertile women, fibroids have been implicated
in recurrent pregnancy loss and first and second trimester
miscarriage. In late pregnancy, fibroids can enlarge and cause
obstetric complications.

Hormonal and anatomical changes associated with

menstruation and pregnancy influence uterine fibroid
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incidence, as does obesity and metabolic syndrome. Earlier and
later age at menarche have been associated with increased and
decreased risk, respectively (Crain et al., 2008; Okolo 2008;
Terry et al., 2010). The risk of fibroids also increases with age
during premenopausal years but thereafter disappears.

Hormonal mechanism underlying fibroids

Fibroids have significantly higher concentrations of estrogen
receptors compared with normal uterine tissue, despite the
fact that circulating levels of steroid hormones in women

with clinically detectable fibroids are no different from those
measured in normal women (Blake, 2007; Okolo, 2008). In

in vitro cultures, rodent fibroid cells proliferate in response to
estrogen and this response is inhibited by estrogen antagonists
(Othman & Al-Hendy, 2008). There is also a role for
progesterone in promoting fibroid growth and recent literature
indicates that fibroid growth is stimulated in response to a
mixture of progesterone and estrogens, rather than one or the
other (Ishikawa et al., 2010).

Laboratory evidence for EDCs causing fibroids in rodent
models of humans

A small collection of studies in laboratory rats and/or mice
has demonstrated that exposure to some EDCs can increase
the incidence of uterine fibroids (reviewed in Crain et al.,
2008). These effects reported in rats and mice inform human
epidemiology studies and add credence to the hypothesis
that fibroids in humans can be induced by EDC exposure
(McLachlan, Newbold & Bullock, 1980).

In addition to these in vivo studies, in vitro studies also
suggest that EDCs contribute to the growth of uterine fibroids.
Rat uterine leiomyoma cells are extremely sensitive to
estrogenic EDCs, with physiologically relevant concentrations
of kepone, a-endosulfan, or 2,2-bis-(p-hydroxyphenyl)-1,1,1-
trichloroethane (HPTE, a breakdown product of the pesticide
methoxychlor) stimulating cell proliferation, and HPTE,
methoxychlor, kepone, a-endosulfan, 3-endosulfan, toxaphene,
or dieldrin increasing transcription in an estrogen-sensitive
reporter gene assay (Hodges et al., 2000; for a review of human
exposure to these chemicals, see Chapter 3). DES also induces
proliferation of rat uterine leiomyoma cells, indicating that such
cells are sensitive to estrogenic pesticides and pharmaceutical
agents (Hodges et al., 2001).

Although evidence for a fetal origin of uterine fibroids
in humans is controversial, in rodent models (CD-1 mice and
Eker rats), fetal exposures to both DES and bisphenol A during
particular periods in development have been shown to cause
increased risk of fibroids in adulthood (Newbold, Jefferson &
Padilla-Banks, 2007; Crain et al., 2008).

Epidemiological evidence for EDCs causing fibroids
There are scant data from humans evaluating EDCs and
fibroids, and these studies have mostly focused on adult
exposures (Mendola, Messer & Rapazzo, 2008). One study
demonstrated that women exposed to high levels of TCDD
from an industrial accident were less likely to have fibroids,
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leading the authors to speculate that this was because TCDD
may have an anti-estrogenic effect (Eskenazi et al., 2007).
Another study of women who were sport fishers or sport fish
consumers from the Great Lakes area and potentially exposed
to higher organic pollutants including DDE and PCBs found
that while the activity itself was associated with a modest
increased risk of fibroids, circulating levels of the chemicals
themselves were not associated (with the exception of PCBs in
a subpopulation) with higher disease outcomes (Lambertino et
al., 2011). Finally, two studies of women exposed to phthalates
found an association with fibroids. In a relative small study

of women in Taiwan, researchers found higher levels of the
metabolites of the phthalate plasticizers diethylhexylphthalate
(DEHP) and dibutylphthalate (DBP) in women with fibroids
compared to controls, and a higher risk for women who

were glutathione S-transferases M1 null, suggesting genetic
susceptibility to phthalate effects (Huang et al., 2010). A larger,
cross-sectional study of USA women also found an association
with uterine fibroids and the metabolite of DBP (Weuve et al.,
2010). Human exposure to phthalates is discussed in Chapter 3.

2225 Endometriosis

Endometriosis is a major cause of infertility and chronic
pelvic pain in women, and has also been linked to increased
risk of endometrioid and clear cell ovarian cancer, non-
Hodgkin lymphoma, and atopic disorders (Giudice, 2010).
Endometriosis is characterized by the presence and growth of
endometrial glands and stroma outside the uterus, primarily
in the pelvic and abdominal cavities, but can also rarely be
found in the thoracic cavity and the brain (Giudice, 2010).
The growth produces hemorrhages or vesicles appearing as
brown, black or blue lesions (Mendola & Buck Louis, 2010).
Pelvic pain associated with endometriosis is a major cause of
disability and compromised quality of life. Estimates for the
incidence of endometriosis vary, often by study population.
While most studies find that between 10% and 15% of
reproductive-age women have endometriosis (Leibson et
al., 2004; Vigano et al., 2004), this could be influenced by
difficulties in diagnosis. A study of USA women in 2007-09
found that while MRI-visualized incidence was 11%, 34% of
women had endometriosis as diagnosed by surgical, MRI and
histological confirmation (Buck Louis et al., 2011), indicating
that the true incidence among the population could have been
previously underestimated. Incidence is much higher (between
35% and 50%) in women with pelvic pain, infertility, or both
(Cramer & Missmer 2002). In the USA in 2009, endometriosis
was estimated to cost $69 billion in health care and loss in
productivity (Hummelshoj & O'Hooghe, 2012).

Early menarche, short and heavy menstrual cycles, and
cycle irregularity have fairly consistently been associated
with an increased risk of endometriosis (Vigano et al., 2004;
Matalliotakis et al., 2008; McLeod & Retzloff, 2010) and late
age at menarche has been suggested to be protective (Treloar et
al., 2010). Family history, genetic predisposition, race and social
status have all been explored as possible factors in the etiology
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of endometriosis with conflicting results (Falconer, D'Hooghe
& Fried 2007; Vigano et al., 2007; Montgomery et al., 2008;
Guo 2009; Siristatidis 2009). The most recent study (Guo, 2009)
argues that genetic polymorphisms contribute little to disease
risk, and that endometrios may be largely an epigenetic disease
(for a discussion of epigenetics see Chapter 1.3.6).

Hormonal mechanism underlying endometriosis
Endometriosis is at least partially dependent on estrogen.
Uterine endometrial gland development (adenogenesis) in
humans begins in utero and is completed during puberty

(Yin & Ma, 2005). Adenogenesis is influenced by growth
factors, tissue remodeling factors, and steroid hormones that
alter cell proliferation and extracellular matrix remodelling
(Gray et al., 2001). All of these can thus be affected by altered
hormonal signalling during early development, which can, in
turn, adversely affect adult uterine morphology and function.
One condition that could result, albeit not until adult life,

is endometriosis. An in utero origin for this disorder has,
however, only recently been proposed; until relatively recently,
the primary hypothesis for endometriosis was that it was
initiated by retrograde menstruation (backward movement

of menstrual fluids through the fallopian tubes and into the
peritoneal cavity; Sampson 1927). However, as retrograde
menstruation occurs in the majority of women (Halme et al.,
1984) and fewer women develop endometriosis, other initiation
pathways have since been explored and it is now hypothesised
that influences on in utero development can contribute to future
endometriosis risk (Messmer, 2004; Bulun, 2009; Mendola

& Buck Louis, 2010). Moreover, the immune system is also
thought to play a role (see Chapter 2.11; Hompes & Mijatovic,
2007; Crain et al., 2008; Giudice, 2010; Mendola & Buck
Louis, 2010). In either case, however, it appears that estrogen is
necessary for progression of endometriosis (Dizerega, Barber
& Hodgen, 1980), and aromatase in endometriosis lesions
converts androgens to the estrogen estrone (E1) which is then
converted to estradiol (E2) by other steroidogenic enzymes.
Prostaglandin E2 is also a potent inducer of aromatase activity
(Bulun, 2009).

Evidence for EDCs causing endometriosis in mammalian
models of humans (rodents and primates)
Endometriosis occurs spontaneously only in primates, as
estrous animals do not shed their endometrial tissue and do
not develop endometriosis. Several studies in primates have
found a relationship between adult exposures to dioxins and
endometriosis. This includes a study of twenty rhesus monkeys
dosed and followed for 15 years, which reported an increase in
incidence and severity with higher dioxin exposures (Rier et
al., 1993; Rier et al., 2001). Another study in the cynomolgus
monkey found implants of endometrial tissue in the pelvic
cavity survived longer and grew larger in animals exposed for
one year to high doses (17.86 ng/kg per day) of TCDD (Yang,
Agarwall & Foster, 2000).

Rodent models (mainly rats and mice) of endometriosis
have been developed, where the disease is induced by



surgical transplantation or endometrial tissue into ectopic
sites. Studies with these models find that endometriosis can
be promoted by many organochlorines, including the dioxin
TCDD, the pesticides methoxychlor and DDT, or many PCBs
with dioxin-like effects (Birnbaum & Cummings, 2002).

In several studies, fetal exposures also have been found to
promote future endometriosis. For example, mice exposed to
TCDD on gestational day 8 had increased size of implanted
endometriotic lesions when combined with an adult exposure
(Cummings, Hedge & Birnbaum, 1999). There is increasing
evidence that epigenetic changes (see Chapter 1.2.5) are
involved in endometriosis and there is convincing evidence
that such changes can be induced by in utero exposure to
exogenous chemicals (Guo 2009; Cakmak & Taylor, 2010).

A recently published study showed that dioxin exposure of
mice during fetal development led to a progesterone resistant
phenotype that persisted for several generations (Bruner-Tran,
Ding & Osteen, 2010).

Epidemiological evidence for endocrine disruptors
causing endometriosis
Most research on the role of environmental exposures has
focused on adults. While some studies find that dioxins
are associated with endometriosis, several studies find
no relationship (Mayani et al., 1997; Pauwels et al., 2001;
Eskenazi et al., 2002; Heilier et al., 2005; Porpora et al., 2009;
Rozati et al., 2009; Simsa et al., 2010). Reviews point out
that often these epidemiologic studies are limited to specific
or uniquely exposed populations (e.g. infertile women)
(Mendola, Messer & Rapazzo, 2008). Most studies have
found a relationship between PCB exposures and increased
risk of endometriosis, or higher levels of serum PCBs among
cases when compared to controls (Gerhard & Runnebaum,
1992; Mayani et al., 1997; Birnbaum & Cummings, 2002;
Heilier et al., 2004; Buck Louis et al., 2005; Porpora et al.,
2006). Several studies have also found a relationship between
circulating phthalate (and phthalate esters) and endometriosis
(Lebel et al., 1998; Pauwels et al., 2001; Buck Louis et al.,
2005; Porpora et al., 2006; Hoffman et al., 2007; Porpora et
al., 2009; Rozati et al., 2009; Cooney et al., 2010; Trabert et
al., 2010), although the associated phthalate ester varies among
the study (primarily metabolites of DEHP and DBP) (Cobellis
et al., 2003; Reddy et al., 2006; Huang et al., 2010; Weuve et
al., 2010). One cross-sectional study of USA women found a
relationship between endometriosis and cadmium (Jackson,
Zullo & Goldberg, 2008). Human exposure to these chemicals,
particularly phthalates, can be significant (for a review of
human exposures, including in breast milk, see Chapter 3).
There are fewer data on human populations examining
the relationship between endometriosis in adulthood and EDC
exposures during the fetal or early life period. However, a
large, prospective cohort study found that daughters of women
who took DES during pregnancy had an increased risk of
endometriosis (Missmer et al., 2004), suggesting that exposure
to EDCs during fetal development can increase risk of future
endometriosis. This is biologically plausible because the
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development of the uterus and endometrium from the uterine
mesenchyme depends on specific developmental pathways
involving estrogen receptor alpha (ER-alpha) and specific
transcription factors, such as HoxA10, bone morphogenetic
proteins (BMPs), and leukemia inhibitory factor (LIF) (Bulun,
2009).

There is a strong genetic component in endometriosis in
some patients and there may be specific genotypes that are
more susceptible to developing the disorder (Painter et al.,
2010). This is an area of great importance for future research
on fetal, neonatal/childhood, adolescent, and adult exposures to
endocrine disrupting chemicals.

223 Evidence for endocrine disruption
of the female reproductive system
in wildlife

223.1 Wild mammals

There are several correlative studies indicating that EDCs could
have an impact on reproductive hormones in both seals and
polar bears (Haave et al., 2003; Oskam et al., 2003; Oskam et
al., 2004). High concentrations of hydrophobic contaminants
(particularly PCBs, organochlorine pesticides and brominated
flame retardants) have been measured in the marine mammals
which, with the exception of plankton-feeding whales, are top
predators (Ross et al., 2000; Aguilar, Borell & Reijnders, 2002;
Hansen et al., 2004; Lie et al., 2004; Noel et al., 2009; see also
Chapter 3.2.1). In Baltic grey seals, for example, population
declines during the 1950s were related to exposure to these
chemicals (Olsson, Karlsson & Ahnland, 1994). Critical to
this conclusion was the fact that the high incidence of uterine
fibroids (up to 65% of females 22—41 years old) was found to
be positively correlated with the body burden of organochlorine
contaminants (especially PCBs; Bergman & Olsson, 1986;
Bergman, 1999). Moreover a 60% decrease in the number of
females becoming pregnant was observed among ringed seals
from PCB contaminated Bothnian Bay. Decreases in fecundity
concurrent with lesions of the female reproductive organs
were also found in both species of seals (Bécklin, Bredhult &
Olovsson, 2003). No prevalence of uterine fibroids was reported
in grey seals outside the Baltic Sea. Some types of PCBs were
subsequently shown to have proliferative effects on cells in the
middle layer of uterine wall (myometrium) of the seal in vitro,
thus suggesting that PCBs could take part in the growth of the
uterine fibroids (Béacklin, Eriksson & Olovsson, 2003), as also
observed in rodent models of humans (see Chapter 2.2.2.4).
More recently, O‘Hara & Becker (2003) increased the
weight of evidence for chemical causation of fibroids with
a very thorough study of grey seals during a period when
organochlorine concentrations were decreasing in the Baltic.
Decreasing organohalogen concentrations in seals were
associated with a reduction in uterine obstructions and an
increase in pregnancies, providing additional evidence of a

causal link between EDCs and fibroids in the grey seal.
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It is also noteworthy that reproductive success among other
pinnepid species has become a matter of recent concern. Several
Alaskan populations of northern fur seal, the Galapagos sea lion
(Alava et al., 2009) and the Steller sea lion (Trites & Donnelly,
2003) have experienced recent declines, attributed to reduced
pupping rates. The causes and timing of these reproductive
failures are unknown, but in the fur seal are suspected to be
linked to bioaccumulation of environmental contaminants in
maternal body tissues (e.g. Beckmen et al., 2003; Towell, Ream
& York, 2006). Moreover, in the contaminated St. Lawrence
estuary (Canada) fibroids were recorded in 8 of 12 adult female
beluga whales examined from 1996 to 1998 (Mikaelian et al.,
2000). Also in other marine mammals, fibroids, as well as
ovarian tumours (dysgerminoma), were observed in 5% of a
large sample (n=502) of dusky dolphins caught off of Peru in
1985-87 and 1992-1994 (Van Bressem et al., 2000). Of 11 mature
females with ovarian tumours or cysts or uterine tumours,
only one (9.1%) was pregnant; this is significantly less than the
expected pregnancy rate (53.3% in a random sample of Peruvian
dusky dolphins).

Recently, in a European Commission funded study
(Murphy et al., 2010), the relationship between PCB exposure
and female reproductive health was examined in European
harbour porpoise and in the short-beaked common dolphin.
High PCB concentrations were reported in immature porpoise,
of which 42% had contaminant loads above a threshold level of
17 ng/g lipid for adverse health effects based on experimental
studies of both immunological and reproductive effects in
seals, otters, and mink. Interestingly, all pregnant porpoise
sampled had contaminant loads below 20 pg/g lipid compared
with much higher levels in resting (not pregnant or lactating)
mature females. Moreover, dolphins with the highest PCB
burdens (and above the threshold level) were also resting
mature females. These individuals also had the highest number
of ovulatory scars on their ovaries. This suggests that, due to
high contaminant burdens, female common dolphins may be
unable to reproduce and, thus, continue ovulating; or females
are not reproducing for some other reason, either physical or
social, and are accumulating higher levels of contaminants in
their blubber because they have fewer loss mechanisms (such
as lactation). The high associated PCB burden may thus be
either (or both) the cause of infertility or the consequence of
infertility. In contrast, in harbour porpoises, once the effect of
age and nutritional condition were taken into account, the data
so far suggest that higher POP concentrations (PCB, HBCDD
and DDE) tended to be associated with lower numbers of
corpora scars, possibly indicating that high contaminant levels
were inhibiting ovulation. However, as discussed earlier with
the seal studies, associations between contaminant loads and
reproductive problems found in adult female marine mammals
of breeding age could easily be confounded by the fact that
much of this contaminant load is transferred to the offspring
during lactation. Therefore, lower contaminant loads found in
breeding females could simply be reflective of this maternal
transfer, rather than any true causative association with the
reproductive status of these females.
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2232 Non-mammalian vertebrates

Examples of female reproductive system disorders, occurring
concomitantly with chemical exposure, can be provided for
several non-mammalian vertebrate classes. Perhaps one of

the most reported cases is that of a reptile exposed to high
concentrations of pesticides (dicofol (a pesticide chemically
related to DDT), DDT itself and metabolites DDD and DDE)
following an accidental spill into a tributary of Lake Apopka
(Florida, USA) in 1980, which is reviewed in Guillette, & Crain
(2000). This had a profound effect on the resident American
alligator population. Although not seen in any of the other
Florida lakes studied, there was a dramatic decline in juvenile
recruitment in Lake Apopka alligators. Moreover, Guillette and
colleagues reported Apopka female alligators with abnormal
ovarian morphology, large numbers of polyovular follicles and
polynuclear oocytes (Milnes & Guillette, 2008; Hamlin &
Guillette, 2011) and plasma estradiol concentrations almost twice
as high as those in female alligators from a reference lake.

Laboratory studies supported the hypothesis that
contaminant exposure was the most likely explanation for
the reproductive abnormalities in female alligator from
Lake Apopka, and that these effects would compromise the
reproductive capabilities of wild animals (Milnes & Guillette,
2008; Hamlin & Guillette, 2011). Multiple eggs per follicle
and abnormal hormone levels can be induced in alligators by
embryonic exposure to hormonally-active pesticides. Other
estrogenic chemicals, such as DES, have also been shown to
cause multi-oocyte follicles in laboratory mice (Guillette &
Moore, 2006). In both alligators and mice, adult reproduction
appears to be impaired by this condition and, in women, multi-
oocyte follicles (MOFs) or polyovular follicles are associated
with diminished in vitro fertilisation success and increased
early miscarriage as well as with ovarian teratomas (a type of
ovarian tumour present from birth; Guillette & Moore, 2006).
Gene expression profiles of ovaries from neonates hatched from
eggs collected on Lake Apopka are similar to profiles seen in
laboratory animal models and women with premature ovarian
failure and PCOS (Moore et al., 2010a; 2010b; 2011).

Taken together, data indicate that more research is needed
to understand the role endocrine disruptors might play in
causing MOF formation, as well as other reproductive disease
states in humans and wildlife. Test methods for this endpoint
have not been developed.

Reproductive endocrine disruption has also been reported
across a range of bird species since the 1950s. Historically,
investigations centred on the issue of eggshell thinning in
predatory birds in relation to organochlorine pesticide exposure
(Ratcliffe 1967; 1970; Lundholm 1997), which ultimately
prompted the ban on the use of DDT, in particular, in North
America and Europe. Although this led to a reduction in body
burdens in birds and an improvement in eggshell thickness, with
the subsequent recovery of many of the affected populations,
other compounds linked to reproductive failure, such as dioxins
and polybrominated diphenylethers (PBDEs), continue to be
found at elevated concentrations in wildlife, especially near



urban centres (see Chapter 3.2.1.3). Some are very persistent,
bioaccumulating to levels capable of causing toxic effects

in predatory species (Bosveld & Van Den Berg, 2002). For
example, American kestrels fed a PBDE-contaminated diet
had delayed times to egg laying, eggs with thinner shells and
reduced weights, and fewer hatchlings (Fernie et al., 2009).

In addition to raptors, adverse effects on black-crowned night
herons, herring gulls, double-crested cormorants and common
terns (Grasman, Scanlon & Fox, 1998) have been reported.
Adbverse effects of PBDEs include eggshell thinning, embryonic
deformities of the foot, bill and spine as well as chick death and
retarded growth (e.g. Bowerman et al., 2000). These effects
could be directly related, and chick survival inversely related,
to the concentration of the contaminants present (Burgess &
Meyer, 2008). The effects reported in the field are supported
by data generated in the laboratory, which have revealed that
estradiol administration during early development can cause
reproductive impairments in adulthood, such as the retention
of ovulated yolks within the body cavity, egg shell thinning
and reductions in the number of eggs laid and in egg length and
width. The production of thinner shells is thought to be at least
partly due to reductions in the shell gland expression of carbonic
anhydrase, an enzyme essential for the formation of the egg
shell (Brunstrom et al., 2009; Rochester et al., 2008).

The masculinization and feminization of male fish living
near the outfalls of paper mills and some sewage treatment
works (STW) plants is a well known phenomenon that appears
to be consistent across investigators, geographical regions,
species and habitats (Tyler & Jobling, 2008). Although the
effects of estrogenic sewage effluent exposure are most widely
reported in male fish, many laboratory and several field studies
clearly show that estrogen exposure is also consistent with
effects in females, including reduced fecundity, alterations in
the timing of sexual maturity and reproduction and premature
atresia (or degeneration and reabsorption of preovulatory
follicles; reviewed in Tyler & Jobling, 2008; Jobling et al.,
2002). Masculinizing effects of pollution on female fish, though
apparently less prevalent, have also been reported. In fact,
the first evidence of ED in fish was provided by the discovery
of masculinized female mosquitofish living in a stream
receiving pulp mill effluent (Howell, Black & Bortone, 1980),
an observation that has been confirmed in other countries (e.g.
Larsson, 2000). Another source of effluent, that of intensive
animal husbandry, has also been shown to masculinize wild fish
due to the presence of anabolic steroids in the effluent (Orlando
et al., 2004). Furthermore, the masculinization of females has
also been reported in developing fish exposed to aromatase
inhibitors, such as fadrozole (Fenske & Segner, 2004). This
is of potential significance due to the widespread use of azole
derivatives in agriculture. It is important to recognize, however,
that masculinization can also be induced in fish in response to
other, non-chemical stressors such as hypoxia, as demonstrated
in the Atlantic croaker (Micropogonias undulates) (Thomas
and Rahman, 2012). This highlights the need for caution when
interpreting data from field-based studies.
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2233 Invertebrates

Compared with vertebrates, little is known about the
manifestation of endocrine disrupting effects on the
reproductive system of female invertebrates. However, there
are some historical reports in which females have exhibited
signs of masculinization, apparently in association with
exposure to EDCs. For example, it has been shown that potent
androgen receptor (AR) agonists and aromatase inhibitors,

as well as tributyltin (TBT), induce imposex in prosobranch
female snails, a condition in which the penis “imposes” on
the normal female reproductive anatomy. The associated
development of the sperm duct (vas deferens) can, in extreme
cases, lead to blockage of the oviduct of the female, resulting
in sterility and population declines (Gibbs & Bryan, 1986).
The effects of TBT are the best known example of endocrine
disruption in invertebrates, the occurrence of which has been
reported in a number of gastropod molluscs (Ellis & Patissina,
1990; Titley-O’Neal, Munkittrick & Macdonald, 2011).

Although the effects of TBT on the reproductive system
of female gastropods are well established, the underlying
mechanisms are not yet understood. Since testosterone itself
appeared to induce imposex in some species, it was suggested
by various authors (Spooner et al., 1991; Bettin, Ochlman &
Stroben, 1996; Santos et al., 2002) that TBT and testosterone
may competitively inhibit P450 aromatase activity, thereby
preventing the conversion of androgens to estrogens (and
consequently increasing testosterone levels) or by inhibiting
testosterone excretion or decreasing the esterification of
testosterone (Gooding et al., 2003). Whilst androgens have
been identified in several mollusc species, attempts to
isolate an androgen receptor from molluscs have so far been
unsuccessful and so the mechanism through which these
apparent “androgenic” effects are occurring is unknown and
controversial (Sternberg, Hotchkiss & Leblanc, 2008). Indeed,
the only convincing body of evidence for mechanisms of
masculinization in molluscs indicates that tributyltin-induced
imposex involves the abnormal modulation of the retinoid-X
receptor (RXR; Nishikawa et al., 2004; Kanayama et al., 2005;
Castro et al., 2007; Lima et al., 2011), also known to be involved
in male reproductive differentiation and external genitalia
formation in mice (Kastner et al., 1996; Ogino et al., 2001).

In addition to the masculinization of female gastropods,
there is also some laboratory-based evidence to suggest that
EDC exposure may be associated with a phenomenon known as
“superfeminization”. Oehlmann et al. (2000) reported that the
exposure of ramshorn snails to BPA induced a superfeminization
syndrome at all concentrations tested (from 1-100ug/L BPA).
Super-females were characterised by additional sex organs,
enlarged accessory sex glands, gross malformations of the
pallial oviduct, enhanced egg production outside the main
spawning season, and increased female mortality. Effects were
concentration dependent (except for mortality) and statistically
significant at every test concentration. Limitations on this
first study included the lack of analytical confirmation of the
exposure regimes, a lack of replication, and the absence of
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a positive control. However, two follow-up exposures with
expanded experimental and quality assurance procedures
confirmed the original findings (Schulte-Oehlmann et al., 2001,
Oehlmann et al., 2006) and were also able to demonstrate the
importance of the stage of the reproductive cycle and water
temperature in the outcome of such studies. Nevertheless, the
effects reported by Oehlmann and colleagues have not been
reported by other laboratories performing similar, but not
identical, studies (e.g. Forbes et al., 2007a; 2007b), leaving the
important question of whether or not BPA is likely to cause
adverse effects on molluscs at concentrations that are widely
reported in the aquatic environment.

Taken together, it would appear that, in all of the wildlife
cases of endocrine disruption of the female reproductive tract,
there is some evidence to support chemical causation of the
disorders. Moreover, there are extensive laboratory-based data
that support the chemical causation of these female reproductive
abnormalities. In this respect, the developmental exposure of
fish to estrogenic chemicals has been associated with delayed
reproductive development, aberrations in gonad morphology and
increases or decreases in fecundity, depending on the dose and
timing of the exposure. Whilst these effects may not be classified
as “disorders”, but rather the manifestation of physiological
perturbations, they may still significantly impact upon female

reproductive capacity and success.

2234 Interspecies extrapolations

It is important to recognize that some female reproductive
disorders are not comparable across all species. Using
endometriosis as an example, it is clear that whilst widely
reported in humans and many other mammals, this condition
is not universally applicable to all species. All vertebrates,
reptiles, fishes, birds or amphibians, except some teleost
fishes, have well developed uterine and tubal structures
derived embryologically from the Miillerian duct, but they
do not exhibit the same degree of endometrial growth. Thus
the symptoms of endocrine disruption may be deceptively
different in these species compared with mammals, although
the underlying mechanisms may be the same.

Alternatively, it is important to note that, due to the
greater reproductive plasticity observed in wildlife, additional
endpoints may be affected that have no clear analogy in
humans. However, these symptoms could still form part of
the same underlying syndrome and, thus, have the capacity to
inform our overall understanding of reproductive dysfunction

in other forms of wildlife, as well as in the human population.

224 Main messages

* Recent studies indicate that a number of female reproductive
disorders that can impair fertility or fecundity are prevalent

in some human populations.

» Evidence from animal studies with rodents indicates
that exposure to endocrine disrupting chemicals during
gestation can lead to reproductive health problems in

female offspring, as their eggs are exposed whilst they are
developing.

* Increased understanding of endocrine pathways governing
female reproductive processes suggests that a role for EDCs
in the multi causality of female reproductive disorders is
biologically plausible.

* There is limited and conflicting experimental and
epidemiological evidence to support a role for EDCs in
premature puberty and breast development and in causing
fibroids (PCBs) and endometriosis (phthalates and dioxins),
and almost no evidence for causation of PCOS or infertility;
few studies have, however, examined chemical causation
of these diseases directly and very few chemicals have
been investigated. There is limited evidence that potential
endocrine disruptors such as mercury and cadmium,
and organochlorine and organophosphate pesticides are
associated with increased risk of miscarriage, preterm
delivery and reduced fetal growth.

* There are not enough historical data to state whether or not
the incidence of the many disorders of female reproductive
function are correlated with one another, and therefore no
obvious suggestion of a common etiology. It is clear that
alterations in steroid hormone levels (principally estrogens)
during prenatal life are critical factors.

* Symptoms similar to those seen in women occur in a
variety of wildlife species and have been linked to exposure
to contaminants (particularly PCBs and organochlorine
pesticides) in some cases, e.g. fibroids in seals.

» Vertebrate wildlife are important sentinels for women’s
reproductive health, as the hormonal control and underlying
genetic and cellular responses of female reproduction are
well conserved amongst the vertebrates. Further, wildlife
species often live in direct contact with similar or the
same complex mixtures of anthropogenic environmental

contaminants to which humans are exposed.

+ There are many gaps in our knowledge of endocrine
disruption of the female reproductive system. Many of
the mechanisms are poorly understood and the number
of chemicals that have been investigated for endocrine
disruption in females is limited.

+ There are many gaps in the available test methods for
screening chemicals for endocrine disrupting effects on
female reproduction. Regulatory tests for many wildlife
taxa are currently not developed and in mammalian assays,
endocrine endpoints measured are sometimes not adequate
to detect possible roles of endocrine disrupting chemicals
in inducing many of the female reproductive disorders and
diseases described here.

225 Scientific progress since 2002

Since the IPCS (2002) was published, major advancements in our
knowledge of endocrine disruption have occurred. These include:



Downward trends in the age at breast development in
Europe to substantiate the USA data.

Greater understanding of endocrine pathways governing
female fecundity and fertility, the timing of puberty, and
regulation of menopause.

Increasing experimental evidence that chemicals can
interfere with endocrine signaling of pubertal timing,
fecundity and fertility and with menopause.

There are more suggestions that consequences of maternal
exposures during fetal life might influence birth outcomes.

Subtle effects of chemicals may only be seen when
combined with other risk factors such as genetic
susceptibility, age, alcohol consumption and smoking.

More evidence now exists that reduced reproductive
success in female seals, birds, alligators and gastropods are
related to exposure to several persistent organic pollutants.
When exposure to these EDCs decreases, reproductive
effects in wild populations also decline.

A wide variety of assays have been developed for the study
of endocrine disruption. Many of these could be turned into
validated regulatory tests to cover aspects of the endocrine
system that are outside current testing strategies. Some
modifications to existing tests have been made but even

the latest of these has considerable gaps with respect to
covering endpoints relevant for the detection of endocrine
disrupting chemicals.

226 Strength of evidence

Female reproductive disorders are prevalent in some wildlife
and human populations. In humans, they are a major cost

to the health-care services in which they have been studied.
These diseases include polycystic ovary syndrome (PCOS),
fibroids, endometriosis, premature ovarian failure, and
disorders associated with poor pregnancy outcomes. There is
also sufficient evidence that breast development occurs earlier
in girls in the USA and Europe. In some wildlife species,
there is sufficient historical evidence that female reproductive
disorders were caused by exposure to endocrine disrupting
persistent organic pollutants (e.g. imposex in gastropods,
fibroids in seals, and egg shell thinning in raptors) and
associated with population declines. It is possible that these
population-level effects are associated with adverse ecological
consequences and that other emerging endocrine disrupting
chemicals play a role in the causation of current diseases and
disorders and declines in biodiversity in wildlife (see also
Chapter 2.12).

Although it is likely that there is a role for endocrine
disrupting chemicals as causal factors of female reproductive
disorders in humans, the actual experimental and
epidemiological evidence to support this hypothesis is limited

More evidence linking phthalate exposure to endometriosis.
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for puberty/breast development, fibroids and endometriosis,
and insufficent for PCOS, infertility and irregular menstrual
cycles. In Africa where spraying of DDT is done in homes for
prevention of malaria, although studies are conflicting, the
WHO concluded that the combined human and animal data
available do raise concern for effects of exposure to DDT on
female reproductive health, albeit further data are needed
(IPCS, 2011). The case for chemical causation of fibroids and of
infertility/reduced fecundity, in particular, are made stronger
by the existence of wildlife populations with reduced pupping
rates and high rates of fibroids inhabiting particularly polluted
aquatic environments, and of the recovery of these populations
following the decline in the concentrations of the suspected
chemical causes (e.g. PCBs and organochlorine pesticides). In
addition, laboratory experiments provide sufficient evidence
that a range of these types of chemicals can cause these
effects. Moreover, for endometriosis, there is limited evidence
to support the hypothesis that exposures to PCBs and/or
phthalates are an important part of the multifactorial etiology
of this disease.

Taking the wildlife and human evidence together, it is
likely that exposure to PCBs and perhaps also other endocrine
disrupting chemicals (e.g. phthalates and dioxins) that act in
the same/similar ways play a role in the causation of fibroids
and endometriosis in humans, and it is biologically plausible
that for their involvement in PCOS, early age at menarche, and/
or breast development and irregular menstrual cycles. In some
populations of wildlife, a role for EDCs in causing fibroids is

very likely or certain.
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23 Endocrine disrupting chemicals
and male reproductive health in
humans and wildlife

23.1 Overview of male reproductive
health trends in humans and wildlife
and evidence for endocrine
disruption

Male reproductive health has been a major focus of research on

endocrine disrupting chemicals (EDCs) since the early 1990s,

when evidence of adverse secular trends in sperm counts first
came to light. Subsequent research also showed similar trends
in other male reproductive and developmental abnormalities
that appeared to have occurred in a manner concomitant

with the rapid expansion of the chemical industry, and the

associated release of thousands of anthropogenic chemicals

into the environment. This has led to growing speculation

that chemicals with endocrine disrupting properties may be

partially responsible for the decline in male reproductive

health over the past several decades. The following diseases
and disorders are suspected to be caused, at least partially, by

exposure to EDCs during early life:

¢ Testicular Germ Cell Cancers (TGC) have been
increasing over the past 40 to 50 years (by as much as
400%) in the majority of industrialised countries, where
they are the most common cancers in young men aged
20-45 (Huyghe, Matsuda & Thonneau, 2003; Richiardi
et al., 2004). The distinct increase in TGC over a couple
of generations is suggestive of environmental causation,

although genetic causes may also play a role.

* Congenital Cryptorchidism: The incidence of congenital
cryptorchidism (where one or both testes do not descend
into the scrotum) varies between 1-9 % and has increased in
many countries (Toppari et al., 2010) The intra-abdominal
temperature is toxic for germ cells, and so cryptorchidism
often leads to infertility and is associated with increased
testicular fibrosis. It is also associated with an increased

risk of testicular cancer later in life.

* Hypospadias: This is a birth defect in which the urethra
opens on the underside of the penis instead of the tip. Its
incidence has increased in several regions of Australia,
Europe, and the USA (Kéllen et al., 1986; Paulozzi, 1999;
Toppari, Kaleva & Virtanen, 2001; Nassar, Bower & Barker,
2007; Lund et al., 2009), although its rate is commonly
underestimated because of problems with clinical diagnosis
and reporting (Toppari, Kaleva & Virtanen, 2001).

* Semen Quality: Prospective studies on the general
population of Nordic, Baltic, German, Spanish and
Japanese men show that 20-40% of young men have
semen quality below what andrologists would consider to
be compatible with good fecundity (below 40 mill/mL)

(Bonde et al., 1998; Guzick et al., 2001; Skakkebeak, 2010).
Whilst this cut off differs from the WHO reference value

of 15 mill/mL, the fecundity of a man decreases steeply
with sperm concentrations below 40 mill/mL, and men with
sperm counts below 40 mill/mL would be sub fertile, even
though conception could well occur, particularly in the 15-
40 mill/mL range.

+ Testicular Dysgenesis Syndrome: Testicular Germ Cell
Cancer is often found in association with hypospadias,
cryptorchidism and low semen quality, suggesting that
they are risk factors for one another (Boisen et al., 2004;
Jacobsen et al., 2006) and that they could be related
components of a single underlying condition, termed
‘testicular dysgenesis syndrome’ (TDS), originating during
fetal life (Skakkebek et al., 2007; Moller & Skakkeback,
1999) and caused by exposure to contaminants. Some
experimental and epidemiological data now exist to support
this hypothesis.

Alongside the evidence of continued adverse trends in male
reproductive health in humans, data describing patterns of
reproductive dysfunction in male wildlife have also expanded
considerably over the past ten years. In many cases, these
patterns appear to mirror those observed in humans, in that
the affected wildlife populations exhibit a suite of symptoms
consistent with a demasculinizing and/or feminizing mode of
action. There are several examples (some closely studied) of

male reproductive system disorders in wildlife:

* Cryptorchidism, infertility and abnormal antler
formation in large numbers (68% in some populations)
of Sitka black-tailed deer on Kodiak Island, Alaska
(Bubenik & Jacobson, 2002) and in white-tailed
deer sampled in the Bitterroot Valley of west-central,
Montana, U.S.A. between 1996-2000 (Hoy et al., 2002).
Although genetic causes cannot be ruled out completely,

a recent analysis of the Sitka deer favours exposure to
environmental contaminants as a likely contributing cause
(Latch et al., 2008).

* Reduced blood testosterone levels and testis size in polar
bears in East Greenland (Sonne et al., 2006) and Svalbard
(Oskam et al., 2003). These problems have been correlated
with tissue concentrations of persistent organic pollutants
(POPs).

* Reduced phallus size, changes in the structure of the
testes, and depressed testosterone concentrations in
American alligators exposed to high concentrations of
pesticides (the DDT-like pesticide dicofol, DDT itself and
its metabolites DDD and DDE) following an accidental
spill into a tributary of Florida’s Lake Apopka in 1980
(reviewed in Guillette et al., 2000).

* Ovarian tissue in the testes of male birds in a breeding
colony of terns on Bird Island, Massachusetts (USA); the
prevalence of this intersex condition was associated with PCB
and dioxin levels in the developing eggs (Hart et al., 1998).



Relationship between EDC burden and depressed
testosterone levels in the eggs of wild birds (Arctic-breeding
glaucous gulls; Verboven et al., 2008).

Intersex in several species of frogs and toads correlated,
in some cases, with exposure to various pesticides in
agricultural areas (Reeder et al., 2005; Hayes et al., 2003;
McDaniel et al., 2008; McCoy et al., 2008).

Feminization of male fish living near sewage treatment
works (STW) in many geographical regions of the
world, species and habitats (Cheek, 2006). Feminized
male fish have reduced testosterone levels, feminization of
external genitalia (e.g. Jobling et al., 2002a) and are less
successful than normal males in competitive spawning
experiments (e.g. Harris et al., 2011).

Intersex in the estuarine bivalve, Scrobicularia plana,
in UK estuaries: varying degrees of intersexuality were
reported in over 20% of individuals sampled from 17 out
of 23 populations and this has been putatively linked with
exposure to EDCs (Chesman & Langston, 2006).

Data from many laboratory-based studies also support
the chemical causation of testicular abnormalities in
wildlife.

The apparent parallels between the effects reported in
humans and in various wildlife populations are not surprising
given that there is often considerable overlap between
their environments and food chains, as well as between the
endocrine control of the male reproductive system. Based
on a review of currently available data, a common causative
mechanism for human TDS and feminization in vertebrate
wildlife is hypothesised. In studying endocrine disruption in
wildlife, we may begin to understand the effects of endocrine
disrupting chemicals on human development within the same
framework.

Hormonal mechanisms underlying male reproductive
disorders and diseases

In all vertebrates, and some invertebrates, both the
differentiation and development of the male reproductive
system, including the differentiation of the Wolffian duct
system and the masculinization of the external genitalia, are
under the influence of the androgen testosterone. In rodents,
Carruthers & Foster (2005) and Welsh et al. (2008) recently
showed that there is a “male programming window”, when the
fetal testes begin to synthesise testosterone, during which the
entire programme of development of the male reproductive
tract is set up. It is during this time that the distance between
the anus and the genitals (the so-called anogenital distance;
AGD; shorter in females than in males) is fixed for life. This
period is also essential for proliferation of Sertoli cells, often
thought of as the conductors of the orchestra of other testis-
specific cells in the testis in all animals. Sertoli cell number is
determined and, in turn, determines the final sperm count of a
male during adult life (see Sharpe, 2010).
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Testosterone is synthesised by cells within the testes and
adrenal glands. Local concentrations of testosterone are also
modulated within target tissues as a result of expression of
enzymes such as aromatase (which converts testosterone to
estradiol). Estrogenic steroid hormones also regulate certain
functions of the male reproductive system important for the
maturation of sperm, and may be necessary for a healthy
libido. Any disturbance in androgen action or reduction in
its production has demasculinizing effects. If there is no
functional androgen receptor, for example, androgens cannot
relay their signals to developing organs and systems, such that
genotypic males develop into phenotypic females.

It is, therefore, biologically plausible that EDCs that mimic
or interfere with the action or synthesis of these hormones
could play a central role in the causation of disorders associated
with declining male reproductive health.

Deregulation of androgen production or action causes
male reproductive disorders
Mechanistic evidence suggests that a proportion of male
reproductive endocrine disorders are caused by male hormone
(e.g. androgen) insufficiency and/or by an imbalance between
female and male hormones during critical times during the
life cycle (e.g. when the testes and genitalia are differentiating
and/or during puberty when the organs are maturing). This
can lead to malformations such as cryptorchidism and
hypospadias, as well as changes in anogential distance.
Indeed, it has recently been proposed that exposure to
endocrine disrupting chemicals may cause this imbalance
and cause adverse effects which may only become evident
later in life. Furthermore, these disorders commonly occur
simultaneously, which prompted Skakkebak, Rajpert-De
Meyts & Main (2001) to hypothesise that the increasing
frequency of this suite of effects in the human population
in recent decades may reflect a single underlying condition,
termed TDS.

The concept of TDS is based on the premise that
the associated symptoms have a common origin in fetal
development, and that the extent and severity to which they
are manifested is dependent on the degree to which normal
developmental processes have been perturbed. In addition,
it assumes that any perturbations occurring during the male
programming window are irreversible and have lifelong
implications for the affected individual and, potentially,
also for their offspring. Although there is good evidence
that each of the diseases comprising TDS have strong
genetic components, Skakkebaek, Rajpert-De Meyts & Main
(2001) noted that the majority of baby boys born with these
symptoms lacked the expected genetic aberrations, indicating
that environmental factors must play an important role in
the etiology of these phenomena. Hormonal perturbations,
arising from EDC exposures, have been widely implicated in
the causation of TDS in humans, and also in the widespread
reports of reproductive dysgenesis in wildlife, between which
there are obvious parallels, as well as clear distinctions.
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Animal studies suggest endocrine disrupting chemicals
could cause TDS

In rat studies, fetal exposure to the phthalate plasticizers
diethyl hexyl phthalate or dibutyl phthalate, to various
chemicals with androgen receptor antagonist properties (e.g.
the fungicides vinclozolin, procymidone or prochloraz),

or to chemicals that interfere with steroidogenic enzymes
(e.g. finasteride, prochloraz, linuron) causes disturbances of
testosterone production and results in hypospadias (termed
cleft phallus in rodents), cryptorchidism, impaired fertility and
dysgenetic testicular histology a TDS-like outcome (Fisher
et al., 2003; Foster, 2005; Foster, 2006; Gray et al., 2006;
Hass et al., 2007, Wilson et al., 2008). Other chemicals with
estrogenic activity cause similar effects, as do prostaglandin
synthesis inhibitors, such as paracetamol (Kristensen et

al., 2010). Furthermore, these compounds act in an additive
fashion when occurring together (Hotchkiss et al., 2010; Rider
et al., 2010; Christiansen et al., 2009). There is a large and
convincing body of literature on adverse effects of EDCs on
the male reproductive system in rat models, some of which is
compiled in section 1 of this chapter, Table 2.1.

The next section presents an overview of male
reproductive endocrine diseases and disorders seen in
humans, followed by some relevant examples taken from the
extensive wildlife literature, which are discussed in terms
of the evidence to support the case for causation of male
reproductive disorders by EDCs. For information on the types
and levels of EDCs found in wildlife and human tissues, see
Chapter 3.2.1 & 3.2.2, respectively. Use of the chemicals is
also described in Chapter 3.1.

232 Evidence for endocrine disruption
of the male reproductive system in
humans and in mammalian models
of humans (rodents and primates)

23.2.1 Testicular germ cell cancer (TGC)

In countries with cancer registries since the middle of the
1900s, the incidence of TGC can be seen to have increased
up to 400% (see Figures 2.2-2.4). Moreover, remarkable
differences in TGC incidence have been demonstrated
between different countries, with the highest rates seen in
countries with Caucasian populations and high activities
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Figure 2.2. Trends in incidence of testicular cancer in northern
Europe. Age-standardized (World standard population) by year
of diagnosis and country. From Richiardi et al. (2004; Used with
publisher’s permission).
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Figure 2.3. Heat map showing the incidence (per 100 000) of
testicular cancer in nothern Europe, 1989-1994. The “hotter” the
colour, the greater the incidence of testicular cancer. Source: Finish
Cancer Registry 21.06.2007.
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Figure 2.4. Heat map showing the incidence (per 100 000) of
testicular cancer in nothern Europe, 1998-2003. The “hotter” the
colour, the greater the incidence of testicular cancer. Source: Finish
Cancer Registry 21.06.2007.



in the industry and farming sectors, including Switzerland,
Denmark and New Zealand. Recently, very high rates of TGC
have also been documented in Norway and Chile (Jacobsen

et al., 2006; Chia et al., 2010). In contrast, low incidences and
smaller increases in TGC rates have been seen in countries
with Asian populations (Bray et al., 2006) and in countries
with mixed populations, where African Americans have much
lower incidences of TGC than Caucasians living in the same
areas. Thus, although the increase in TGC over a couple of
generations is suggestive of environmental causation, genetic
susceptibility genes clearly have some involvement in its
etiology. Increasing rates of TGC are of special interest to this
review as they are also associated with impaired semen quality
(Jacobsen et al., 2000) and lower fertility, even prior to the
development of cancer (Moller & Skakkebak, 1999).

Mechanisms of TGC

Although the etiology of TGC is unknown, there is abundant
evidence that carcinoma in situ testis (CIS), which is a
precursor for all types of TGC, is generated during fetal
development; in other words TGC seems to have a prenatal
origin (Rajpert-De Meyts, 2006). Numerous studies have
shown that the precursor cells of TGC, the CIS cells, are like
the primitive reproductive cells of the embryo (the gonocytes or
primordial germ cells; PGCs) and share gene expression factors
with embryonic stem cells. A current hypothesis is that the CIS
develops because the somatic compartment of the fetal testis
(composed of Sertoli and Leydig cells) fails to drive the normal
differentiation of the primordial germ cells into spermatogonia
(Rajpert-De Meyts, 2006; Looijenga et al., 2011). Such

failures of Sertoli and Leydig cells during development may
not only result in TGC, but also in spermatogenic disorders,
cryptorchidism, hypospadias and other disorders of sexual
development (see later). In all these disorders, besides CIS
cells, other persisting testicular changes reflecting dysgenesis
have been described (Chemes, 2001; Hoi-Hansen et al., 2003;
Skakkebak et al., 2003). A hypothesis that maternal hormone
levels were associated with TGC in sons was first presented in
the 1970s by Henderson and his group (Henderson et al., 1979).

Epidemiological evidence for EDCs causing testis germ
cell cancer

Follow up studies on the sons of women exposed to the
synthetic estrogen diethylstilbestrol during pregnancy (see
section 2.1) have indicated that they have a slightly increased
risk of developing TGC (Strohsnitter et al., 2001). The
hypothesis that maternal exposures could be important for
development of TGC was also supported by epidemiological
studies from Scandinavia showing that men born during
World War II had a decreased risk of developing TGC as they
grew up as compared with those born either before or after
the war (Bergstrom et al., 1996). The hypothesis that internal
sex hormone action plays a role in the pathogenesis of TGC

is supported by a recent study showing that baldness, acne
and increased androgen levels during puberty were negatively
associated with development of TGC (Trabert et al., 2011).
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Relating maternal exposures to tumours occurring 20-40 years
later is a difficult task (Cook, Trabert & McGlynn, 2011) and
no consistent results have indicated that external exposures
postnatally are associated with TGC. A single epidemiological
study found that prenatal exposures to POPs via the mother,
was a risk factor for TGC, although they did not find evidence
for links between postnatal exposures to POPs and TGC
(Hardell et al., 2006). Whilst there is little doubt that the
increase in TGC incidence during the last half century is linked
to environmental factors, the possible roles of EDCs remain to
be determined.

2322 Cryptorchidism

The incidence of congenital cryptorchidism, a condition

in which one or both testes are not located at the bottom of
the scrotum at the time of birth, varies between 1% and 9%
according to cohort studies (Toppari et al., 2010). Accurate
diagnosis of cryptorchidism requires careful clinical
examination. Prospective clinical studies and registry-based
studies can give very different incidence figures because the
latter ones usually pick up only those who have been operated
on, and this introduces yet another confounding factor; a
large proportion of operated boys have had so-called acquired
cryptorchidism, i.e. their testes have been descended at birth,
but ascended during childhood (Hack et al., 2003; Wohlfahrt-
Veje et al., 2009). Despite the difficulties with diagnosis, over
the last few decades there is clear evidence that the incidence
of cryptorchidism has increased in Denmark (Bueman et

al., 1961; Boisen et al., 2004) and the UK (Scorer, 1964;
Group, 1992; Acerini et al., 2009). In a joint Danish-Finnish
cohort study, Denmark showed a 3-4 fold higher birth rate

of cryptorchidism than Finland (Boisen et al., 2004). The
reasons for these trends are not known, although it is apparent
that environmental factors play an important role. Table 2.3
includes incidence data from prospective cohort studies on
congenital cryptorchidism and Figure 2.5 highlights the

increasing trends.

Hormonal mechanisms underlying cryptorchidism
Testicular descent is regulated by two hormones, testosterone
and insulin-like peptide 3 (INSL3), that are secreted by the
Leydig cells in the testis. INSL3 stimulates development of
the gubernaculum that attaches the testis close to the inner
opening of the inguinal canal. During late gestation the testes
migrate through the inguinal canals to the scrota. This is
critically dependent on normal androgen action. When there is
a lack of androgen action (insensitivity or defective androgen
production), the gonads remain either in the abdomen or in
the inguinal canals. Therefore disruption of either INSL3 or
testosterone production or action can cause cryptorchidism.
Mutations in the androgen receptor gene, steroidogenic
enzymes needed for androgen production, or hypothalamic-
pituitary regulators needed for testicular stimulation are rare
reasons for cryptorchidism (Virtanen et al., 2007; Barthold,
2008). Mutations in INSL3 and its receptor, RXFP2, have been
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Table 2.3 Rate of congenital cryptorchidism in prospective clinical studies using clearly defined criteria of cryptorchidism.

Country Reference Numberof  Diagnosis based on Rate of cryptorchidism at birth
subjects
USA, Rochester, Minnesota, St. Mary'’s (Harris & Steinberg, 1954) n=4474 position (testis cannot 1.3% (BW>2500q), 1.5% of all boys
Hospital be manipulated into
the scrotum)*
Denmark, Copenhagen, Rigshospitalet (Buemannetal, 1961)  n=2701 position 1.8% (BW>2500g), 4.1% of all boys
UK, West London, Hillingdon Hospital (Scorer, 1964) n=3612 distance measurement  2.7% (BW>2500g), 4.2% of all boys
India, Kanpur, Dufferin Hospital and U.L.S.E  (Mital & Garg, 1972) n=2850 distance measurement 1.6% of full-term single born boys
Maternity Hospital
Taiwan, Provincial Tao-Yuan Hospital (Hsieh & Huang, 1985) n=1208 position (presence or 4.1% in preterm boys, 1.4% in
absence of testes inthe  mature boys
scrotum)*
Korea, 38 hospitals (Choi et al., 1989) n=7990 position 0.7% of all boys
UK, Oxford, John Radcliffe Hospital (Group, 1992) n=7400 position 3.8% (BW>2500g), 4.9% of all
distance boys (excluding boys with severe
measurement congenital malformations)
4.1% (BW>2500g), 5.0% of all
boys (excluding boys with severe
congenital malformations)
USA, New York, Mount Sinai Hospital (Berkowitzetal, 1993)  n=6935 distance 2.2% (BW>25009), 3.7% of all boys
measurement
Malaysia, Kuala Lumpur, University (Thong, Lim & Fatimah, n=1002 position 2.4% (BW>2500g), 4.8% of all boys
Hospital 1998)
Italy, Pisa, S. Chiara Hospital and Division (Ghirri et al., 2002) n=10730 position 3.5% (BW>25009), 6.9% of all boys
of Neonatology at the University of Pisa
Denmark, Copenhagen, Rigshospitalet (Boisen et al.,, 2004) n=1046 position 8.4% (BW>25009), 9.0% of all boys
Finland, Turku, Turku University Hospital (Boisen et al., 2004) n=1455 position 2.1% (BW>2500g), 2.4% of all boys
Lithuania, Panavézys City Hospital (Preiksa et al., 2005) n=1204 position 4.6% (BW>2500g), 5.7% of all boys
UK, Cambridge Baby Growth Study (Acerini et al., 2009) n=742 position 5% (BW>2500g), 5.9% of all boys

*Does not seem to include high scrotal testis as cryptorchid testis
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Figure 2.5. Increasing trends in cryptorchidism in newborn children
in several European countries in various years.

reported in cryptorchid boys (Ferlin et al., 2003; Foresta et al.,
2008), but rather these may be polymorphisms, because they
were also frequently found in the normal population (El Houate

et al., 2008; Nuti et al., 2008). In Finnish patients, no mutations
either in INSL3 or in RXFP2 were found (Koskimies et al.,
2000; Roh et al., 2003). However, down-regulation of these
genes might lead to cryptorchidism. There are several other

gene defects that cause cryptorchidism in gene-modified mice,
e.g. Hoxal0, Hoxall (Hsieh-Li et al., 1995; Rijli et al., 1995;
Satokata, Benson & Maas, 1995; Overbeek et al., 2001; Daftary
& Taylor, 2006), but there is hardly any evidence for their

role in humans. Several syndromes include cryptorchidism as

a part, and some of these are caused by known gene defects

(Virtanen et al., 2007). Most often cryptorchidism, however,

occurs as a single disorder. A single study reports lower cord

blood levels of INSL3 in cryptorchid boys as compared to

controls, suggesting that low INSL3 production may have
affected testicular descent (Bay et al., 2007).

Laboratory evidence for EDCs causing cryptorchidism in

rodent models of humans

In laboratory rodents, estrogens can down-regulate INSL3

expression (Emmen et al., 2000; Nef, Shipman & Parada,

2000). Mice lacking INSL3 or its receptor (or with mutations

in INSL3 or anti-Miillerian hormone) also exhibit bilateral

intra-abdominal cryptorchidism with testes moving freely

within the abdominal cavity. Over-expression of INSL3 or of



its receptor in females causes descent of the ovaries into the
scrotal position. Prenatal exposure of laboratory rats or mice
to 17-f estradiol or the non steroidal estrogen DES (see Table
2.1, section 2.1) disturbs the balance between androgens and
estrogens and causes demasculinizing and feminizing effects
in male embryos, including cryptorchidism. Moreover the
estrogen receptor esr-1 (ERa) clearly plays a key role in the
mechanism of this disorder, as mice lacking esr-1 but not esr-2
(ERp) do not become cryptorchid when exposed to estrogens.
Moreover, estrogen exposure down-regulates around 63 genes
in the mouse fetal testes and up regulates 175, more than half

of which are mediated by esr-1.

Epidemiological evidence that EDCs are linked to
cryptorchidism in humans

There have been considerable efforts in the human health arena
to link maternal exposure to particular chemicals, or groups of
chemicals, with the incidence and severity of cryptorchidism.
However, a fundamental problem with this approach is the
difficulty in capturing exposures that have occurred during
pregnancy. As such, the evidence from these studies is mixed:
whilst the data linking cryptorchidism to EDC exposure in
occupational settings are generally quite convincing (e.g. in
agricultural workers; Pierik et al., 2004; Andersen et al., 2008;
Weidner et al., 1998; Kristensen et al., 1997), studies that
consider effects on the population in general are hampered by
difficulties in deciding what chemical, or suite of chemicals,
are of significance. All currently published studies are,
however, employing a single chemical or group of chemicals
approach. Studies that focus on the effects of each chemical

in isolation appear to be less informative than those that deal
with mixtures. For example, there is currently no evidence

for an association between cryptorchidism and exposure to

any of several organochlorine pesticides (Damgaard et al.,
2006; Longnecker et al., 2002) or with concentrations of

any of the individual congeners of polybrominated diphenyl
ethers (PBDEs) found in mothers’ milk (Main et al., 2007,
Carmichael et al., 2010). When the sum of individual congeners
was compared, however, Main et al. (2007) and Carmichael

et al. (2010) reported significantly higher levels of PBDEs in
the mothers’ milk of boys with undescended testicles than in
those with normal testicular development. Similarly, Damgaard
et al. (2006) also detected a significant association between
cryptorchidism and exposure to the eight most prevalent
organochlorine pesticides. Moreover, analysis showed that the
exposure of mothers had occurred long ago rather than recently
(Shen et al., 2006). Fernandez et al. (2007) also found that

the combined estrogenicity of placenta extracts was strongly
related to rates of cryptorchidism. These observations echo the
“something from nothing” phenomenon that has emerged from
experimental studies with endocrine disruptor mixtures in
which EDCs have been shown to act together in combination,
even at low and individually ineffective concentrations (Silva,
Rajapakse & Kortenkamp, 2002). Only a single study has
identified differences in the levels of individual compounds
between cryptorchid and normal boys, e.g. higher levels of
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heptachloroepoxide and hexachlorobenzene in fat samples of
cryptorchid boys than in controls (Hosie et al., 2000). This
was a small study and has not been repeated. Because the
effects of EDCs on the same endpoint are expected to be
additive, it would make more sense to use novel bioinformatics
tools to integrate and analyze all exposures in order to
elucidate whether distinct chemical signatures for different
populations exist, e.g. in Denmark and Finland where rates of
cryptorchidism differ (Krysiak-Baltyn et al., 2010).

Organochlorine pesticides and PBDEs are rather persistent,
and some of them are anti-androgenic (Stoker et al., 2005).
Although many of them have been banned after their initial
introduction and by countries adhering to the Stockholm and
Rotterdam Conventions (web sites www.pops.int and www.pic.
int) they still persist in the environment as POPs and continue
to add to the contaminant burden of the children (Darnerud
et al., 2001; Betts, 2002; see Chapter 3.2). Apart from these
well studied chemicals, phthalate plasticizer levels in mothers’
urine have been associated with an anti-androgenic effect on
the anogenital index of their sons (Swan et al., 2005), and with
reduced testosterone and reduced sperm counts. Phthalate
levels in breast milk were not, however, associated with the
risk of cryptorchidism in these sons, but they were positively
correlated with an increased luteinizing hormone/testosterone
ratio, a sign of an anti-androgenic effect (Main et al., 2006b).

Several recent studies have addressed the question as
to whether painkillers that inhibit prostaglandin synthesis
contribute to the risk of developing cryptorchidisms: a study
involving the Danish national birth cohort found an association
between the use of paracetamol (an inhibitor of prostaglandin
synthesis) in weeks 8-14 of pregnancy and a moderate increase
in the occurrence of cryptorchidism (Jensen et al., 2010). For
a second Danish cohort, Kristensen et al. (2011) reported that
intake of paracetamol during the first and second trimester of
pregnancy, and for longer than 2 weeks, increased the risk of
giving birth to boys with cryptorchidism. The risk was even
higher for mothers who had taken more than one compound,
such as aspirin and ibuprofen, simultaneously. In the same paper,
an association between the use of analgesics during pregnancy
and cryptorchidism was not found for a Finnish cohort. Very
recently, associations between paracetamol use during weeks 14
-22 of pregnancy and cryptorchidisms were also observed in a
Dutch cohort (Snijder et al., 2012). In all these studies, drug use
was established by questionnaire.

Low birth weight, being small for gestational age,
prematurity and having other genital malformations are well-
known risk factors for cryptorchidism (Hjertkvist, Damber &
Borg, 1989; Group, 1992; Berkowitz et al., 1993; Berkowitz
et al., 1995; Jones et al., 1998; Thong, Lim & Fatima, 1998;
Akre et al., 1999; Weidner et al., 1998; Ghirri et al., 2002;
Boisen et al., 2004; Preiksa et al., 2005). Mothers’ smoking
and alcohol consumption may also be risk factors, although
studies on this are somewhat controversial. In a prospective
cohort study, mothers’ alcohol consumption was associated with
an increased risk of cryptorchidism (Damgaard et al., 2007),

whereas in registry- and interview-based studies including
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severe cases, only binge drinking during early gestation was
associated with a small increased risk (Jensen, Bonde & Olsen,
2007; Mongraw-Chaffin et al., 2008; Strandberg-Larsen et al.,
2009). Many studies have not shown any association of mothers’
smoking with cryptorchidism (Mongraw-Chaffin et al., 2008;
Damgaard et al., 2008), whereas the use of nicotine substitutes
was associated with an increased risk (Damgaard et al., 2008).
However, heavy smoking was shown to be associated with an
increased risk of bilateral cryptorchidism (Thorup, Cortes &
Peterson, 2006), as was gestational diabetes (Virtanen et al.,
2006).

2323 Hypospadias

The condition in which the urethra opens on the ventral side
of the penis or in the perineum instead of the tip is called
hypospadias. It results from an incomplete closure of the
urethral folds, leaving a split on the penis. (Kéllen et al., 1986;
Kalfa et al., 2011). When the urethra opens to the glans or
corona of the penis, it is called distal, whereas opening to the
shaft or penoscrotal area defines hypospadias as proximal.
Distal hypospadias is often left untreated and therefore is not
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Figure 2.6. Observed prevalence of hypospadias among newborn
Danish boys, 1977-2005 (Adopted from Lund et al., 2009).
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registered in many malformation registries. Physiological
phimosis may hide distal forms of hypospadias at birth, and
these may become visible only later when the foreskin can be
retracted behind the glans, which explains why the prevalence
may differ when boys or men are evaluated at different ages.
For example, in Denmark the birth rate of hypospadias was
1% and the cumulative incidence at 3 years was 4.6% due

to appearance of distal hypospadias after loosening of the
foreskin (Boisen et al., 2005).

Registry-based studies tend to underestimate rates of
hypospadias (Toppari, Kaleva & Virtanen, 2001). This
is caused by problems in clinical ascertainment, variable
reporting to the registry, and differences of registry policies
in recording distal cases. Many malformation registries do not
register distal hypospadias, although these are most common in
population-based clinical studies (Virtanen et al., 2001; Pierik
et al., 2002; Boisen et al., 2005). The prevalence of hypospadias
used to be between 0.4 and 2.4 per 1000 total births, but these
estimates were recently found to be underestimates (Dolk et
al., 2004) and there are clear time trends and regional variation
(Figure 2.6). Increasing trends have been reported in several
regions of Australia, Europe, and USA (Kéllen et al., 1986;
Paulozzi, 1999; Toppari, Kaleva & Virtanen, 2001; Nassar,
Bower & Barker, 2007; Lund et al., 2009).

Some of the controversies on trend analyses may have
been influenced by the policy changes of many malformation
registries that started to search for hypospadias more actively
than previously, i.e. they did not wait for reporting by the
clinicians but checked the diagnoses through the hospital
discharge registries revealing many non-reported cases
(Hemminki, Merilainen & Teperi, 1993). These changes have
to be considered when assessing conflicting reports on the
incidence data (Aho et al., 2000; Carmichael et al., 2003; Dolk
et al., 2004; Porter et al., 2005; Fisch et al., 2009). Incidence
data from prospective and cross-sectional clinical studies of
hypospadias are presented in Table 2.4.

Hormonal mechanism of hypospadias

Androgens regulate masculinization of external genitalia.
Therefore any defects in androgen biosynthesis, metabolism
or action during development can cause hypospadias.

Gene defects causing disorders of testicular differentiation,
conversion of testosterone to dihydrotestosterone or mutations
in the androgen receptor can also result in hypospadias

(Kalfa et al., 2008). In about 20% of patients with isolated
hypospadias there are signs of endocrine abnormalities by the
time of diagnosis (Rey et al., 2005).

Several genes that are involved in the penile development
from the genital tubercle have been studied for their possible
link to hypospadias, but few associations have been found
(Kalfa et al., 2008; Wang & Baskin, 2008). The genes include
HOXA13, FGF 10, and FGF receptor 2 (Mortlock & Innis,
1997, Frisen et al., 2003; Beleza-Meireles et al., 2007). Sonic
Hedgehog (Shh) is necessary for normal genital development in
the mouse (Haraguchi et al., 2001; Perriton et al., 2002; Yucel

et al., 2004), but no human mutations have been reported.
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Table 2.4 Rate of hypospadias in boys in prospective or cross-sectional clinical (non-register based) studies (adopted from WHO, 2012).

Country

Reference

Study type

Rate of hypospadias

USA, Rochester, Minne-
sota, St. Mary’s Hospital

USA, ante partum clinic of
the Sloane Hospital, New

York City

USA, Collaborative
perinatal project

Korea, 38 hospitals

Southern Jordan

Finland, Turku, Turku
University Hospital

Netherlands, Rotterdam

Denmark, Copenhagen,

(Harris & Steinberg, 1954)

(McIntosh et al., 1954)

(Myrianthopoulos & Chung, 1974)

(Choi et al., 1989)
(al-Abbadi & Smadi, 2000)

(Virtanen et al., 2001)

(Pierik et al., 2002)
(Boisen et al., 2005)

Prospective study (n=4474)

prospective study on pregnant
women and infants
(n=2793 live-born males)

prospective study (n=53394 consecu-
tive single births (boys and girls))

prospective study (n=7990)

Clinical study of 1748 boys (aged 6
to 12 years)

Prospective cohort study (n=1505)
Total hospital cohort (n=5798)

Prospective study (n=7292)

Prospective cohort study (n=1072)

0.70% (BW>2500g), 0.76% of all
live-born boys

0.54% of live-born boys

0.80% of single-born boys (76% of
cases detected at birth)

0.21% of newborn boys

0.74% of boys

0.27% of live-born boys
0.33% of live-born boys

0.73% of newborn boys
1.03% of live-born boys

Rigshospitalet

Bulgaria, 5 regions (Kumanov et al., 2007)

(at 3 years: 4.64% of boys (including
also milder cases detected when
physiological phimosis dissolved))

Cross-sectional clinical study (n=6200 0.29% of boys

boys aged 0 to 19 years)

Activating transcription factor (ATF) 3 may also play a
role on the basis of its expression levels locally in the foreskin
(Liu et al., 2005). ATF3 is influenced by estrogens, suggesting
that this could partly explain why estrogens increase the risk
of hypospadias (Liu et al., 2006; Willingham & Baskin, 2007).
Hypospadias is often a component in multi-organ syndromes.

Mutations in the gene MAMLD1 (or CXORF6) lead to
hypospadias (Fukami et al., 2006), but they are very rare
(Ogata, Wada & Fukami, 2008; Ogata, Laporte & Fukami,
2009). The gene has a NR5/SF1 target sequence and the defect
affects androgen production (Fukami et al., 2008). Similarly,
defects in NR5/SF1 cause testicular dysgenesis (Bashamboo
et al., 2010). This gene is one target for endocrine disruptors
(Suzawa & Ingraham, 2008).

Genetic polymorphisms in androgen and estrogen receptors
have been associated with the risk of hypospadias (Aschim et
al., 2004b; Yoshida et al., 2005; Beleza-Meireles et al., 2006;
Watanabe et al., 2007). Some of the studies have not been
replicated successfully and further analyses in large populations
are needed (van der Zanden et al., 2010, 2011; Wang et al., 2008).

Epidemiological evidence that EDCs cause hypospadias
Cryptorchidism and hypospadias have similar risk factors,
e.g. being small-for-gestational age (Akre et al., 1999;
Aschim et al., 2004a; Pierik et al., 2004; Akre et al., 2008).
Estrogens and anti-androgens can cause both conditions, as
evident in epidemiological studies following the children
exposed to diethylstilbestrol (DES) during pregnancy (for
review see Toppari et al., 1996). In addition, the sons of
women who were exposed to DES in utero have a higher
prevalence of hypospadias than other men, suggesting possible
transgenerational effects via epigenetic mechanisms (Klip
et al., 2002; Brouwers et al., 2006; Kalfa et al., 2008). All
DES effects found in humans had been previously reported

in experimental animals exposed to DES (McLachlan et al.,
2001).

Association of exposure to pesticides with the risk of
hypospadias has been analysed in several studies. A meta-
analysis of nine studies showed an elevated, marginally
significant risk associated with maternal occupational exposure,
whereas paternal occupational exposure was not statistically
significant (Rocheleau, Romitti & Dennis, 2009). In the Avon
Longitudinal Study of Parents and Children (ALSPAC; a
large British child cohort), vegetarian diets of mothers were
associated with an increased risk of hypospadias (North &
Golding, 2000), while a Swedish study showed a decreased
risk for sons of mothers who had fish or meat in their diet
during pregnancy (Akre et al., 2008). Whether vegetarians
were exposed to more pesticides than omnivorous women is
not known. Sub fertility and the use of assisted reproductive
techniques increase the risk of hypospadias (Sweet et al., 1974;
Czeizel 1985; Wennerholm et al., 2000; Klemetti et al., 2005;
Kaillen et al., 2005). The risks posed by pharmaceutical sex
steroids other than DES are controversial. In the past, the use of
progestins was associated with an increased risk of hypospadias
(Czeizel, Toth & Erodi, 1979; Calzolari et al., 1986), but a
more recent meta-analysis of fourteen studies did not find any
association between exposure to sex steroids (excluding DES)
during the first trimester and external genital malformations
(Raman-Wilms et al., 1995). Progestins have been recently
introduced again to the market in USA as preventive medicines
against threatening miscarriage without evidence of efficacy or
lack of untoward effects to date (Wahabi et al., 2011).

23.24 Reduced semen quality

A meta-analysis from 1992, with results from 14,947 men,
included in a total of 61 papers published between 1938 and
1991, indicated that there had been a decline in semen quality
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during a period of half a century (Carlsen et al., 1992). The
paper was followed up by several studies in which people

used available databases in search for trends. Although the
results caused controversy (Jouannet et al., 2001), a new meta-
analysis with expansion of the data to 101 studies gave similar
results (Swan et al., 2000). However, the question of declining
sperm counts continues to cause controversy, even today
(Jouannet et al., 2001; Skakkebzk et al., 2011). The reason

for the controversy may partly be explained by geographical
differences in semen quality (Jergensen et al., 2001), and partly
by differences in methods for semen analysis and variation in
results within individuals (Jergensen et al., 1997). Furthermore,
all the studies on which the meta-analyses were based were
retrospective. To test the hypothesis that semen quality might
have deteriorated, Nordic, Baltic, German, Spanish and
Japanese investigators have since carried out prospective
studies on men from the general population (Jergensen et al.,
2011; 2013). The common finding has been that a significant
proportion of young men have semen quality below what is
considered to be compatible with good fecundity, although
geographical variation exists between countries and between
different parts of the same country. Several studies have shown
that a sperm concentration below 40 mill/mL is associated
with reduced fecundity (Bonde et al., 1998; Guzick et al., 2001;
Skakkebzk et al., 2010). 20-40% of young men have a sperm
concentration below this level. The problems with human
semen quality were recently confirmed in a large French study;
decline in semen concentration and morphology in a sample of
26 609 men close to general population between 1989 and 2005
in France (Rolland et al., 2012).

Since 1980, WHO has published five editions of guidelines
for semen analysis (WHO, 1980; 1987; 1992; 1999; 2010).

The guidelines have been of great value for world wide
standardisation of the analysis. WHO has also included reference
ranges for semen. In the most recent edition of the guidelines, the
reference ranges were changed to reflect the distribution of men
who have sired children. The lower cut-off level was estimated
to be 14 mill/mL (WHO, 2010). However, as some authors have
suggested that no clear borderline exists between the sperm
counts of sterile and fertile men, caution should be taken to
categorize all men with sperm counts above 15 mill/mL as
normally fertile (Skakkebaek et al., 2010; Bjorndahl, 2011).

It is well known from animal studies that males can sire normal
numbers of children in spite of severe defects in spermatogenesis.
However, at some tipping point impaired spermatogenesis will
result in lower fertility (Andersson et al., 2008; Slama et al., 2002).
The question is whether some human populations have reached
that point. Besides the low number of sperms in a proportion of
men, the average young Scandinavian man has more than 90%
abnormal spermatozoa (Jergensen et al., 2006).

It is still crucial to know whether the increasing use
of assisted reproductive techniques (Nyboe Andersen &

Erb, 2006) and widespread low fertility rates seen in many
industrialized countries (Hvistendahl, 2011) are caused by
social factors alone or are also related to male sub fertility
(Jensen et al., 2008). Importantly, low sperm counts may
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be related to poor Leydig cell function (Andersson et al.,
2004) and, in some cases, they may be a symptom of TDS
(Skakkebeek, Rajpert-De Meyts & Main, 2001). Poor semen
quality is clearly also linked to TGC (Petersen et al., 1999) and
undescended testis and some cases of hypospadias (Giwercman
& Giwercman, 2011). However, most cases of poor semen
quality in infertile men are not linked to cryptorchidism and
hypospadias. In spite of this, recent evidence from studies of
anogenital distance (AGD) in men indicate that poorer semen
quality was associated with a shorter AGD, indicating that the
low sperm count in some cases could have a prenatal origin,
even if it is not accompanied by undescended testis and/or
hypospadias (Mendiola et al., 2011; Eisenberg et al., 2011).

Evidence of a role of endocrine disruptors in causing low
semen quality
Although genetic factors play important roles in causing poor
semen quality in some men (Krausz, 2011), most cases of poor
semen quality have no known etiology. Smoking and particularly
exposure to maternal smoking in utero have been associated
with reduced sperm counts (Jensen et al., 2004; Ramlau-Hansen
etal., 2007; Ravnborg et al., 2011). A role of EDCs has been
hypothesized, but to date there are no clear data except for
some rare cases of environmental or occupational accidents
where men were exposed to toxic agents like DBCP, which
caused azoospermia in workers producing or using the pesticide
(Whorton et al., 1979), or dioxin (Mocarelli et al., 2011), which
reduced semen quality. Interestingly, in both the DBCP and
dioxin cases, the sex ratio was skewed towards an excess of
girls fathered by those men during recovery from the exposure.
Ongoing preliminary studies in many countries are focussing
on possible effects of POPs (Meeker & Hauser, 2010), PFA
(Joensen et al., 2009), and non-persistent chemicals (including
phthalates (Hauser, 2008), bisphenol A (Mendiola et al., 2010,
Lietal., 2011) and DDT/DDE (reviewed in IPCS, 2011) on
reproductive functions. The work to unravel the possible effects
is cumbersome, as some effects may be prenatal (as the AGD
studies suggest) and other effects may be postnatal or perhaps
most likely a combination of several types of effects. Considering
that the total exposome covers the whole life time and perhaps
hundreds of exposures in varying concentrations, links to specific
chemicals — if they exist - may be very difficult to establish.
Whilst epidemiological studies of male genital
malformations have correlated effects with exposures occurring
in utero, studies on semen quality have, almost exclusively,
focused on the influence of exposures experienced in adulthood.
One of the few exceptions involved an investigation into the
consequences of PCB exposure in fetal life for semen quality
in later life and was conducted among victims of the Yuscheng
incident in Taiwan. Between 1978 and 1979, large quantities
of cooking oil contaminated with PCBs were consumed by the
Taiwanese people. Guo et al. (2000) examined semen quality
among boys whose mothers consumed the oil during pregnancy
and found that the boys exposed in utero had sperm with
abnormal morphology and reduced motility. Similar effects were
observed in men who consumed the cooking oil in adulthood



(Hsu et al., 2003). These men had higher numbers of sperm with
abnormal morphology than unexposed men. However, other
determinants of semen quality were similar between the two
groups. In contrast, the comparison of blood PCB levels in men
with poor and normal semen quality did not differ significantly,
although an inverse relationship between sperm counts and
PCB levels was found among men with normal semen quality
(Dallinga et al., 2002).

23.25 Decreased testosterone

There are two population-based studies indicating a decline

of testosterone levels in a birth-cohort dependent manner, i.e.
younger generations have lower testosterone levels than the
older ones at the same age (Andersson et al., 2007; Travison

et al., 2007). Obesity contributes to a decreased testosterone
concentration, but it does not explain the adverse trends
observed in the above-mentioned studies. Similar findings have
been repeated also in Finland (Perheentupa et al., in press). No
exposure associations are available.

2326 Testicular dysgenesis syndrome
As already stated, hypospadias, cryptorchidism and TGC

may, in fact, be related components of a single underlying
condition, termed ‘testicular dysgenesis syndrome’ (TDS),
originating during fetal development. Consequently, evidence
to support chemical causation of any one of these disorders also
adds credence to the hypothesis of chemical causation of the
associated disorders. TGC is associated with other reproductive
disorders such as cryptorchidism, lower testosterone levels and
intersex conditions with hypospadias, in line with a hypothesis
of a common origin of these testicular problems (Skakkeback

et al., 2007; Moller & Skakkebzk, 1999). In Finland a recent
increasing trend in TGC has coincided with a declining trend
in semen quality (Jergensen et al., 2011), whereas the increase
in Denmark seems to have leveled off, at least with regard to
TGC (Schmiedel et al., 2010)

Cryptorchidism is a risk factor for testicular cancer. Men
with a history of cryptorchidism have a 4-6 fold higher risk of
developing testicular cancer than men without cryptorchidism
(Dieckmann & Pichlmeier, 2004; Schnack et al., 2010a).
However, only about ten percent of men with testicular cancer
have been cryptorchid. Bringing the cryptorchid testis down
to the scrotum (orchidopexy) does not affect the cancer risk
much. Thus, these two disorders share etiological factors rather
than having a direct causal relationship with each other, i.e.
cryptorchidism is not the cause of testicular cancer. Due to
shared etiological factors, a high incidence of cryptorchidism
is accompanied with a high rate of testicular cancer, which is
apparent in Denmark and Finland; these countries have high and
low incidence rates, respectively (Boisen et al., 2004; Jacobsen
et al., 2006). Therefore any causal relationship of cryptorchidism
with environmental effects can also be considered a putative risk
factor for testicular cancer.

Semen quality and fertility are closely related to
cryptorchidism (Lee & Coughlin 2001; Virtanen et al., 2007).

66

State of the Science of Endocrine Disrupting Chemicals - 2012

This connection is reflected also by the differences in semen
quality between Finland and Denmark. Sperm counts are
significantly lower in Denmark than in Finland (Jergensen et al.,
2001; Jorgensen et al., 2002). The Danish-Finnish cohort study
of cryptorchidism, where the testes were measured by ultrasound
and reproductive hormones were analysed at the age of three
months, showed differences in genital size in early childhood
(Boisen et al., 2004; Main et al., 2006a). In Denmark, the testes
were smaller and grew slower than in Finland (Main et al.,
2006a). Inhibin B levels, reflecting testicular volume, were also
lower in Danish boys than in Finnish boys.

The incidence of hypospadias is much lower than that of
cryptorchidism, but these disorders are also linked (Toppari,
Kaleva & Virtanen, 2001; Schnack et al., 2010b). The incidence
of hypospadias differs between Denmark and Finland similar
to testicular cancer and cryptorchidism (Suomi et al., 2006;
Virtanen et al., 2001; Boisen et al., 2005). All these disorders
and spermatogenic problems are linked to androgen action
and hormonal regulation during development (Sharpe &
Skakkebaek, 2008).

Laboratory evidence for EDCs causing testis dysgenesis
syndrome in rodent models of humans
Much of the laboratory-based research into the reproductive
implications of EDC exposure in men has been carried out
using the rat as a model. This is because, whilst male rats
differ from men to some extent with regard to steroidogenesis
(discussed by Scott, Mason & Sharpe, 2009), in general the
processes underlying their testicular development are thought to
be remarkably similar. The assessment of reproductive toxicity
in rats comprises a test in which chemicals are administered to
dams during gestation. This method has proven to be extremely
informative, not only in helping to identify chemicals that
interfere with male reproductive development, but also in
aiding the discovery of the male programming window and in
demonstrating the irreversible nature of the ensuing events.
The discovery of the male programming window has been of
particular significance in helping to identify the reproductive
toxicity associated with certain phthalates and other types
of EDCs that only elicit an effect if dosing occurs during a
particular window of gestation. Moreover, the analysis of the
male offspring produced by these studies has demonstrated
that all of the constituent elements of TDS can be recapitulated
in the rat, as in men, with the exception of TGC. Male rats
exposed to certain phthalates and other chemicals that block
the actions of androgen exhibit a range of symptoms, including
non-descent of testes, malformations of the external genitalia
(similar to hypospadias), poor semen quality and malformations
of other sex organs (Foster, 2005; 2006). Evidence of the
induction of this so-called “phthalate syndrome” in rats, which
closely mirrors TDS in men, suggests that EDCs may be
involved in the causation of male reproductive dysgenesis in the
human population.

Mechanistically, phthalate syndrome appears to result from
lowered fetal testosterone and malformations of the internal
genitalia as a consequence. As the development of the male
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reproductive tract, prostate and external genitalia also depends
on dihydrotestosterone (DHT), a more potent androgen derived
from testosterone, lower testosterone concentrations can also
cause malformations such as hypospadias. Male rats also require
DHT for the regression of nipple anlagen and for the growth of
the perineum to produce the normal male AGD. Reduced DHT
levels in the wake of suppressed testosterone synthesis also
leads to retained nipples and feminized AGDs. These additional
signs are useful endpoints for laboratory studies and, as such,
the rodent model has been widely used to explore a range of
pertinent issues in the EDC field. The data generated have been
crucial, for example, in contributing to the controversy regarding
bisphenol A and its effects at low doses (see Vanderberg et al.,
2012), demonstrating the capacity for mixtures of antiandrogens
to act in combination (Rider et al., 2008), and aiding in the
identification of new and emerging EDCs, such as inhibitors of
prostaglandin synthesis (Kristensen et al., 2010).

There is a growing body of experimental evidence
showing that, apart from phthalates, other chemicals that
inhibit androgen production or action (anti-androgens) can
disturb testicular descent (e.g. Hotchkiss et al., 2010; Rider
et al., 2010), and cause hypospadias (e.g. Wilson et al., 2008,
but see also Table 2.1 and section 2.3.5), lowered testosterone
and decreased sperm counts. The central role of androgens in
both penile development and testicular descent is an important
physiological link between cryptorchidism and hypospadias,
suggesting a common etiology for these conditions.

Several chemicals can act as androgen receptor antagonists
in rodents, and this mode of action is easy to assess also in vitro
and by using QSAR methods. The fungicide procymidone
and the insecticide metabolite p,p’-DDE are examples of such
anti-androgens acting at the receptor level (Wilson et al.,

2008). Vinclozolin is not an anti-androgen by itself, but its two
metabolites are androgen receptor (AR) antagonists (Kelce et al.,
1995). Diethylhexyl (DEHP) phthalate, benzyl butyl phthalate
and dibutyl phthalate are compounds that exert anti-androgenic
action by inhibition of testosterone production, without affecting
AR (Wilson et al., 2008). Some chemicals have both of these
anti-androgenic properties, i.e. they inhibit testosterone synthesis
and block its action on the receptor. The herbicide linuron and
fungicide prochloraz are examples of this (Wilson et al., 2008).
When any of these compounds are combined in mixtures, they
show dose-additive effects rendering adverse effects even when
each of them is in the mixture below its individual NOAEL
(Rider et al., 2008; Christiansen et al., 2008).

Anogenital distance (AGD)

The effects of EDCs reported in the rats and mice have also been
used to inform human epidemiology studies. In this respect,
AGD in baby boys, as in rodents, is a valuable biological marker
of disruption of androgen action in fetal life and is inversely
related to the risk of cryptorchidism and hypospadias in baby
boys (Swan et al., 2005). The study by Swan et al. (2005)
investigated changes in AGD relative to maternal levels of
urinary phthalate metabolites and found significant relationships

between the highest levels of maternal phthalates and shortened
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(i.e. feminised) AGD in young boys. The patterns reported
mirror experimental evidence from rats maintained under
controlled laboratory conditions and provide strong evidence
that developmental phthalate exposures contribute to disruptions
of androgen action in the human population. An expansion of
the Swan study, which incorporated a larger number of mother-
infant pairs, has confirmed the earlier results (Swan, 2008) and
correlations between AGD in boys and maternal exposure to
phthalates were also reported in a study of Mexican women
(Bustamante-Montes et al., 2008). Moreover, reduced AGD
was also found in adult men with corrected hypospadias or
cryptorchidism (Hsieh et al., 2008). Poor fertility and impaired
semen quality have also been associated with short AGD
(Eisenberg et al. 2011; Mendiola et al., 2011).

Although the processes of steroidogenesis and hormone
action are essentially the same across most mammalian species,
studies suggest that the detailed regulation of testosterone
synthesis and pathways through which chemicals act obviously
show species differences that will be important for risk
assessment of some chemicals. With phthalates, for example,
when the rat model of in utero phthalate exposure was extended
to the mouse, no suppression of testicular testosterone or its
biosynthetic genes was observed (Gaido et al., 2007; Johnson
et al., 2011), thus raising the question of whether human
health effects of phthalates are better predicted by the rat or
the mouse? Moving closer to humans, monobutyl phthalate
(MBP) was shown to suppress testosterone levels acutely in
the neonatal marmoset, although this suppression was rapidly
compensated for, presumably via elevation of luteinizing
hormone (LH) levels. In human cells, studies using fetal human
testis explants failed to find any effect of MBP on testosterone
production (Hallmark et al., 2007; Lambrot et al., 2008) and
human fetal testis xenografts exposed to DBP showed no
decrease in expression of the steroidogenic genes responsible
for fetal testosterone biosynthesis or a reduction in testosterone
either (Mitchell et al., 2012; Heger et al., 2012).

Heger et al. (2012), however, found that multinucleated
germ cells were induced by phthalates in all three species,
human, mouse and rat, showing clearly that concordance across
species can be present for some responses but absent for others.
Multinucleated spermatogonia have been observed in the testes
of both juvenile cryptorchid boys (Cortes et al., 2003) and adult
men (Nistal et al., 2006) presenting with carcinoma in situ of
the testis. The long-term effects of these dysgenetic germ cells
remain unclear.

Other factors may also play critical roles in TDS. Very
recently, van den Drische et al. (2012) showed a potentially
important role for Chicken Ovalbumin Upstream Promoter-
Transcription Factor II (COUP-TFII) in Leydig cell (LC)
steroidogenesis that may partly explain phthalate syndrome seen
in rats. Exposure of fetuses to DBP dose-dependently prevented
the age-related decrease in Leydig cell COUP-TFII expression
and the normal increases in Leydig cell size and intratesticular
testosterone, thus revealing a further aspect to the mechanisms
through which phthalates may act which may or may not be

preserved in humans.



The answer to the question of whether phthalates affect
steroidogenesis in humans as they do in the rat may mean that
concerns about current exposures to phthalates are redundant and
that we should focus on chemicals that act via other mechanisms,
such as anti-androgenic pesticides and fungicides. Regardless of
the conclusion reached, it seems likely that a risk assessment for
TDS will have to take into account coexposures to environmental

chemicals that are “antiandrogenic” via one or more mechanisms.

233 Evidence for endocrine disruption
of the male reproductive system in
wildlife

233.1 Wild mammals

Some wildlife populations appear to exhibit a suite of
demasculinizing and/or feminizing disorders consistent with
the symptoms seen in human populations, indicating that the
human and wildlife evidence should be considered in parallel
when assessing whether EDCs contribute to the etiology of male
reproductive disorders. In addition, there is a wealth of data
from other types of animal studies that may also be considered
as evidence. For example, cryptorchidism has been reported
across many farmed and domestic animals, including horses,
pigs, rams, rabbits and cattle, as well as cats and dogs (e.g. it
was reported with a frequency of up to 6.6% in the case of a
sample of more than 300 stray dogs sampled in the tropics;
Ortega-Pacheco, 2006). These studies may present opportunities
to learn more about its etiology and also serve to highlight the
similarities between effects occurring in humans and in animal
species. Indeed, a recent study by Bellingham et al. (2012)
showed that exposure of sheep to chemicals associated with
sewage sludge amended pastures showed that 5 of 12 sludge-
exposed rams exhibited major spermatogenic abnormalities,
including major reductions in germ cell numbers per testis or per
Sertoli cell and more Sertoli cell-only tubules, when compared
with controls, which did not show any such changes. Hormone
profiles and liver concentrations of a suite of chemicals were not
measurably affected by exposure. Such effects seen in real-world
exposures could have adverse consequences for sperm counts
and fertility in some of the exposed males.

The Florida panther attracted attention when reports
indicated a sharp rise in the incidence of cryptorchidism over
a thirty year period, beginning in the early 1970s. By 2001,
this meant that over half of the population was cryptorchid
(mostly unilaterally) and, in addition, almost a quarter of
the juveniles exhibited signs of delayed testicular descent
(Buergelt, 2002; Mansfield & Land, 2002; Buerguelt, Homer
& Spalding, 2002). Coincident with cryptorchidism, these
individuals also exhibited reduced testicular volume, low
sperm motility and density and semen volume, as well as
higher numbers of morphologically abnormal sperm (flaws in
the acrosome and mitochondrial sheaths) in comparison with
other populations with much lower levels of cryptorchidism.
Although this panther population is known to be severely
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inbred due to its small size, an analysis by Facemire, Gross

& Guillette (1995) suggested that genetic composition does

not fully explain the observed reproductive abnormalities

and proposed dietary exposure to EDCs as a causal factor in
the etiology of this apparent male reproductive syndrome.

This was refuted by Mansfield & Land (2002), who reported
drastically reduced cryptorchidism rates in the progeny of the
Florida panther during a genetic restoration plan in which eight
female puma from Texas were released into the Florida panther
population in 1995. None of the progeny resulting from genetic
restoration efforts have been cryptorchid, thus suggesting

that cryptorchidism in panthers is genetically rather than
environmentally based.

Both uni- and bilateral cryptorchidism, along with many of
the other symptoms associated with TDS in humans, have been
reported in large numbers (68% in some populations) of Sitka
black-tailed deer on Kodiak Island, Alaska. Bubenik & Jacobson
(2002) obtained cryptorchid testes from affected individuals
and found that these contained malformed or degenerated
seminiferous tubules, which contained Sertoli cells but lacked
spermatogenic activity. Other abnormalities were evident, such
as carcinoma in situ-like cells (possible precursors of seminoma)
and microlithiasis, a condition also observed in men with TDS
(Skakkebzek, 2004). In addition to these signs of testicular
dysgenesis, the affected population also suffered from abnormal
antler development. Although genetic causes cannot be ruled
out completely, a recent critical analysis favours exposure to
environmental contaminants as a likely causal factor (Latch
et al., 2008). Such exposure may transform the spermatogenic
cells, affect the development of primordial antler pedicles,
and also block transabdominal descent of fetal testes, thereby
resulting in testis-antler dysgenesis in the affected population
(Veeramachaneni, Amann & Jacobson, 2006; Figure 2.7).

Similar abnormalities including undersized and
mispositioned scrota and ectopic testes were also reported in
67% of 254 male white-tailed deer sampled in the Bitterroot
Valley of west-central Montana, USA, between 1996-2000
(Hoy et al., 2002). A high incidence of cryptorchidism in
wildlife populations could contribute to population declines
and low genetic diversity. In the Sitka deer, however, despite
a low proportion of potentially fertile male (only 32% in one
population of the Sitka-tailed black deer in Alaska), population
growth rates and levels of neutral genetic diversity remain high
due to a reproductive strategy whereby few males impregnate
many females.

Male polar bears have also shown a multitude of
reproductive disorders in recent years that may be linked
to their accumulation of high concentrations of persistent
organochlorine pollutants such as PCBs (see Chapter 3.2.1).

In this respect, the analysis of the reproductive organs of

55 male bears from East Greenland by Sonne et al. (2006)
revealed negative correlations between testes size and baculum
(penis bone) length and weight in relation to their tissue
concentrations of organohalogen pollutants. There was also
evidence of testicular fibrosis, atrophy, and inflammation in 20

of the bears analysed. These symptoms may pose a threat to
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the reproductive capacity of contaminated populations via their
effects on sperm quality and quantity and by compromising
their ability to perform coitus, particularly in view of the fact
that females of this species are induced ovulators. However,
there is no evidence for this as yet. In addition, an inverse
relationship between organochlorine contaminant exposure

and blood testosterone levels has been reported in polar bears

from the Svalbard region (Norway), in which body burdens

of organochlorines are particularly high (Oskam et al., 2003).
Low fertility and rates of reproduction have also been reported
for this population relative to others (Derocher et al., 2003),
although whether this is linked to chemical exposure or to
differing population age structure and harvesting pressure is
the source of some debate (Haave et al., 2003).

Figure 2.7. Antler dysgenesis in Sitka black-tailed deer. A: Normal skull with coronet (Cor) and concave antler pedicle (Ped) designated. B:
Pair of normal antlers each with a convex seal designated. C: Skull with atypical and extremely abnormal, convex antler pedicles (Ped) from
a BCO deer. D: Normal antler partially shown in A. E: Pair of antlers each with a thickened base and concave seal (compare with B). F:Pair
of antlers each with a thickened base, including extra points, and an extremely concave seal; associated with skull in C. G: Normal antlers. H:
Abnormal antlers, typifying those classified as “polished with sharp tips” (compare with G). Also compare tips in B, D, and G (normal) with
those in E, F, and H (polished with sharp tips). I through M are abnormal antlers. I: Extraordinary antlers of deer shot in 1967 by N Sutlift. J:
Deer with spike antlers, despite age and size, still in velvet and arising from a thick base. K: Deer with unusual antlers bearing extra “points”
or “ nubs” still covered with velvet. L: Deer with odd antlers and retaining some velvet. M: Deer with bizarre antlers still covered with velvet.
From Veeramachaneni, Amann & Jacobson, 2006, supplemental material (Figure used with publisher’s permission).



Despite the examples outlined above, which are well known
and widely studied, there are a lower number of documented
examples of reproductive dysfunction in wild male mammals
than one would expect. It is unclear whether this is because
the phenomenon is relatively rare, or whether this paucity of
data is simply a reflection of the lack of studies that have been
done. The paucity of literature suggests that further studies of
male reproductive system disorders in mammalian wildlife
are needed and that they should focus on predators, which are
expected to have a greater EDC burden (as a consequence of
biomagnification; see Chapter 3.2.1). In this respect, particularly
high concentrations of hydrophobic contaminants (PCBs and
brominated flame retardants) have been measured in marine
mammals, which, with the exception of plankton-feeding
whales, are top predators (see Aguilar et al., 2002; Hansen et
al., 2004; Lie et al., 2004; Ross et al., 2000; Noel et al., 2009).
Such mammals may be more plastic in terms of their sexual
development than humans, potentially making them more
sensitive to the effects of EDCs. For example, with regard to
cetaceans, whilst both pseudo and true hermaphroditism have
been reported (with the external phenotype appearing to be
female, but with the internal reproductive organs, or elements
thereof, appearing male), there is also evidence of more subtle
abnormalities, such as the development of ovotestes (Murphy
et al., 2010). This indicates that the suite of symptoms that
reflect testicular dysgenesis may be greater in some mammalian
species than in others, and that their sensitivities to EDCs may
vary. Although it is very difficult to establish causation in such
cases, the possible implications of these isolated observations
for these species can also not be ignored.

2332 Non-mammalian vertebrates

Examples of male reproductive system disorders, occurring
concomitantly with chemical exposure, can be provided for

all non-mammalian vertebrate classes. Perhaps one of the

best documented cases is that of a reptile exposed to high
concentrations of pesticides (dicofol, DDD, DDE and DDT)
following an accidental spill into a tributary of Lake Apopka
in 1980. This had a profound effect on the resident American
alligator population. Alongside a dramatic decline in juvenile
recruitment, Guillette and colleagues reported various
malformations of the male genitalia, including reduced phallus
size and histological changes in structure of the testes, along
with depressed plasma testosterone concentrations (reviewed
by Guillette et al., 2000). However, subsequent studies of
alligators from other contaminated lakes yielded inconsistent
findings: plasma testosterone concentrations were not reduced
at contaminated sites relative to those measured at a control
site (Milnes et al., 2002; Gunderson et al., 2004). Furthermore,
there was no evidence of a correlation between plasma
testosterone, phallus size and contamination status, though a
correlation was anticipated based on the Lake Apopka data
(Gunderson et al., 2004). The reason for this lack of consistency
cannot be ascertained using currently available data. However,
it is clear that contaminant exposure can profoundly affect
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the reproductive development of male alligators, potentially
compromising their reproductive capabilities, and that reptiles
can exhibit a suite of symptoms in response to chemical
exposure which are not dissimilar to those reported in humans
and other mammalian species.

Reproductive endocrine disruption has also been reported
across a range of bird species since the 1950s. Historically,
investigations centred on the issue of eggshell thinning in
predatory birds in relation to organochlorine exposure, which
ultimately prompted the ban on the use of DDT in North
America and Europe. This led to a reduction in body burdens
in birds and an improvement in eggshell thickness, with the
subsequent recovery of the affected populations (reviewed
by Cheek, 2006). However, various other abnormalities
have been reported, some of which appear to be consistent
with the feminization and/or demasculinization of the male
reproductive system. In this respect, the retention of ovarian
tissue in the testes of male terns was reported in a breeding
colony on Bird Island, Massachusetts (USA) and the prevalence
(although not the severity) of this abnormality was associated
with PCB and dioxin levels in the developing eggs (Hart et al.,
1998). Approximately half of the newly-hatched male chicks
had primordial germ cells, which were arranged in a female-
like pattern, but no oviducts. A subsequent study of the same
colony, however, revealed that these intersex characteristics
were no longer apparent by the time the chicks were 21 days old
and thus were considered unlikely to influence fertility (Hart et
al., 2003). The capacity for EDCs to cause testicular dysgenesis
in avian species is supported by laboratory evidence of the
effects of chemical exposure on testicular structure and size,
seminiferous tubule diameter, delayed germ cell differentiation
and sperm quantity (reviewed in Edwards, Moore & Guilette,
2006). In addition, there is evidence of a relationship between
high EDC burden and lowered testosterone levels in the eggs
of wild birds (Arctic-breeding glaucous gulls; Verboven et al.,
2008). Contaminant-induced changes in the ratios of estrogen
to testosterone were also reported, indicating that testicular
dysgenesis in birds has a similar aetiology to that reported in
other vertebrate classes.

Male amphibians also appear to be vulnerable to EDC
exposure; intersex has been reported in a range of Anuran
species (i.e. frogs and toads) exposed to contaminants in
the field. In this respect, Reeder et al. (2005) used historical
specimens of the cricket frog, which were collected from
1830-1996, to analyse both temporal and spatial trends in
the rates of intersex across the state of Illinois, USA. The
authors found that that incidence was low pre-1930 (1.2% from
1852-1929), increased during the period of industrial growth
(7.5% from 1930-1945), and was highest during the period of
industrialisation and use of organochlorines (11.1% from 1946-
1959). It then decreased when sales of DDT were restricted (6.3%
from 1960-1979) and continued to decrease in more recent years
(2.7% from 1980-1996). Over the total period, the incidence
was highest in industrialised areas (10.9%), intermediate in
agricultural areas (4.9%) and lowest in less intensively-managed
areas (2.6%). Further evidence that testicular maldevelopment is
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linked to EDC exposure is provided by a study on leopard frogs
by Hayes et al. (2003), which revealed that, out of eight test sites,
the only site that had no detectable atrazine was also the only
site at which there were no intersex frogs. In addition, gonadal
dysgenesis (underdeveloped testes with poorly structured, closed
lobules and low to absent germ cells) were observed in frogs

at one of the sites that had relatively high levels of atrazine.
However, robust evidence that there was a relationship between
the rate of reproductive abnormalities and atrazine exposure
was lacking. This was also the case in a subsequent study
involving leopard frogs, in which the incidence of intersex did
not correlate with atrazine exposure on its own; however, there
was a positive association between intersex incidence and the
total concentrations of all analysed pesticides (McDaniel et al.,
2008). Reduced testosterone levels in males from agricultural
sites were also reported, a finding that was mirrored in a field
study of cane toads, which revealed that intersex correlated with
agricultural land use and that intersex toads had lower levels of
testosterone (McCoy et al., 2008). Further signs of feminization,
including changes in colour, forelimb size and number of nuptial
pads, were also reported in toads at the affected sites. Thus,
although research into the effects of EDCs on amphibians has
been hampered by a range of factors (e.g. low sample size,

lack of data on chemical exposures), and the issue concerning
atrazine, in particular, remains contentious, it would appear that
endocrine disrupting effects on amphibians are manifested as a
suite of symptoms, which may be similar to testicular dysgenesis
syndrome seen in men.

The feminization of male fish living near to the outfalls
from sewage treatment works (STW) plants is consistent
across investigators, geographical regions, species and habitats
(Cheek, 2006). Various conditions have been reported in wild
caught male fish, including the abnormal induction of egg yolk
protein (vitellogenin; VTG), as well as a range of abnormalities
of the reproductive system, such as altered spermatogenesis,
intersex and the feminization of ducts. There have been
considerable efforts to determine the functional significance
of these abnormalities. In this respect, studies by Jobling and
colleagues on roach inhabiting UK water courses have been
most informative in terms of linking intersex and vitellogenin
(egg yolk protein) induction in male fish to their reproductive
capability. For example, Jobling et al. (2002b) reported that
all of the phenotypically male fish from polluted sites were
intersex and contained female-like ducts and, in addition,
exhibited delayed spermatogenesis compared to either intersex
or normal fish from reference populations. Intersex roach from
polluted sites also had a reduced percentage of spermiating
males and lower milt volume, though sperm density was
adversely affected at only one polluted site (the Aire), as well
as altered testosterone levels compared to normal males. In
a related study by Jobling et al. (2002b), intersex fish were
again observed to have a lower percentage of spermiating
individuals, although milt volume was not affected. Sperm
motility and velocity were also low and these characteristics
correlated with the severity of intersex. Furthermore, the
fertilisation rates of intersex fish from polluted sites was
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reduced from 93 to 68%, although this difference was only
observed in one out of two of the years studied. More recently,
competitive breeding experiments with wild roach revealed
that reproductive performance was negatively correlated with
the degree of intersex, with a 76% reduction in the number

of offspring parented by the most feminized individuals
(Harris et al., 2011). In some species of fish, evidence of
feminization of male urogenital papillae, a condition denoted
as morphologically intermediate papilla syndrome (MIPS), has
also been seen in wild populations and was more prevalent at
sites contaminated with estrogens.

Although most fish species do not have sex chromosomes,
they do share other sex differentiation gene products with
humans and other mammals (such as DAX-1, DMRT-1,
cytochrome P450 ovarian form, cypl9al, etc.) that have been
found to change according to the sexual phenotype of the
developing gonads. In the genetically male medaka fish, for
example, exposure of male embryos to exogenous estrogen
during the process of sex differentiation up-regulates ESR-

1, inhibits the expression of enzymes involved in androgen
biosynthesis (CYP17, 11 beta-HSD and 17B3-hydroxysteroid
dehydrogenase [17 beta-HSD]) and testis differentiation (anti-
Miillerian hormone [AMH] and doublesex and mab-3 related
transcription factor 1 [DMRT1]), and induces proliferation of
the germ cells that then redirect the already committed male
somatic cells toward female development causing full sex
reversal or intersex which is also seen in a variety of other fish
species exposed to estrogen. A few laboratory studies have
also examined the reversibility of some of the induced effects,
such as those on VTG production in males and on intersex
induction. These studies seem to suggest that feminization

of the germ cells is, in some cases, reversible when exposed
subjects are transferred to clean water, but that the overall
fertility of these “reversed males” never reaches that of the true
males and that courtship behaviour is incomplete.

Although few studies have examined the endocrine
control of copulatory organ development and growth in
nonmammalian species, what is known suggests that the
development and growth of the phallus of reptiles and the
gonopodium/genital papillae of fish is androgen-dependent
(e.g. for reptiles see Raynaud & Pieau, 1985; fish, see van
Tienhoven, 1983). Thus, if these species are exposed to EDCs
with antiandrogenic activity, the androgen-dependent phallus
would be developmentally altered and feminized. This could
occur not only through the actions of environmental anti-
androgens, but also through the actions of estrogens as well.
In fish, for example, juvenile goby experimentally exposed to
17B-estradiol for 11 to 32 weeks exhibited signs of feminization
of the genital papilla, showing that it was inducible by
estrogenic exposure and could therefore be a form of estrogenic
endocrine disruption. The estuaries where this condition was
most prevalent (>50% at certain sites) were also those where
estrogenic contamination was the most prominent.

The extensive literature on fish has revealed that the
extent and severity of effects varies considerably between
species, indicating a species-specific sensitivity to EDC



exposure. In this respect, a study of the incidence of intersex
in the lower Great Lakes region, revealed that certain fish
species sampled from the same site did not show any gonadal
abnormalities (e.g. goldfish, carp, gizzard shad, brown
bullhead, pumpkinseed and bluegill), whilst up to 45% of white
perch were affected (Kavanagh et al., 2004). This pattern was
also borne out during a whole lake study in Canada. Kidd et al.
(2007) dosed an experimental lake with the steroid estrogen,
ethinylestradiol (EE2; at a concentration of 5 ng/L), to assess
the effects on VTG and gonad histology and, subsequently,
population sustainability. The data revealed that, whilst VTG
concentrations in male fathead minnow, pearl dace and lake
trout were dramatically increased (by 1 900-24 000-fold), the
effects were much less marked in male white sucker (by up

to 118-fold; Palace et al., 2009). Although this scenario is not
completely representative of a natural system in which fish are
continuously exposed to a mixture of EDCs at low effect levels,
the data provide very strong evidence that chemical exposure
is associated with a suite of male reproductive abnormalities
(intersex and abnormal spermatogenesis), compromising their
reproductive capabilities and ultimately leading to the collapse
of a “wild” population (Kidd et al., 2007).

233.3 Invertebrates

Compared with vertebrates, little is known about the
manifestation of endocrine disrupting effects on the
reproductive system of male invertebrates. However, there are
some historical reports in which populations have exhibited
signs of feminization, apparently in association with exposure
to EDCs. For example, copepods, a type of minute crustacean,
living near a long-sea sewage outfall in Inverkeithing, Scotland,
were found to have higher than expected rates of intersex,

a phenomenon which persisted up to 10 miles (16 km) from
the outfall. No evidence was found of disease or parasitism
that could have accounted for this phenomenon (Moore &
Stevenson, 1991). Intersex has also been reported in lobsters
living near sewage outfalls (Sangalang, 1997). More recently,
intersex has been reported in molluscan species; following the
oil spill from the Prestige oil tanker in 2002, populations of
Mediterranean mussels in the estuary of the Oka River, in the
Bay of Biscay, were found to have a high prevalence of intersex
(26%). The area is also subject to pollution from industrial
activity (metallurgic industry, ship building, foundries and
cutlery making amongst other things). Intersex was absent in
mussel populations from a nearby unpolluted area unaffected
by the oil spill (Ortiz-Zarragoitia & Cajaraville, 2010). Intersex
has also been reported in the estuarine bivalve, Scrobicularia
plana, in UK estuaries; varying degrees of intersexuality were
reported in over 20% of individuals sampled from 17 out of
23 populations and this was putatively linked to exposure to
EDCs (Chesman & Langston, 2006). However, as a whole,
field-based evidence of endocrine-mediated reproductive
disorders in invertebrate males is scarce and solely concerns
aquatic Crustacea and molluscs. Much more data are needed
on other phyla and on terrestrial species. As a result, it is not
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yet possible to draw parallels with vertebrates with regards to
the likelihood of a testis dysgenesis syndrome, although this

remains a possibility.

234 Evidence for acommon cause of
male reproductive endocrine
disruption in wildlife and humans

Taking all of the evidence together, it is clear that the patterns
disturbance of male reproductive health in humans have

clear analogies in wildlife: male alligators living in Lake
Apopka, which exhibited a similar suite of male reproductive
abnormalities following exposure to pesticides from a chemical
spill (see section 2.4.1.2) to those seen in similarly exposed
laboratory rodents, provide a notable example. Moreover, there
is evidence that with accidental and occupational exposures

in both humans and wildlife, reproductive dysgenesis occurs

in response to high environmental exposure levels. However,
there is still a paucity of evidence as to whether the lower levels
widely encountered in human populations pose a risk to male
reproductive development, although in wildlife species there
are examples of widespread dysgenetic male reproductive
development linked to EDC exposure, for example in male fish
throughout UK rivers (Tyler, Jobling & Sumpter, 1998).

In addition to the rodent studies already described, there
is also laboratory-based evidence to support the assertion
that EDCs are involved in the causation of male reproductive
disorders in wildlife species; vast numbers of exposure
experiments, involving the analysis of a wide range of species,
have been reported in the literature over the past twenty years. In
reviewing this evidence, it becomes apparent that it is difficult to
make generalisations about the effects of a particular chemical,
or group of chemicals, in terms of their mode(s) of action and/or
potency. This is largely due to differences in the ways different
species respond to EDCs, but is also confounded by experimental
variability in factors such as diet, exposure regime and duration
of exposure, as well as differences in the effect level and endpoint
under investigation and the technical approaches employed.

For example, differences in potency of up to 3-4 orders of
magnitude have been reported in fish, depending on the species
under investigation and the experimental methodology (see
Brian et al., 2005). As a result of their influence on experimental
outcomes, these factors can confound the risk assessment of the
chemical(s) in question and ultimately make it difficult to decide
upon the hazards that these chemicals pose. However, there is

a strong consensus that many EDCs have the capacity to derail
male reproductive development in the various wildlife species
in which endocrine disruption has been studied, leading to the
feminization and/or demasculinization of the male form.

Some of the most convincing evidence stems from the
analysis of EDC impacts on fish, through which it has been
possible to explore and replicate sexual disruption in wild
populations under controlled conditions in the laboratory. Since
the first discovery that caged male fish placed downstream of
sewage treatment works in British rivers exhibited elevated
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VTG levels and intersex (Purdom et al., 1994), there have
been intensive efforts to identify the chemical(s) responsible.
This research has focused on the steroid estrogens and there
is now unequivocal evidence from a wealth of laboratory-
based studies demonstrating their capacity to feminize fish,
with effects reported at all levels of biological organisation,
from the molecular level through to impacts on reproductive
capacity and population dynamics. However, many other types
of chemicals that are also present in STW effluents have also
been found to mimic the actions of the steroid estrogens, thus
contributing to sexual disruption in fish. Although most of
these chemicals, such as the alkylphenols (e.g. nonylphenol),
are only weakly estrogenic and are generally found in the
environment at low and individually ineffective concentrations,
there is now convincing evidence that they can act together
in combination with other chemicals that have the same
mechanism of action (Thorpe et al., 2003; Brian et al., 2005;
2007). Moreover, it has recently been suggested that sexual
disruption in wild male fish may not occur exclusively in
response to estrogens and is, instead, a function of combined
exposure to chemicals that act via the androgen receptor as
well as those with estrogenic properties. A statistical modelling
approach has been used to demonstrate that feminizing effects
in wild fish can be best modelled by taking account of their
predicted exposure to both antiandrogens and estrogens in
STW effluents, as opposed to estrogens alone (Jobling et al.,
2009). Although this theory is plausible, there are currently
a paucity of laboratory-based data on the influence of anti-
androgens on the reproductive development of fish and in
view of the prevalence of anti-androgenic chemicals in the
environment and their reported effects on laboratory rodents,
further data addressing this issue in fish are needed.

Thus, it is clear that laboratory-based studies have
contributed greatly to the evidence that EDCs are involved
in the causation of male reproductive disorders in humans
and wildlife. Although differences in sensitivity have
been reported, in general, it would appear that the same
chemicals, or groups of chemicals, elicit similar response
patterns, regardless of the species in question and the test
system used. Laboratory-based studies using rodents and
non-mammalian species, and most notably fish, have been
invaluable in demonstrating the capacity for EDCs to affect
reproductive development at low and environmentally-relevant
concentrations and in helping to identify critical periods of
exposure during development. The data generated support the
theory concerning the involvement of EDCs in the causation
of male reproductive disorders in wildlife and, in many cases,
mirror the evidence concerning the etiology of TDS in the
humans. However, until recently, there has been an anomaly
in the evidence in support of the hypothesis that effects in
humans and wildlife have a common causation; the symptoms
of TDS are most easily reproduced in rodent models by
exposure to mixtures of antiandrogenic chemicals, whereas the
feminization of wild male fish has been attributed mainly to
exposure to steroidal estrogens. This casts some doubt on the
concept of a shared etiology. However, recent studies indicating

widespread anti-androgen presence in rivers and estuaries
add credence to the hypothesis that the effects seen in both
wild fish and humans may be caused by similar combinations
of endocrine-disrupting chemical cocktails to which they are
exposed (Jobling et al., 2009). If supporting laboratory-based
data can be produced, this gap between the human and fish
literature will ultimately be bridged.

It is important to recognise that some components of
testis dysgenesis syndrome are not comparable across all
species. Using cryptorchidism as an example, it is clear that,
whilst widely reported in humans and many other mammals,
this condition is not universally applicable to all mammalian
species (e.g. elephants and marine mammals do not develop
a scrotum and the testes are either held in an abdominal or
inguinal location), or indeed to any species of reptile, fish, bird
or amphibian. Within these classes, the testes are maintained
within the body wall and, thus, do not exhibit testicular descent.
However, situations such as this, in which there are clear
differences in the structure of the reproductive system across
classes and taxonomic groups, it is possible that the symptoms
of endocrine disruption may still occur, but in a form that
does not, at first, appear to be comparable with previously
reported effects. For example, whilst the feminization of the
males external genitalia may be characterized by hypospadias
in mammals, in some species of fish, it may be that the same
phenomenon is manifested by the abnormal development of
the urogenital papillac (UGP), a structure that is normally
well developed in males (like a penis), but less so in females.
Evidence of feminized UPG (known as morphologically
intermediate papilla syndrome; MIPS) has been reported in
wild-caught sand gobies from contaminated sites around the
coast of the UK (Kirby et al., 2003), as well as in sharp tooth
catfish inhabiting an estrogen polluted freshwater source
in South Africa (Barnhoorn et al., 2004). This provides an
interesting parallel with hypospadias, despite the fundamental
differences between the genital structure and morphology of
mammals and fish. Alternatively, it is important to note that,
due to the greater plasticity observed in wildlife, additional
endpoints may be affected that have no clear analogy in
humans. However, these symptoms could still form part of
the same underlying syndrome and, thus, have the capacity to
inform the overall understanding of testicular dysgenesis in
other forms of wildlife, as well as in the human population.

From the above, it is apparent that most of the symptoms
associated with TDS in humans, namely genital malformations
and poor semen quality (along with depressed sex hormone
concentrations), have also been reported in wildlife, although
the wildlife literature clearly encompasses a much larger and
more diverse range of symptoms. However, there is a major
exception: testis germ cell cancer. Whilst this disease forms
an important component of TDS in men, this symptom has not
been associated with contaminant-induced endocrine disruption
in any wildlife study to date. This may be due, at least in part,
to the logistical difficulties in detecting this disorder in wild
animals (Edwards, Moore & Guillete, 2006), combined with
the likelihood of a low rate of occurrence (its incidence in the



human population is only around 1%). That is not to say that
TGC cannot occur in any other species besides humans. Indeed,
there are some highly suggestive cases in which atypical germ
cells resembling the CIS cells found in human testes have been
reported in domestic and laboratory animals, including horses
(Veeramachaneni & Sawyer, 1998) and rabbits (Veeramachaneni
& Vandewoulde, 1999). CIS is a pre-invasive precursor of TGC,
the most common cancer type of human male adolescents and
young adults (Rajpert-De Meyts, 2006). There is also growing
evidence of abnormal testicular development in wild mammals.
In this respect, a variety of testicular tumours, along with
microlithiasis and CIS, have been detected in Sitka black-

tailed deer on Kodiak Island, Alaska, which were suspected to
have been developmentally exposed to estrogenic chemicals
(Veeramachaneni, Amann & Jacobson, 2006). In addition,
atypical germ cells were encountered in the testes of wild eland
in South Africa, although detailed morphological examination
for CIS was not possible (Bornman et al., 2010). Testicular
microlithiasis and neoplastic lesions were also reported in

these animals, which was coincident with high body burdens of
environmental pollutants, in particular, alkylphenols.

Data from laboratory-based studies also support the
chemical causation of these testicular abnormalities. For
example, there is evidence that the developmental exposure of
rabbits to a range of chemicals, including those with endocrine
disrupting properties, produces symptoms of testicular
dysgenesis in the form of atypical germ cells with features
characteristic of CIS (Veeramachaneni, 2008). These findings
indicate that a parallel for TGC does exist in other species of
mammal and, furthermore, add credence to the hypothesis that
EDC:s are a factor in the increasing rate of TGC in the human
population. In contrast, however, it may be that, for some
classes of non-mammalian wildlife, TGC cannot occur due to

absence of a similar mechanistic pathway.

235 Main messages

» Recent prospective studies indicate that chances of
pregnancy decrease when sperm concentrations decrease
below 40-50 million per mL and/or percentage of
morphologically normal sperm declines below 9%.

» Ina few countries (Denmark, Finland, Germany, Norway,
and Sweden) where studies on semen quality in the general
population have been systematically done, approximately
20-40% of men have suboptimal sperm concentrations and
half of the men have less than 9% morphologically normal
sperm. This most likely reflects recent declines in semen

quality.

» These decreases in semen quality parallel increases in
both the incidence of genital abnormalities in babies
and the incidence of testis germ cell cancer in men in
the same areas over the last 60 years. The occurrence
of cryptorchidism at birth is associated with five-fold
increased risk of testicular cancer, impaired semen quality

and sub-fecundity.
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* Increases in incidences of TGC, cryptorchidism and
hypospadias and wide spread poor semen quality are most
likely due to environmental factors. Exposures which
interfere with the developing testis, including androgen
action and/or production during fetal life, are likely to be
crucial in the pathogenesis of TDS disorders. Other causes
for poor semen quality are also known, such as genetic

defects in sex chromosomes.

* Some epidemiological studies show weak associations
between exposures to EDCs and the risk of cryptorchidism,
hypospadias and decreased sperm production (occupational
studies on greenhouse workers; chlorinated pesticides,
PBDEs and dioxins).

» Exposures to several anti-androgenic endocrine disruptors
have been shown to induce cryptorchidism, hypospadias
and reduced semen quality in rodent experiments, often
also linked to shortened anogenital distance.

+ Wildlife are important sentinels for human male
reproductive health as they are more easily sampled
and live in direct contact with similar/the same complex
mixtures of anthropogenic environmental contaminants to
which humans are exposed. However, with the exception of
fish, there are limited studies on reproductive abnormalities
in males of other wildlife species.

» Symptoms of androgen deficiency and/or estrogen exposure
also occur in a variety of wildlife species in both urban and
rural environments and have been linked to exposure to

contaminants in some cases.

» The symptoms of androgen insufficiency/androgen: estrogen
imbalance are sometimes more severe than those seen in
humans (i.e. developing eggs within the male testis of fish)
because some non-mammalian species exhibit greater innate

reproductive plasticity, and are thus more easily feminized.

236 Scientific Progress Since 2002

Since IPCS (2002), major advancements in our knowledge of
endocrine disruption in males have occurred. These include:

* Testicular germ cell cancer has further increased increased
in almost all countries in which it has been studied.

+ Semen quality among 20-40% of young men from general
populations in several European countries is in the sub-
fertile range.

* An animal model for Testicular Dysgenesis Syndrome has
been established in the rat, showing an inter-relationship
between testicular dysgenesis and exposure to some EDCs
during the fetal male programming window. There is now
a mechanism via which irreversible disorders of the male

reproductive tract can be caused.

* Various animal studies have confirmed that the fetus and
the pre-pubertal animal are particularly sensitive to EDCs.
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Effects of estrogens in effluents from sewage treatment
works on male fish have been seen in many countries and in
several species of fish, indicating that this is a widespread
phenomenon.

The feminizing effects of estrogenic chemicals from
sewage effluents on male fish, first reported in the 1990s,
have now been seen in many countries and in several
species of fish, indicating that this is a widespread
phenomenon. Feminized (intersex) male fish have reduced
sperm production and reduced reproductive success.

237 Strength of evidence.

There is sufficient evidence that male reproductive disorders,
originating during fetal life, are increasing in the human
populations in which they have been studied, and that this is
partially related to environmental exposures. These diseases
include cryptorchidism (testicular non-descent), hypospadias
and testis germ cell cancer. There is also limited evidence
linking these diseases and disorders with specific occupations
and with exposures to chemicals with endocrine disrupting
properties, particularly agricultural workers (pesticides and
fungicides), PBDE flame retardants and phthalate plasticizers.

Prospective studies show that the occurrence of
cryptorchidism at birth is associated with increased risk
of testicular cancer, and impaired semen quality and sub-
fecundity later in life, and there is limited evidence to suggest
that this suite of male reproductive disorders (poor semen
quality, TGC, cryptorchidism and hypospadias) are related
components of a single underlying condition with a common
etiology, termed testicular dysgenesis syndrome, originating
during fetal development. There is, however, very little direct
evidence for a role of endocrine disrupting chemicals in
causing low semen quality in men following developmental
exposures. Datasets that include both fetal exposures and adult
measures of semen quality are rare.

There is evidence of suboptimal or poor semen quality in
large proportions (20-40%) of men in countries in which this
has been studied. There is even some evidence for a declining
semen quality in these countries.

There is sufficient experimental evidence (from rodent
models) supporting the hypothesis that androgen insufficiency
during fetal/embryonic development could cause these male
reproductive disorders and that EDCs that occur in our
environment can contribute to the causation of these disorders.

With the exception of testis cancer (Where the evidence
is lacking), there is sufficient evidence in rodent models to
support the hypothesis that phthalate plasticizers are causal
factors in the manifestation of TDS but inadequate evidence to
implicate these chemicals as the cause of TDS (or its separate
entities) in humans or in any non-mammalian vertebrate.

The strength of evidence that EDCs occur in tissues at
concentrations likely to cause endocrine disrupting effects as
seen in the laboratory ranges from insufficient to sufficient
(dependent on the case studied).
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In some wildlife populations, there is sufficient evidence
for developmental reproductive disorders and low semen
quality in a proportion of the male animals, particularly in
areas contaminated by anthropogenic contaminants with
endocrine disrupting properties (primarily organochlorines,
PBDEs and steroid estrogens). In non-mammalian vertebrate
populations studied, the evidence for endocrine disruption is
sufficient.

In wildlife also, a suite of effects often occur in concert
and can be reproduced in laboratory studies by exposures
to EDCs during early development. Taking the wildlife and
human evidence together, there is a possibility that exposure to
EDCs during fetal life and/ or during puberty plays a role in the
causation of male reproductive health problems in humans, in
some populations.
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24 Endocrine disrupting chemicals
and sex ratio in humans and
wildlife

241 Overview of endocrine disrupting
effects on sex ratios in humans and
wildlife

In humans, the sex ratio (numbers of boys divided by the
numbers of girls born) is slightly greater than one, typically
resulting in 51 to 52% boys being born (Allan et al., 1997; Astolfi
& Zonta, 1999; Davis et al., 2007; Gutierrez-Adan, Pintado &
De la Fuente, 2000; Moller, 1996; van der Pal-de Bruin, Veloove
Vanhorick & Roeleveld, 1997). In vertebrate wildlife, however,
the “normal” sex ratio may vary from one according to the life
history of the animal; for example some fish species are first
male and then female (or vice versa) and still other species are
simultaneous or sequential hermaphrodites. Imbalances in sex
ratios induced by exposure to chemicals may be the result of
several processes: 1) the chemicals interfere directly with sex
determination due to their endocrine properties inducing an
increase in the number of individuals of a specific phenotypic
sex, 2) the sperm cells or fetal stages of one of the sexes are
more susceptible to the effects of a particular chemical than

the other, resulting in lower conception or early death and
thereby reduction in the number of individuals with the most
vulnerable sex and subsequent gender imbalances, or 3) gender
imbalances in laboratory experiments may be seen if exposure
to a specific chemical promotes sexual maturation of one of the
sexes. Given that estrogens and androgens participate in the
phenotypic manifestation of genotypic sex, it is reasonable to
question whether exposures to endocrine disrupting chemicals
are influencing sex ratio in humans and wildlife. Available data
suggest the following:

» Several researchers have reported recent small declines in
the proportion of human male births in the USA, Canada,
Denmark and the Netherlands.

* In addition, there are several specific cases of sharp
alterations in the sex ratio of newborns associated with
parental exposure to chemicals in industrial accidents or
through their occupation.

* Feminized sex ratios induced by exposure to endocrine
disrupting chemicals have been observed in a number of
wild fish species exposed to the discharge of estrogenic
wastewater effluents, whilst masculinized sex ratios are
also observed below paper mill effluents and maybe in
tributyltin-contaminated marinas. Laboratory studies

corroborate these findings.

* There is also some evidence of changes in the sex ratio of
some wild bird species, but this appears to be related to poor
parental body condition. Similarly, some invertebrates are
known to switch between parthenogenetic and sexual modes

of reproduction when environmental quality declines.

242 Evidence for endocrine disruption
of sex ratios in humans and in
mammalian models of humans
(rodents and primates)

Altered Sex Ratio Trends in Humans

During recent decades reduced proportions of male births have
been reported in the populations or subpopulations of a number
of countries, i.e. USA and Japan (Davis et al., 2007), Canada
(Allan et al., 1997), The Netherlands (van der Pal-de Bruin,
Veloove Vanhorick & Roeleveld, 1997), Spain (Gutierrez-Adan,
Pintado & De la Fuente, 2000), Denmark (Moller, 1996) and in
metropolitan areas in Italy (Astolfi & Zonta, 1999).

Mechanisms underlying sex determination in humans
The determination of sex is under stricter genetic control in
mammals than in many other taxonomic groups. In an average
population, slightly more boys (51-52%) than girls are born. The
exact mechanism underlying this phenomenon is unknown.

The sex ratio in a population may vary in response to changes
in several socio-economic factors, such as the nutritional status
and the age of the mothers giving birth and the number of adult
males in the population: thinner/malnourished and older mothers
are less likely to have sons, whereas a low proportion of adult
men in the population increases the probability of having sons
(reviewed by Rosenfeld & Roberts, 2004).

Epidemiological evidence of a role for chemicals in
causing alterations in sex ratio

Although the sex ratio is reported to be correlated with the age of
mothers in some countries (e.g. Gutierrez-Adan, Pintado & De

la Fuente, 2000), exposure to chemicals has also been suggested
as a potential causative factor in declines in male births (van
Larebeke et al., 2008). High occupational or accidental exposures
to 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) in Seveso
(Mocarelli et al., 1996; 2000), to contaminated trichlorophenate
in the saw-mill industry (Dimich-Ward et al., 1996), to the
pesticide dibromochloropropane (reviewed by Goldsmith, 1997),
or to PCBs (Hertz-Picciotto et al., 2008; Weisskopf, Anderson

& Hanrahan, 2003) have all been associated with changes in the
sex ratio of human populations. Moreover, lower sex ratios have
also been reported for populations living in areas affected by air
pollution from incinerators (Williams, Lawson & Lloyd, 1992) or
industries (Williams, Ogston & Lloyd, 1995) and in a population
potentially affected by the petroleum industry (Mackenzie,
Lockridge & Keith, 2005). Overall, the results do not allow

a robust conclusion regarding EDC influences on sex ratio in
human populations, although the associations between chemical
exposure and sex ratio are suggestive of this possibility.

Evidence for EDC effects on sex ratio in animal models
Studies on laboratory animals can shed light on sex ratio changes
in the human population, such as the reduction in the percentage
of boys (to 40%) born to mothers exposed to TCDD after the
Seveso accident (Mocarelli et al., 2000). These studies reveal



that sex ratios in experimental mammals can be affected by a
multitude of factors such as food availability, composition of
the diet, and exposure to chemicals (reviewed by Rosenfeld &
Roberts, 2004). In the Seveso case, whilst a three generation
study of TCDD in rats found no effect on sex ratio in any
generation of the treated animals (Rowlands et al., 2006), an
experiment aimed at obtaining an exposure equivalent to the
exposure following the Seveso accident found a decrease in
the proportion of male offspring sired by exposed male mice
(Ishihara et al., 2007). In a subsequent investigation, Ishihara
et al. (2010) found no decrease in the Y-bearing/X-bearing
sperm ratio, but the sex ratio of the 2-cell embryos of the
TCDD exposed group was lower than that of the control group,
indicating that the sex ratio of the offspring was decreased at
fertilization, rather than at the spermatozoa stage.

243 Evidence for endocrine disruption of
sex ratios in wildlife

243.1 Mammals

There are no documented examples showing changes in sex
ratios related to exposure to EDCs in non-human mammals.

243.2 Non-mammalian vertebrates

Sexual determination and differentiation is generally more

labile in non-mammalian vertebrates than in mammals. This is
especially true in fish, amphibians and reptiles where a multitude
of ambient factors (i.e. temperature, pH, population density,

food availability, growth rate) may affect sex determination

and differentiation. The exact genetic background for sex
determination is not known for all species.

Skewed sex ratios induced by exposure to endocrine
disrupting chemicals have been observed in a number of fish
species in the field. The sex ratio in roach does not deviate from
1:1 in an uncontaminated environment (Allner et al., 2010;
Geraudie et al., 2010), but controlled exposure to estrogenic
wastewater effluents in tanks from one month post hatch up
to 3.5 years of age resulted in 98% phenotypic females (Lange
et al., 2011). Similarly, the discharge of estrogenic wastewater
effluents caused a reduction in the percentage of male white
suckers from upstream values between 36 and 46% to
downstream values of 17 to 21% (Vajda et al., 2008). Nagler et
al. (2001) found male genetic markers in phenotypically female
Chinook salmon from the Columbia River, but in this case no
direct link was made to endocrine disrupting chemicals.

In contrast, Larsson, Hollman & Forlin (2000) and Larsson
& Forlin (2002) found sex ratios among the embryos of the
viviparous blenny deviating from the normal 1:1 ratio in the
vicinity of discharges from a pulp and paper mill in Sweden,
with more male than female fish. A recent study of roach and
perch, involving more than 3000 fish, which were caught at
eight sampling sites, twice a year, in summer and late autumn/
winter over a 2-year period found evidence of male-biased

sex ratios. The sites, situated within the greater Upper
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Rhine catchment, were characterized by different degrees of
anthropogenic impact. In addition, a significantly elevated
proportion of male perch were obtained from a tributyltin-
contaminated marina (Allner et al., 2010), although elevated
proportions of male perch were also found at 3 sites with no
documented contamination from tributyltin.

There is also some evidence of changes in the sex ratio of
some bird species that are sexually size dimorphic, with males
that are larger than females. Parents in poor body condition are
able to switch their reproductive output towards the smaller
sex. For example, a Norwegian colony of lesser black-backed
gulls with high concentrations of organochlorines (PCBs,
DDE, HCB, nonachlor, oxychlordane, heptachloroepoxide)
in their blood had offspring with a sex ratio that was skewed
towards females (Erikstad et al., 2009); no correlation was
found between the blood concentrations of perfluorinated
compounds or polybrominated diphenyl ethers and the sex ratio
in the offspring, thus providing evidence for effects of specific
chemicals and not others. The same phenomenon was expected
in Arctic glaucous gulls (Erikstad et al., 2011) but, contrary to
the expectation, females with high levels of organochlorines
had offspring with a sex ratio strongly skewed towards males
(most apparent among females in poor body condition). The
mechanism underlying these changes in sex ratios is not known,
but hatching failure in declining Swedish populations of tree
sparrows was shown to result from embryo mortality, which was
more likely to affect male embryos than females. The fledgling
sex ratio was consequently highly female biased, however, the
cause of this sex biased embryo mortality remains unknown
(Svensson et al., 2007).

2433 Invertebrates

Skewed sex ratios have been linked to exposure to EDCs in
various mollusc species. Bacchetta & Mantecci (2009) found a
higher proportion of female zebra mussels after a DDT-pollution
incident in Lake Iseo, Italy, and Gagné et al. (2011) also found
an elevated proportion of female freshwater mussels (Elliptio
complanata) downstream of two municipal effluent outfalls

in the Mille-iles River (Quebec, Canada). At a tributyltin-
contaminated site in the intertidal zone of the Saint Lawrence
River (Quebec, Canada), Gagné et al. (2003) reported a
decreased proportion of female softshell clams (Mya arenaria).
Similarly, Leung et al. (2006) found an inverse correlation
between the proportion of female neogastropods, Thais
clavigera, and the body burden of TBT in Hong Kong waters.

2434 Laboratory evidence for EDCs causing
sex ratio changes in wildlife

Studies of sexual determination and differentiation in fish

have revealed extraordinary sensitivity to external hormones

or chemicals with endocrine properties (Figure 2.8). In the
laboratory, populations of commonly-used test fish species such
as zebrafish, Japanese medaka and fathead minnow can be made
all female by exposure to estrogens during the period of sexual
differentiation (Holbech et al., 2006; Nash et al., 2004; Zerulla



Evidence for endocrine disruption in humans and wildlife

17B-estradiol
Percent distribution

100

50

0
Control Solvent 4

8 14 24 54 96 250 ng/I
Trenbolone
Percent distribution " N .
100 —
50
Control Solvent 9.2ng/l  155ng/l  26.2ng/l
Prochloraz
Percent distribution *
100 —
50—
L |
Control 16 po/l 64 pg/l 202 pg/l
B Females B Males Undifferentiated or intersex

et al., 2002). In contrast, all male populations can be produced

by exposure to androgens (Morthorst, Holbech & Bjerregaard,
2010) or aromatase inhibitors (Kinnberg et al., 2007; Zerulla et
al., 2002). The sex ratio in these species is the dominant end point
in OECD Test Guideline 234 (OECD, 2011), developed to identify
endocrine disrupting chemicals. Sex reversal has also been
induced experimentally in a number of other fish species, i.e. carp
(Gimeno et al., 1996), Southern catfish (Liu, Zhang & Wang,
2010) and various salmonids (Piferrer, 2001).

87

Sex ratios in zebrafish exposed to chemicals from hatch till 60 days after hatch
when sexual differentiation is normally completed. Exposure to trenbolone

(a potent synthetic androgen) and prochloraz (an aromatise inhibiting
fungicide) masculinises the fish and the natural estrogen 17f3-feminises them.
Astrisks indicate significantly skewed sex ratios. Modified from

Holbech et al. (2006), Kinnberg et al. (2007) and Morthorst et al. (2010).

Figure 2.8. Sex ratios of zebrafish exposed to chemicals (See legend
in figure) (Figure reproduced with publisher’s permission).

Whilst there is extensive field-based evidence that exposure
to estrogenic (and also possibly anti-androgenic) chemicals in
sewage treatment works effluents is associated with female biased
sex ratios (e.g. OECD, 2008; 2011; Lange et al., 2011; Vajda et al.,
2008), a number of laboratory-based studies have demonstrated
masculinizing effects of pulp and paper mill effluent also with
effects on fish reproduction (e.g. Kovacs et al., 2011; Mower et al.,
2011; Orn et al., 2006). Male bias was found in fathead minnows
exposed to pulp and paper mill effluent during the period of



sexual determination and differentiation (Kovacs et al., 1995).
The exact causative agent underlying this masculinizing effect
of pulp and paper mill discharges is not known. Wastewater
from pulp and paper mills contains complex mixtures of organic
compounds including plant sterols with endocrine activity and,
previously, when chlorine was used in bleaching processes,
chlorinated dioxins and dibenzofurans were also discharged.

There is also experimental evidence that sex ratios can
be affected in amphibians (Brande-Lavridsen, Christensen-
Dalsgaard & Korsgaard, 2008; Pettersson & Berg, 2007) and
reptiles (e.g. Bergeron, Crews & Mclachlan, 1994; Milnes et al.,
2005) by exposure to hormones or chemicals with endocrine
disrupting activity. Furthermore, laboratory-based experiments
on birds have demonstrated that chickens are masculinized if
the embryos are treated with an aromatase inhibitor (Yang et
al., 2011).

Parthenogenesis, hermaphroditism, female-male cycling
during life and gonochoristic sexual development illustrate the
variability in sexual strategies among invertebrates, although
the precise role of the vertebrate sex steroids within these
organisms is not known. Most of the laboratory-based research
into the effects of EDCs on sexual development has been done
with arthropods, mainly crustaceans, where invertebrate-
specific hormones, moulting hormone (ecdysone) and juvenile
hormone (methyl farnesoate), also play important roles in
development. Although the biochemical mechanisms are far
from elucidated, laboratory studies suggest that exposure to
EDCs may be able to change sex ratios among invertebrates.

The water flea, Daphnia magna, is a branchiopod crustacean,
which is a common inhabitant in fresh water ponds in Europe
and Asia. It is known to switch between parthenogenetic and
sexual reproduction when environmental quality declines. The
proportion of male D. magna increases upon exposure to atrazine
(Dodson et al., 1999), the insecticides pyriproxyfen, fenoxycarb
(Wang et al., 2005) and endosulfan (Palma et al., 2008), the
miticide dicofol (Haeba et al., 2008), and the juvenile hormone
methyl farnesoate (Rider et al., 2005; Wang et al., 2005). Whilst
the insecticide methoprene (a juvenile hormone analog) has been
reported to increase the number of males (Wang et al., 2005),
it can also, conversely, reduce the number of all-male broods
(Peterson, Uashian & Dodson, 2001). Similar contradictory
results have been found for dieldrin in different species of
Daphnia (Merritt et al., 1999; Wang et al., 2005).

In other invertebrate classes, bisphenol A exposure has been
found to reduce the proportion of female houseflies (Izumi et al.,
2008), and to increase the proportion of female isopods, Porcellio
scaber (Lemos, Vab Gestel & Soares, 2009). The exposure of
freshwater amphipods, Gammarus pulex, to EE2 resulted in a
female dominated population (Watts, Pascoe & Carroll, 2002).

244 Evidence for a common cause of
endocrine disruption of the sex ratio
in humans and wildlife

The documented examples of EDC-related sex ratio
imbalances in wild fish and invertebrates indicate direct
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interference of chemicals with sexual determination and/or
differentiation, which is possible in these species. In contrast,
it would appear that EDC-related sex ratio imbalances in bird
populations are more likely to occur as a result of a negative
selection of one sex. Humans may follow this model, with
decreasing proportions of baby boys occurring as a result

of negative selection on male embryos (or potentially sperm
cells). Thus, the different mechanisms involved in sex ratio
imbalances call for caution when making extrapolations from

wildlife to humans about the causes of sex ratio imbalances.

245 Main messages

EDC-related sex ratio imbalances resulting in fewer male
offspring in humans do exist, e.g. in relation to dioxin and

DBCP, although the underlying mechanisms are unknown.

The effects of dioxins in humans are supported by results

in experimental animals.

EDC-related sex ratio imbalances have been seen in wild
fish and molluscs and, in some of these species, are also
supported by laboratory evidence.

The mechanisms underlying EDC effects on sex ratios

remain unknown for many species.

246 Scientific progress since 2002
The following progress has been made since the IPCS (2002):

Skewed sex ratios in exposed fish and mollusc populations
have been demonstrated.

Skewed sex ratios in a dioxin-exposed human population
have been corroborated by results obtained in a mouse
model.

In OECD Test Guidelines TG211 and TG234, sex ratios
in Daphnia magna were included as endpoints to detect
endocrine activity (OECD, 2008; 2011).

247 Strength of evidence

In wildlife, the changes in sex ratios are consistent with
predictions from results of laboratory experiments for

a number of the observed effects (e.g. more female fish
downstream from estrogenic effluents than upstream) and the
evidence that EDCs cause gender imbalances in some non-
mammalian wildlife is sufficient. In the human population, the
evidence that exposure to specific chemicals (e.g. dioxin and
dibromochloropropane) causes gender imbalances in selected
populations is sufficient. The evidence that the general
decrease in sex ratios in a number of industrialized countries
is related to exposures to EDCs is currently insufficient.
However, based on the results of occupational exposures, it is
plausible that exposure to EDCs can cause gender imbalances

among humans.
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Evidence for endocrine disruption in humans and wildlife

25 Endocrine disruptors and
thyroid-related disorders and
diseases

25.1 Overview of thyroid-related
disorders and diseases in humans
and wildlife and evidence for
endocrine disruption

Thyroid diseases and disorders in humans (e.g. congenital
hypothyroidism and adult autoimmune thyroid disease) have
increased in incidence over the past several decades, such that
the burden of thyroid disease is approximately two billion people

worldwide.

Thyroid diseases and disorders represent a particularly
high and increasing disease burden in children and
adolescents in several countries in which they have been
studied (McGrogan et al., 2008).

Between 6-10% of adults have a thyroid disease or
disorder. Hypothyroidism is the most common thyroid
disorder and is six times more common in women than men
(Vanderpump, Turnbridge & French, 1995)

Population-wide testing of thyroid function in the
absence of suggestive clinical features reveals a great
proportion of “mild” thyroid abnormalities that have
most likely gone unrecognized. These studies suggest that
there may be many more adults with undiagnosed thyroid
conditions than is currently appreciated (e.g. Canaris et al.,
2000).

Slight decreases in thyroid function - sometimes referred
to as “subclinical” or mild hypothyroidism - may have
adverse health consequences (elevated cholesterol levels,
heart disease and diabetes), especially over the long term
and during pregnancy.

Both genetic and environmental factors play a role in thyroid
health. However, observations in laboratory animals and wildlife
suggest that exposure to endocrine disruptors, particularly
during fetal life, could also play a role. Alongside the human
health trends, studies describing thyroid dysfunctions in wildlife
also exist. Sometimes, these wildlife observations are associated
with exposures to contaminants. Examples include:

Relationships between body burden of persistent
organic pollutants (PCBs, PBDEs and organochlorine
pesticides) and thyroid-related effects in marine
mammals; in seals (Brouwer., 1989; Hall, Kalantzi &
Thomas, 2003; Hall & Thomas, 2007; Routti et al., 2008),
sea lions (Debier et al., 2005), beluga whales inhabiting the
St. Lawrence estuary (DeGuise et al., 1995), the harbour
porpoise (Schnitzler et al., 2008), and polar bear (Braathen
et al., 2004, Skaare et al., 2001).
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Significant thyroid disruption in monitoring studies
of birds in the Great Lakes, Barents Sea, Tokyo Bay,
linked with EDC (PBDE and PCB) burdens (Scanes &
McNabb, 2003; Verreault et al., 2004; Saita et al., 2004).

Thyroid disruption in salmonid fish living in heavily
polluted regions of the Great Lakes in the United States
during the 1970s and 1980s and, more recently, in
mummichogs in New Jersey and San Francisco Bay
(reviewed in Jobling & Tyler, 2003; Zhou et al., 2000; Brar et
al., 2010). Effects in mummichogs were positively correlated
with PCB concentrations measured in the livers of the fish.

Hormonal mechanisms underlying thyroid disorders and
diseases

The thyroid gland is located at the base of the throat and
straddles the trachea. When it becomes physically enlarged

in some diseases, it is visible to the eye or can be palpated
(goitre). The major product of the thyroid gland is “thyroxine”
(tetraiodothyronine, T,). However, T, is not considered to be
the most active form of the hormone; rather, it is converted to
tri-iodothyronine (T,), which then acts on the thyroid hormone
receptor (TR) in cells.

Thyroid function itself is controlled by “Thyroid-Stimulating
Hormone” (TSH, or “thyrotropin”). TSH is a large protein
hormone secreted from the pituitary gland that binds to specific
membrane receptors on thyroid cells and activates a biochemical
pathway that stimulates thyroid hormone production and
secretion (Taurog, 2004). The amount of TSH stimulation
required to maintain blood levels of thyroid hormone within a
“normal” range is controlled by a negative feedback relationship
between serum T, and serum TSH (Larsen, Silva & Kaplan,
1981). The negative feedback action of T, occurs both at the level
of the hypothalamus (Vella & Hollenberg 2009; Hollenberg
2008; Greer et al., 1993; Koller et al., 1987; Aizawa & Greer
1981) and pituitary (Wan, Farboud & Privalsky, 2005; Hodin et
al., 1989; Chin & Carr, 1987; Carr, Need & Chin, 1987). Thus,
under normal conditions, there is a negative correlation between
serum levels of T, (specifically “free” T,) and serum TSH.

For this reason, blood levels of T, and TSH form the
principle clinical measures of thyroid function and disease.
So-called “reference” ranges are developed for human
populations because there are slight differences in the set-
point around which thyroid hormone is regulated in different
races, ethnicities and in pregnancy. These reference ranges are
generated from a large sample of the population that is without
other measures of thyroid disease (symptoms or the presence
of anti-thyroid antibodies) (Haddow et al., 2004; Surks, 1991).
Reference ranges have been developed for different populations
(e.g. Zarkovic et al., 2011), for the different periods of pregnancy
(Haddow et al., 2004), even for twin versus singleton pregnancy
(Haddow, Palomaki & McClain, 2006), and for preterm versus
term birth (Clark et al., 2001; Adams et al., 1995).

Thyroid hormones are important for normal development
of the human brain (Bernal, 2007; 2011; Oerbeck et al., 2007),
lungs (van Tuyl et al., 2004; Bizzarro & Gross, 2004), heart



(Stoykov et al., 2006; Grover, Mellstom & Malm, 2005; Danzi,
Dubon & Klein, 2005), and other organs. Moreover thyroid
hormones induce metamorphosis in some fish (Yamano et

al., 1994) and in frogs (Buchholz, Paul & Shi, 2005), and

they are essential for development in birds (McNabb, 2006)
and mammals (Zoeller & Rovet, 2004). There is remarkable
evolutionary conservation among vertebrates and some
invertebrates in the chemistry of thyroid hormones, as well as
in their role in development and adult physiology (Heyland,
Reitzel & Hodin, 2004; Heyland & Moroz, 2005). Likewise,
the molecular signalling pathways (involving thyroid hormone
receptors) through which these hormones exert their actions are
highly conserved across the vertebrate taxa (Buchholz, Paul &
Shi, 2005; Bertrand et al., 2004; Whitfield et al., 1999).

Endocrine disruptors as risk factors in thyroid disease and
dysfunction

Given the importance of thyroid hormone in human and
wildlife physiology, and the life-long effects of thyroid
dysfunction during development, it is reasonable to carefully
consider the possibility that environmental chemicals may
interfere with the ability of thyroid hormone to perform its
functions. There is a very large list of environmental chemicals
— mostly human-made — that can cause a reduction in
circulating levels of thyroid hormone in experimental animals
(Howdeshell, 2002; Brucker-Davis, 1998). Not all of these
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produce goitre, although they all reduce serum concentrations
of thyroid hormone. Moreover, more environmental chemicals
are being identified that can interfere directly with the receptor
for thyroid hormone (Zoeller, 2010) or with other processes
controlling thyroid hormone action (Gilbert et al., 2011; see
Figure 2.9).

Thyroid hormone dependent mechanisms of nervous
system development in animals and humans

Severe thyroid hormone deficiency produces severe brain
damage (Chen & Hetzel, 2010) and moderate or even transient
insufficiency can cause specific developmental defects in rodents
(Auso et al., 2004; Crofton, 2004; Crofton et al., 2000; Goldey et
al., 1995; Goodman and Gilbert, 2007), and in humans (Haddow
etal., 1999; Kooistra et al., 2006; Oerbeck et al., 2003; 2007,

Pop et al., 1995; 2003; Pop & Vulsma, 2005). Small differences
(~25%) in point estimates of maternal T, or TSH during the early
fetal period are associated with adverse outcomes in humans
(e.g. reduced IQ scores), even though hormone levels are not
outside the population reference range (Haddow, Palomaki &
Williams, 2002; Morreale de Escobar, Obregon & Escobar del
Rey 2000). However, in a hallmark study by Bongers-Schokking
et al. (2000), the Mental Development Index of children with
congenital hypothyroidism was affected by the age of onset

of treatment with thyroid hormone, rather than the specific

serum free T, concentration after treatment. Thus, the degree of
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Figure 2.9. Possible sites of action of environmental contaminants on the HPT axis (Figure from Gilbert et al., 2011, redrawn; Used with

publisher’s permission).
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thyroid hormone insufficiency is not the only variable affecting
human development; the duration of the insufficiency and the
developmental timing of the insufficiency are also important and
may vary by species, presenting a challenge for risk assessment.
This is discussed further in Chapter 1.2.4)

Experimental work in animals provides strong support
for the hypothesis that moderate to mild thyroid hormone
insufficiency can alter development in rodents. Integrating data
over a series of studies, a decrease in serum total T, by 50%
during the critical period for cochlear development in the ear
was associated with a permanent hearing loss in adult offspring
(Crofton, 2004). Moreover, Auso et al. (2004) found that less
than a 30% decrease in serum total T, in female rodents, for
only 3 days, was associated with structural abnormalities in
the brains of their offspring. An average decrease in serum
total T, of only 28% in 2-week-old pups given low doses of
propylthiouracil was associated with marked reduction in cell
density of the corpus callosum region of the brain (Sharlin et
al., 2008). Interestingly, Gilbert & Sui (2008) found that a 28%
reduction in circulating levels of T, in pregnant rats produced
significant adverse effects on synaptic function of hippocampal
neurons of their adult offspring despite no detected change
in serum T, levels in the pups after birth. The US EPA has
discovered a cluster of neurons that reproducibly migrates
to an incorrect position in the brain of animals that have low
thyroid hormone (Goodman & Gilbert 2007). Elements of this
cluster very sensitive to prenatal thyroid hormone insufficiency
have been characterized (a heterotopia) (Gilbert et al., 2012).
Finally, Sharlin et al., found a very strong inverse relationship
between serum T, in rat pups and the numbers of myelin-
forming oligodendrocytes in major white matter tracks in the
brain (Sharlin et al., 2008), and this was not compensated for by
elevated serum TSH (Sharlin et al., 2010). Thus, experimental
findings confirm what has been observed in humans: small,
even transient, decreases in serum total T, are associated with
altered brain development.

In general, there is strong evidence to conclude that
thyroid hormone plays the same general role in brain
development of animals and humans (Zoeller & Rovet, 2004).
This clearly indicates that rodents represent important test
systems to provide information important for protecting
public and wildlife health from chemical exposures. In
animal studies, the investigator is able to measure the effect
of environmental chemicals on blood levels of hormones, and
can fully characterize the consequences of these changes on
thyroid hormone action at the molecular, cellular and tissue
level at various times during development. In addition, a
variety of drugs and genetic lines of mice are available to
experimentally confirm that environmental chemicals are
specifically disrupting thyroid hormone action and not some
other pathway of toxicity that could produce similar effects on
apical endpoints. In contrast, in human studies, the investigator
can only correlate measures of hormone levels in the blood
with exposures and with various metrics of health and very
few additional measures can be obtained to help interpret the

relationship between these variables of interest. Therefore,
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it is critically important to consider animal studies in the
interpretation of human studies.

Notwithstanding this, the current set of validated test methods
in the USA and EU for evaluating the ability of chemicals to
interfere with thyroid hormone action does not include testing
whether the chemical can interfere with thyroid hormone action
(Zoeller, Tan & Tyl, 2007a; Zoeller, Tyl & Tan, 2007b).

252 Evidence for endocrine disruption of
the thyroid in humans and in
mammalian models of humans

2521 Human thyroid diseases and disorders

Thyroid disorders are amongst the most prevalent of medical
conditions and include goitres or thyroid nodules (adults),
congenital and adult hypothyroidism, autoimmune thyroiditis,
hyperthyroidism or Graves’ disease and thyroid cancer. In

this section, we will deal mostly with congenital and adult
hypothyroidism as well as Graves’ disease, the remainder
being covered in sections 2.11 (autoimmune diseases) and

2.7 (thyroid cancer). As already mentioned, thyroid hormone
deficiencies during the development of the brain can also cause
neurodevelopmental disturbances leading to mental difficulties,
manifest as Attention Deficit Hyperactivity Disorder (ADHD),
learning difficulties and possibly even autism. These are
discussed further under section 2.6.

Hypothyroidism: This refers to an “underactive”
thyroid gland such that it produces too little thyroid hormone.
Symptoms associated with hypothyroidism are broad and can
be somewhat non-specific including cold intolerance, weight
gain, lethargy, and low mentation (Haddow, 2010). Moreover,
the body consumes less oxygen and produces less body heat.
Hypothyroidism can occur in both children and adults. In the
adult population, studies in Northern Europe, Japan and the
USA have found the prevalence of hypothyroidism to range
between 0.6 and 12 per 1000 women and between 1.3 and 4.0
per 1000 men investigated, although the prevalence is higher
in surveys of the elderly (Vanderpump, 2011).

Congenital hypothyroidism: Congenital hypothyroidism
(CH) is one of the most common preventable causes of mental
retardation caused by thyroid dysgenesis during fetal life.

In the first trimester, the fetus is dependent on the trans-
placental passage of thyroid hormones of maternal origin
because the fetal thyroid gland does not produce thyroid
hormone until the end of the first trimester, and then in
sufficient quantities only at 20 weeks gestation (Smallridge

et al., 2005). Thereafter, however, a hypothyroid fetus will
synthesize around 70% less T4 than a normal fetus leading to
CH (Olney, Grosse & Vogt, 2010). In 75-80% of all cases of
CH, the underlying etiology is unknown, whilst the remaining
15-20% have genetic thyroid dyshormonogenesis. A daily
iodine intake <25 pg, particularly in preterm infants, accounts
for many cases of CH in Europe, Asia and Africa, but multiple

other factors may also be causal elements.
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Figure 2.10. Incidence rate of CH in New York State (NYS), 1987—
2007, and in the United States (excluding NYS), 1987-2006. (Figure

from Hinton et al. (2010), redrawn; Used with publisher’s permission).

Estimates of the birth prevalence of congenital
hypothyroidism (CH) varies considerably throughout the world
where universal screening programs are in place, as reviewed
by Rendon-Macias et al. (2008). These estimates range from
1:1403 in Iran to 1:6450 in Latvia.

It was recently reported that the incidence of congenital
hypothyroidism has nearly doubled over the past two decades
in several countries in which it has been studied including the
USA (Harris and Pass 2007; Figure 2.10), Western Australia
(Kurinczuk et al., 2002), Italy (Corbetta. et al., 2009), the
northern UK (Pearce et al., 2010b), and Greece (Mengreli et
al., 2010). Some authors speculate that this is due to changes
in the cut-off values for the neonatal screening system in
the definition of this disorder (Mitchell, Hso & Sahai, 2011;
LaFranchi, 2011). This will be an important issue to address.
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Subclinical hypothyroidism (mild thyroid failure)
More widespread testing of thyroid function in the absence of
suggestive clinical features suggests there are a great number
of individuals, not diagnosed with thyroid problems, in which
only TSH is abnormal (see Figure 2.11). A population study
in Colorado, of over 25, 000 individuals of mean age 56 years,
showed TSH excess in 9.5 % of the population and suppressed
TSH in 2.2%; over half the group with suppressed TSH were
taking thyroid medication. Similarly, in the Whickham survey
in North East England, 8% of women and 3% of men had
subclinical hypothyroidism and in the National Health and
Nutrition Examination Survey (NHANES III), approximately 2%
of adolescents aged 1219 years had a serum TSH >4.5 mIU/L.
Prevalence data from one region do not necessarily apply
to other populations, because of differences such as ethnic
predisposition or variations in iodine intake. Several European
studies have compared the effect of various levels of iodine
intake on the prevalence of thyroid over- and under-function.
Hypothyroidism is generally more common with abundant
iodine intake, while goitre and subclinical hyperthyroidism are

more common with low iodine intake.

2522 Evidence for EDC exposures causing
thyroid diseases and disorders.

It is possible that specific chemical exposures could lead to
clinical thyroid disease and that this could be reflected in
observed secular increases in the incidence or prevalence

of thyroid disease. As reviewed above, thyroid disease is
defined in large part by the presence of blood levels of T,
and TSH that are outside the population reference range. For
example, clinical hypothyroidism is defined as low T, and
high TSH; both hormones need to be outside the reference
range. However, the clinical symptoms associated with this
hormone profile are highly variable in the population, and
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Figure 2.11. Percentage of the USA population (in 2002) with abnormal serum TSH concentrations as a function of age. The disease-free
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as a result, a significant proportion of the general population
can have undiagnosed thyroid disease. In fact, in addition

to the 14 million adults in the USA with diagnosed thyroid
disease, a further 13 million are estimated to be undiagnosed
(Blackwell, 2004). With such a large proportion of likely
undiagnosed disease, it is clear that reported changes in
incidence or prevalence would not be meaningful. Moreover,
because thyroid hormone levels are variable within individuals
(Andersen et al., 2003; Andersen et al., 2002), it will be
difficult to identify relationships between clinical disease and
chemical exposures; in contrast, it may be more likely that
chemical exposures will be related to thyroid hormone levels
within the reference range. Risk assessors should not disregard
such relationships for several reasons:

First, a large number of chemicals can affect circulating
levels of thyroid hormone in animals (Howdeshell, 2002;
Brucker-Davis, 1998). Although there are differences
between rodents and humans in some characteristics of the
thyroid system (see below), rodent systems still provide
important fundamental information for the pharmaceutical
development of therapeutics for humans. Therefore, it seems
inefficient to employ rodent systems to develop drugs but to
fail to use rodent systems to protect public health.

Second, serum TSH levels within the reference range have
been identified as a risk factor for blood pressure and serum
cholesterol (reviewed in Miller et al., 2009) as well as

for bone in postmenopausal women (Morris, 2007). This
suggests that serum thyroid hormone levels — TSH and
possibly total or free T, — will be useful measures to link
chemical exposures to various diseases.

Finally, small differences in serum thyroid hormone levels
during pregnancy or at birth are associated with deficits

in cognitive function (LaFranchi, 2010). Therefore, if the
fetus or neonate is as sensitive to chemical exposures as
are adults, then even weak relationships between chemical
exposure and hormone levels could produce permanent
adverse effects.

A comprehensive review of this literature has recently
appeared (Boas, Feldt-Rasmusssen & Main, 2011; Boas, Main
& Feldt-Rasmusssen, 2009). There is now reasonably firm
evidence that PCBs have thyroid-disrupting effects and that
several other common contaminants also have such properties.
These include brominated flame retardants, phthalates,
bisphenol A and perfluorinated chemicals. In all cases,
chemical exposure has been associated with serum thyroid
hormone levels. Chemicals may affect circulating levels
of thyroid hormone by interacting with the thyroid system
in different ways (Figure 2.9) and there is currently little
information about exactly how these may interact. A key issue
is the extent to which changes in circulating levels of thyroid
hormone reflect changes in thyroid hormone action in tissues
(e.g. Zoeller, 2003). Human exposure to these chemicals
(listed in Chapter 3, Table 3.1) is comprehensively reviewed in
Chapter 3.2.2.
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2523 Polychlorinated biphenyls (PCBs)
PCBs are a family of biphenyls that have been randomly

chlorinated, producing a mixture of chemicals that have as many
as 209 different chlorination patterns. Their biological activity
is altered by these patterns; in general, chlorination patterns
that stabilize the ring structures into a planar conformation have
dioxin-like activity (Kafafi et al., 1993; Kafafi et al., 1992) and
those whose chlorination pattern stabilizes the ring structures
into a non-coplanar conformation have a variety of activities
(Lyng, 2007; Zoeller, 2001; Seegal & Shain, Snyder-Keller &
Seagal, 1992; Shain, Bush & Seegal, 1991). Although PCB
production was banned in the 1970s, PCBs remain common
contaminants in the environment and in humans and wildlife
both because of their chemical stability and because of the
widespread use from heavy industrial applications to home
products such as floor finishes and window caulking.

A number of studies have reported associations between
PCB exposure and measures of thyroid function in humans that
support the hypothesis that PCBs can reduce circulating levels of
thyroid hormone (Abdelouahab et al., 2008; Hagmar et al., 2001a;
2001b; Persky et al., 2001; Schell et al., 2008; Turyk, Anderson
& Persky, 2007). Some studies indicate that PCB body burdens
suppress serum T,, whilst others indicate serum T,. In some
cases, the findings are in men, in other cases in women. Overall,
it is not a uniform picture. In studies of pregnant women, PCB
body burden is positively associated with serum TSH (Chevrier
et al., 2007; Takser et al., 2005). Studies of newborns also indicate
that PCB body burden suppresses thyroid function (Chevrier et
al., 2007; Herbstman et al., 2008). However, a number of studies
report no associations between PCB body burden and measures
of thyroid function (e.g. Dallaire et al., 2009; Dallaire et al., 2008;
Longnecker et al., 2000).

There are a very large number of variables that must be
considered to identify a relationship of interest between PCB
exposures and measures of thyroid function. These include the
fact that PCBs have a very long half-life in the human body
and that there are many different PCB congeners that could
influence thyroid function differently. There are also slightly
different congener profiles in different populations. Measures
of thyroid function are also variable across the population
(serum total and free T, and T, and TSH) and this is exacerbated
when time-of-day (with which thyroid hormone levels vary)
is not standardized. Likewise, there are small gender and
population differences. In one study of newborns, the birth mode
(caesarean versus vaginal delivery) was important in identifying
a relationship between serum PCBs and measures of thyroid
function (Herbstman et al., 2008).

Evidence for PCB exposures causing thyroid diseases and
disorders in rodent models

Considering these issues, it should be expected that not all
studies will find exactly the same relationships. The issue is
whether observed correlations between PCB body burden
and various measures of thyroid function are consistent with

an effect on population health that is mediated by effects on



thyroid hormone action. This is where experimental studies
in animal models can be revealing. PCB exposures nearly
uniformly cause a reduction in serum total and free T, (Gauger,
Sharlin & Zoeller, 2007a). However, serum TSH is not often
reported to be elevated in response to this decrease (Hood
and Klaassen). In addition, different PCB congeners appear
to be differentially potent at causing serum T, reductions

(e.g. Giera et al., 2011), although it is not clear why this is
observed. In a controlled study comparing the effects of
reduced serum T, produced by either propylthiouracil (PTU),
which blocks thyroid hormone synthesis, or various PCBs,
which presumably induce liver microsomes and decreases the
serum half-life of T, Giera et al. (2011) found very different
effects of PCB exposure compared to PTU exposure. Despite
the fact that both exposures brought serum total T, to the same
concentration in blood, the two exposures had very different
effects on the expression of known thyroid hormone response
genes in the liver. Thus, the effect of PCB exposure on serum
thyroid hormone levels cannot be interpreted the same way
as the effect of PTU on serum thyroid hormone levels. This
conclusion is supported by other studies (Bansal & Zoeller,
2008; Roegge et al., 2006; Bansal et al., 2005).

These findings also indicate that PCBs, or at least some
congeners or metabolites, can interact directly with the thyroid
hormone receptor. This hypothesis has been supported by a
variety of studies. Several hydroxylated PCBs have been shown
to displace T, from the TR (You et al., 2006; Kitamura et al.,
2005), or to increase (Freitas et al., 2011; Gauger et al., 2007)
or decrease (Amano et al., 2010; Miyazaki et al., 2008) thyroid
hormone receptor activation in expression systems. Likewise
in vivo, PCBs produce effects that are consistent with the
hypothesis that they can interfere with thyroid hormone action;
in a recent study, PCB body burden in killer whales was highly
correlated with the expression of the thyroid hormone receptor
(Buckman et al., 2011), a known target of thyroid hormone itself.

Taken together, these findings reveal relatively inconsistent
relationships between PCB exposure and measures of thyroid
function in humans, but very strong evidence in animals and
in molecular studies indicating that PCBs can interfere with
thyroid hormone action. The complexity of the human data has
been interpreted by some to indicate that there is no convincing
evidence that PCBs interfere with thyroid function in humans
(Kimbrough & Krouskas, 2003). Moreover, these authors
suggest that even if the current data indicate that PCBs can
interfere with thyroid function in humans, it is not clinically
relevant. Importantly, this review did not include aspects of
thyroid measurements that would provide insight into the
difficulty in observing PCB effects of interest or the kind of
statistical analysis that would be required.

All studies of endocrine disruptors in humans will likely
have elements of the dataset observed with PCBs. Specifically,
environmental chemicals may produce effects on endocrine
systems that are either dissimilar to that of overt disease states,
or that are inconsistent from one study to the next due to the
difficulty in standardizing exposure measures and measures of
hormone levels.
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2524 Other environmental chemicals

Boas, Feldt-Rasmussen and Main (2011) have also reviewed

the literature linking a variety of chemical exposures to

thyroid function in humans. These include PBDEs, pesticides,
perfluorinated chemicals, phthalates, bisphenol A, UV-filters and
perchlorate. With the possible exception of perchlorate, none of
these chemicals have been as extensively for their relationship
to thyroid function as that of PCBs. Human exposure to these
chemicals is, however, extensive (Chapter 3.2.2). Suvorov and
Takser (2008) suggest that the PCB story can further inform the
number of publications (and time) required to generate enough
data to make informed decisions about human and wildlife
health.

2525 The perchlorate controversy

Perchlorate is an oxidant used in a variety of industrial
applications, from the production of solid rocket fuels, to
explosives used in automobile airbags, fireworks and blasting
caps (reviewed in Oxley et al., 2009). Perchlorate is also naturally
occurring (Dasgupta et al., 2006), though the relative degree to
which environmental contamination is caused by human-made
or naturally occurring perchlorate is not clear. Perchlorate is
chemically stable when wet and persists for long periods in
geological systems and in groundwater. Largely because of
disposal practices during the 1960s — 1990s, perchlorate became
a common contaminant of groundwater in the United States
(Urbansky, 2002).

The best known biological effect of perchlorate is the
inhibition of iodide uptake by the sodium/iodide symporter
(NIS) (Wolff, 1998), although it has recently been reported that
perchlorate also interacts with Pendrin, another iodide transporter
(Attanasio et al., 2011). NIS is responsible for transporting iodide
into the thyroid gland, which is required for the production of
thyroid hormone (Carrasco, 2000). In addition, this protein is
expressed in the gut (Nicola et al., 2009; Vayre et al., 1999),
lactating breast (Nicola et al., 2009; Dohan et al., 2003; 2007),
placenta (Mitchell et al., 2001), and choroid plexus (Carrasco,
2000), all presumably as a delivery mechanism for iodide to the
thyroid gland. In this regard, it is important that the expression
of NIS in the human fetal thyroid gland is the limiting step in the
production of thyroid hormone (Szinnai et al., 2007).

Given the essential role of thyroid hormone in development,
it is important to determine whether perchlorate exposure
is associated with measures of reduced thyroid function in
the human population. Early studies sought to test this by
comparing T, or TSH levels in blood spots taken as part of
the neonatal screening program with a proxy measure of
perchlorate exposure — i.e. the city in which the infant was born
(Las Vegas compared to Reno, Nevada, USA) (Li et al., 2000a;
2000b; Crump et al., 2000; Lamm and Doemland, 1999). The
hypothesis was that because municipal drinking water was
contaminated with perchlorate in Las Vegas but not in Reno,
pregnant women and neonates would be exposed to perchlorate
in Las Vegas but not in Reno. These studies uniformly found

no association between the city of birth and neonatal thyroid
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hormone. This was further supported by studies in Chile, in
which perchlorate of natural origin is high, and again found no
association between neonatal measures of thyroid function and
the city of birth (Crump et al., 2000; Tellez Tellez, 2005). It was
later shown in national biomonitoring data that almost everyone
in the USA is exposed to perchlorate on a continual basis
(Blount et al., 2006a; 2006b) and that much of this is derived
from food (Huber et al., 2010; Sanchez et al., 2009). Therefore,
studies using point estimates of exposure (i.e. city of birth) were
confounded by large misclassifications of exposure and provide
little useful information concerning the relationship of interest,
i.e. perchlorate exposure and thyroid function.

A separate series of studies were performed to determine
the efficacy of perchlorate exposure on iodide uptake inhibition
in human volunteers (Greer et al., 2002; Lawrence, Lamm &
Braverman, 2000; 2001), with the idea that this would help
determine whether human exposures could influence thyroid
function in the general population. These studies indicated that
adults would have to consume 2L of drinking water daily that
was contaminated with at least 200 ppb (ng/L) perchlorate to
reach a level in which iodide uptake would begin to be inhibited
(Greer et al., 2002). Of course, the relationship between iodide
uptake inhibition, thyroid hormone synthesis and serum
concentrations of thyroid hormone is not known, but was believed
to require significant iodide uptake inhibition for extended
periods before thyroid function would be impaired. Based on
these studies, a USA National Academy of Science (NAS)
committee recommended a reference dose (RfD) of 0.0007 mg/
kg per day (National Research Council, 2005), which the US EPA
used to set a provisional drinking water standard of 15 ppb.

Several authors disagreed with EPA’s drinking water
standard of 15 ppb and perchlorate remediation goal of 24.5 ppb
on the basis that it did not consider infants (Ginsberg et al., 2007).
The reason for this was that infants must synthesise their supply
of thyroid hormone each day (van den Hove et al., 1999); thus,
if environmental factors reduce thyroid hormone synthesis and
hormone levels decline, adverse effects on cognitive function
would develop. Infants are very sensitive to thyroid hormone
insufficiency (Zoeller & Rovet, 2004) and small differences
in circulating levels of thyroid hormone in infants have been
associated with differences in measures of cognitive function
into adulthood (LaFranchi & Austin, 2007; Oerbeck et al., 2003;
Heyerdahl & Oerbeck, 2003). Ginsberg et al. (2007) calculated
that as many as 90% of nursing infants may exceed the RfD,
although later empirical measurements indicate that this number
is probably closer to 10% (Valentin-Blasini et al., 2011).

Blount et al. (2006b) showed a significant and sizable
association between urinary perchlorate and serum thyroid
hormones in a statistically representative sample of the USA
population as part of the NHANES survey. This association
was observed for women, but not for men. Importantly, the
associations observed are plausibly consistent with a cause-
effect relationship. That is, urinary perchlorate was positively
associated with serum TSH and this association was stronger
when urinary iodide was low. In addition, urinary perchlorate
was negatively associated with serum T, levels when urinary
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iodide was low. Thirty percent of women in this study had
low urinary iodide (below 100 pg/L). Using this same dataset,
Steinmaus, Miller & Howd, (2007) showed that women who
smoked had elevated levels of thiocyanate, which also inhibits
iodide uptake by the NIS, and that in women with low urinary
iodide, the association between perchlorate exposure and
measures of thyroid function was much stronger.

Conclusions from the NHANES 2001-2002 data are not
easily reconciled with the earlier studies of human volunteers
or with other population studies (Pearce et al., 2010a; 2011). If
these studies reflect a true relationship between very low levels
of perchlorate exposure and thyroid function, it would mean that
data derived from short-term, high-dose experiments in humans
do not accurately predict effects of chronic low-dose exposures.

The conflicting findings among epidemiological studies
of the relationship between perchlorate exposure and thyroid
function should highlight features of the thyroid system that do
not appear to be commonly taken into consideration. One of
the most important of these is that circulating levels of thyroid
hormone are somewhat variable in each individual (Andersen et
al., 2002). In fact, Andersen et al. (2002) estimate that it would
require 25 separate tests to estimate the “set point” for serum T,
in a single individual with a precision of 5%. Thus, the known
variability in measurements of T, and TSH should be employed
to estimate the number of subjects needed to test whether there
is a relationship between serum T, and perchlorate. Likewise,
consideration needs to be given to the known variability of
estimates of perchlorate exposure. None of the current studies
formally calculate the number of participants that would be
required to identify a relationship between serum T, (or TSH)
and urinary perchlorate. The Blount study included over 1,111
women in their study — the largest to date.

The story of perchlorate contamination should be used to
inform studies of other contaminants and their relationship
with thyroid function. For those exposures that will act by
changing circulating levels of thyroid hormone, perchlorate can
serve as a direct example and it will be important to ensure that
the study has enough subjects to provide adequate statistical
power. This is important because there are known associations
between circulating levels of thyroid hormone in pregnant
women and, especially, neonates that provide very strong
evidence linking hormone levels to adverse outcome. However,
for exposures to chemicals that can interfere with thyroid
hormone signalling without affecting serum hormone levels,
there is clearly a lack of approach at this moment to test these
associations in the human population.

253 Thyroid hormone and other organ
systems

It is important to recognize that thyroid hormone concentrations
are correlated with adverse effects in organ systems other than
the nervous system in the adult, including the cardiovascular
system and control of serum lipids (Asvold et al., 2007a; Biondi
et al., 2005; Osman et al., 2002), pulmonary system (Krude et
al., 2002; Lei et al., 2003; Mendelson & Boggaram, 1991) and



kidney. Total cholesterol, low density lipoproteins (LDL), non-
high density lipoproteins (non-HDL), and triglycerides increase
linearly with increasing TSH, and HDL decreases consistently
with increasing TSH across normal reference ranges without
evidence of any threshold effect (Asvold et al., 2007b). Similar
trends in lipid profiles can be identified across clinical categories
from hypothyroid to euthyroid to hyperthyroid individuals
(Canaris et al., 2000). Within the reference ranges for TSH, there
is a linear positive association between TSH and both systolic
and diastolic blood pressure (Asvold et al., 2007b). Intimal
medial thickness (IMT), a measure of atherosclerosis and
predictive of coronary vascular disease and stroke, is inversely
related to free T, after controlling for lipids, clinical factors,

and thyroid autoantibodies (Dullart et al., 2007). Some of these
measures are ameliorated by treatment with thyroxine. Not
surprisingly, deficits in thyroid homeostasis are associated with
cardiovascular risk in multiple epidemiologic studies. A meta-
analysis of 14 epidemiologic studies (Rodondi et al., 2006) found
an overall increase in risk of coronary heart disease (CHD) of
over 65% in those with subclinical hypothyroidism (elevation in
TSH with normal T,). A higher risk was noted in those studies
that adjusted for most cardiovascular risk factors. Treatment
with L-thyroxine of patients with subclinical hypothyroidism
resulted in improvements in cardiovascular risk factors including
total cholesterol and endothelial function (Razvi et al., 2007).

In addition, environmental exposure to at least one thyroid
disrupting chemical (PCBs) has been shown to have an inverse
association with T, in men (Meeker, Altshu & Hauser, 2007)
and was associated with both unfavorable lipid profiles and self
reported cardiovascular disease in men and women (Goncharov
et al., 2008). Therefore, epidemiologic as well as mechanistic
and therapeutic evidence substantiates the concern that thyroid
disrupting chemicals may adversely affect cardiovascular risk in
humans by reducing serum T,.

254 Evidence for endocrine disruption of
the thyroid in vertebrate wildlife

Thyroid hormone is produced in all vertebrate classes and the
chemistry of the hormone is identical in all of these species.
In addition, thyroid hormones play a role in development in at
least some members of all vertebrate classes. For example, in
the flounder, metamorphosis is thyroid hormone dependent.
This is also the case for amphibians. Much less is known about
the capacity for thyroid dysfunction by EDCs in reptiles and in
birds (with the exception of chick development, which provides
an important developmental model). Thyroid hormone receptors
(both TRa and TRP) are highly conserved among the vertebrates,
suggesting that thyroid disruptors in any vertebrate may exert
similar effects across all vertebrate species. However, metabolism
of chemicals and subsequent exposures may differ considerably
among the vertebrates and there may be other important
differences that would suggest that caution be used when
extrapolating information from one vertebrate class to another.
Thyroid hormone disruption reported in vertebrate wildlife
species includes cetaceans and other sea mammals, as well
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as a range of fish and birds. Some examples are given in the
following sections. Effects on invertebrate wildlife have not been
included: whilst thyroid hormone receptor orthologues have
been reported across a range of invertebrate species, including
the platyhelminths, Schistosoma japonium and Schmidtea
mediterranea, the mollusc, Lottia gigantea, and the arthropod,
Daphnia pulex (Wu, Niels & LoVerde, 2007), the capacity for
thyrotoxic chemicals to exert effects on invertebrates is, as yet,
unknown. Exposures of wildlife to thyroid hormone disrupting
chemicals are comprehensively reviewed in Chapter 3.2.1.

2541 Wild mammals

Many studies have reported relationships between individual
body burdens of persistent organic pollutants and thyroid-related
effects in seals (Brouwer, 1989; Hall, Kalantzi & Thomas, 2003;
2007; Routti et al., 2008), sea lions (Debier et al., 2005), beluga
whales inhabiting the St. Lawrence estuary (DeGuise et al.,
1995), the harbour porpoise (Schnitzler et al., 2008), and the
polar bear (Braathan et al., 2004, Skaare et al., 2001), suggesting
contaminant-mediated disruption of thyroid homeostasis. In
some studies, interfollicular fibrosis could be seen in the thyroid
gland itself, associated with severe pathological dysfunction

in other animals. PDBEs and PCBs particularly affect thyroid
hormone transport and metabolism (Hallgren et al., 2001; Zhou
etal., 2001; Zhou et al., 2002). Thyroid hormones are described
as having a permissive role in the effects of other hormones and
various enzymes, are important for metabolic regulation and

are necessary for adequate growth. They control some aspects
of fasting and may play a role in moulting cycles (Bentley et

al., 1998). They are therefore key components of the endocrine
system of wild mammals and any effects on their production,
secretion, metabolism and target sites will have consequences for

a range of physiological processes.

2542 Non-mammalian vertebrates

Fish in contaminated locations are known to have impaired
thyroid systems. The most famous historical examples of thyroid
disruption were in the salmonids living in heavily polluted
regions of the Great Lakes area in the United States during the
1970s and 1980s (e.g. Leatherland & Sontesgard, 1980a; 1980b;
1982a; 1982b; reviewed in Jobling & Tyler, 2003). Moreover,

in the last decade, thyroid abnormalities were also reported in
mummichogs from a polluted site in New Jersey, USA (Zhou

et al., 2000) and in San Francisco Bay, California, USA (Brar
etal., 2010). In the latter study, plasma concentrations of T,

were significantly reduced in two species of fish from highly
contaminated areas, compared with fish from cleaner locations
in the same estuary and both the T,.T, ratio and T, concentrations
were positively correlated with PCB concentrations measured

in the livers of the exposed fish whilst T, concentrations were
inversely correlated. Taken together, the results support the
conclusions from laboratory experiments and the general
hypothesis already indicated in some marine and terrestrial
mammals that environmental PCBs may alter T, deiodination

or turnover. Relationships between exposure to other chemicals
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and thyroid hormone disruption in fish are less common, albeit
increasing in the last decade, especially in relation to exposure to
flame retardants (PBDEs).

In birds, biomarkers of exposure to thyroid-disrupting
chemicals have also been evaluated by McNabb (2005),
Panzica, Viglietti, Panzica & Ottinger (2005), and Grote et
al. (2006). However, the exact extent to which EDCs exert
effects on bird populations is still not established and field
studies do not always support extrapolation from laboratory
studies (e.g. Fernie et al., 2003; Fernie, Bortolotti & Smiths,
2003a; Fernie, Smiths & Bortolotti, 2003b), possibly
because of between-species differences in susceptibility.
Notwithstanding this, the relationships between the PCB
concentrations and thyroid dysfunction in various bird species
conducted over a long period strongly suggest that some
PCBs can modulate this system in wild birds. This suggestion
is now also supported by results from experimental studies on
various model species. Long-term monitoring of herring gulls
in the Great Lakes revealed significant thyroid dysfunction
linked with PCB burden (Scanes & McNabb, 2003), and
structural thyroid abnormalities detected in great cormorants
from Tokyo Bay were also associated with PCDF and PCB
contamination (Saita et al., 2004).

In addition, other studies on birds have found negative
correlations between blood T, and T,:T, ratio and levels
of organochlorines, particularly hexachlorobenzene and
oxychlordane, in glaucous gulls from the Barents Sea
(Verreault et al., 2004). Similarly, reduced T, levels were
reported in white stork nestlings exposed to pollution from a
copper smelter (Kulczykowska et al., 2007). In contrast, an
increase in T, and T, levels were detected within the thyroid
glands of tree swallow nestlings from reclaimed wetlands
partly filled with mine tailings from oil sands processing
in Alberta, Canada (Gentes et al., 2007). It was postulated
that the modulation of thyroid function in these birds may
adversely affect metabolism, behaviour, feather development
and moulting, ultimately compromising the survival of
fledglings. High body burdens of PCBs in the European shag
were associated with increased fluctuating wing asymmetry
and also with disruption of the thyroid hormone, vitamin A
(retinol) and vitamin E (tocopherol) homeostasis (Jenssen et
al., 2010). Intergenerational effects of PCB exposure have also
been demonstrated in kestrels, primarily via maternal transfer
but also attributable to behavioural effects in the male parent.
Where one or both parents had been exposed in ovo to PCBs,
the progeny exhibited effects on development and growth,
and sexually dimorphic effects on plasma T, levels (Fernie et
al., 2003b).

255 Evidence fora common EDC
mechanism of thyroid disruption for
human and wildlife

From the above, it is apparent that many of the symptoms
associated with thyroid hormone disorders in humans, namely
alterations in the levels of circulating thyroid hormones and
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changes in the structure of the thyroid gland, have also been
reported in wildlife. However, although probable, as yet there
is no evidence that directly links the disruption of thyroid
function via chemical exposure to adverse ecological effects in
any wildlife species. In contrast, evidence of adverse effects is
beginning to emerge from laboratory-based studies and will be

discussed in the following section.

25.5.1 Evidence for EDC causation of thyroid
disruption in laboratory studies with
rodents and other vertebrates

Much of the laboratory-based research into the implications

of EDC exposure for thyroid function in humans stems from
studies using rodent models. For example, the rat has been
extensively used to explore the health effects of exposure to
PBDEs, with most studies consistently reporting a negative
correlation with T, concentrations (Zhou et al., 2002; Kodavanti
& Derr-Yellin, 2002; Darnerud et al., 2007). Indeed, Kuriyama
et al. (2007) demonstrated that BDE-99 has the capacity to
reduce T, levels in rats, even at low and environmentally relevant
doses, with adipose tissue concentrations of BDE-99 in rats close
to those reported in non-occupationally exposed humans and
also at equivalent doses to those associated with other adverse
outcomes in male and female rats, including permanent changes
in neurobehaviour, locomotor activity and fertility (Kuriyama

et al., 2005). Thus, it would appear that, in rodents, effects on
thyroid function occur at EDC concentrations close to current
human body burdens.

There is also laboratory-based evidence to support the
assertion that EDCs are involved in the causation of thyroid
disorders in wildlife species. For example, the suggestion that
organochlorine pesticides, PCBs and flame retardants are
causing thyroid disruption in arctic wildlife is supported by
data from experimental studies on various model species such
as domesticated arctic foxes, Greenland sled dogs and goats
(e.g. Lyche et al., 2004; Oskam et al., 2004; Ropstad et al., 2006
Sonne et al., 2009). As a model of high trophic level carnivores,
Kirkegaard et al. (2011) exposed female Greenland sled dogs and
their pups to whale blubber contaminated with organohalogen
compounds from 2-18 months of age and then examined thyroid
hormone status. Although the sample numbers were low, the
results supported observational data in other wildlife and
humans, by showing that long term exposure to EDCs may result
in detectable effects on thyroid hormone dynamics by lowering
both free and total T,.

In non-mammalian vertebrates, there are many laboratory
studies reporting the effects of EDCs on thyroid hormone
homeostasis, particularly in amphibians, due to the role of thyroid
hormone in inducing metamorphosis. In this respect, BPA has
been shown to block thyroid hormone-induced metamorphosis,
indicating anti-thyroid activity (Iwamuro et al., 2003), which is
consistent with its antagonism of T, binding in Xenopus tadpoles
(Goto et al., 2006). The herbicide acetochlor was also found to
accelerate T,-induced metamorphosis of Xenopus (Crump et
al., 2002), a process that was preceded by disruption of T -



dependent expression of thyroid hormone receptor genes in the
tadpole tail. Nonylphenol had an overall inhibitory effect on

the rate of bullfrog tadpole metamorphosis (Christensen et al.,
2005). Gutleb et al. (2007) developed a synchronized amphibian
metamorphosis assay, which is based on a the analysis of a
range of endpoints, including the percentage of metamorphosed
froglets by the end of the 60-day experimental period and the
percentage of tadpoles at different stages of development, using
Xenopus laevis as a model. Using this assay as a tool, a range of
thyroid hormone disturbances were observed in response to a
mixture of PCBs.

Although differences in sensitivity have been reported,
depending on the model in question, in general, it would appear
that the same chemicals, or groups of chemicals, elicit similar
response patterns regardless of the species in question and the
test system used. Laboratory-based studies using mammalian
(mainly rodents) and non-mammalian species (most notably
amphibians) have been invaluable in demonstrating the
capacity for EDCs to affect thyroid development and in helping
to identify critical periods of exposure during development.
The data generated by these studies support the theory
concerning the involvement of EDCs in the causation of
thyroid disorders in wildlife and, in many cases, mirror the
evidence concerning the etiology of these disorders in humans.

2552 Interspecies extrapolation

Interspecies extrapolation of adverse effects of EDCs requires
careful consideration. An example in which cross-species
extrapolation is warranted is that of perchlorate. Perchlorate
competitively inhibits iodine uptake into the thyroid gland,
with subsequent decreases in TH synthesis and declines in
circulating TH concentrations (Wolff, 1998). The kinetics

for perchlorate inhibition of iodine uptake in humans and

rats are extremely similar (US EPA, 2002), indicating the
homologous nature of the initial toxic event. Although this

is a clear example of a situation in which the toxic event (i.e.
iodine uptake into the thyroid gland) exhibits similar kinetic
profiles for rodents and humans, the impact of reduced serum
thyroid hormone in rodents and humans may differ in some
characteristics. For example, rodents or humans may possess
robust compensatory mechanisms that would ameliorate the
impacts of perchlorate exposure or low T, (National Research
Council, 2005). However, it is not at all clear that this is

the case. Studies in humans indicate that even mild iodine
insufficiency is associated with lower IQ in children (Berbel
et al., 2009; Zimmermann, 2007; Aghini Lombardi et al.,
1995), which does not support the notion that compensatory
mechanisms are robust or available to the developing brain.
Moreover in animals, Gilbert & Sui (2008) found that
perchlorate exposure of pregnant rats can significantly affect
synaptic transmission in the adult offspring, which also
indicates that robust compensatory mechanisms to low thyroid
hormone are not available. In addition, Sharlin et al. (2010)
failed to identify compensatory responses to low levels of
thyroid hormone in the developing rodent brain.
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In contrast to the above, some studies do not support direct
extrapolation between species (Crofton, 2004). To illustrate
this kind of situation, both in vivo and in vitro studies suggest
that PCBs activate the pregnane X receptor (PXR) in rodent
liver, which leads to upregulation of hepatic catabolic enzymes
and subsequent declines in circulating concentrations of T,
(Schuetz, Brimer & Schuetz, 1998). The steroid X receptor
(SXR) is the human equivalent of rodent PXR (Blumberg
et al., 1998) and there are species differences between these
two proteins. Rodent PXR is activated by pregnenolone-
16a-carbonitrile (PCN), but not by rifampicin, whereas human
SXR is activated by rifampicin but not by PCN (Kliewer,
Goodwin & Willson, 2002). In addition, in vitro data suggest
that high concentrations of CB-153 act as an antagonist at
the human SXR rather than an agonist on the PXR in rodents
(Tabb et al., 2004). Thus, PCBs may cause serum T, to decline
in animals but not in humans. While these data appear to
support the conclusion that rodent data for PCBs are not
relevant to humans, it does not appear to be that simple. First,
if the hypothesis is correct that PCB, increase T, clearance in
a manner similar to that of phenobarbital, then serum TSH
should increase as it does in response to phenobarbital (Hood
& Klaassen, 2000). Because TSH does not increase in response
to PCB exposure in rodents, the mechanism(s) by which PCBs
cause a reduction in serum T, may not be well understood. In
addition, we know that some PCB congeners or metabolites can
interact directly with the TR (see above), which is not related
to a PXR/SXR pathway. Thus the mechanisms by which PCBs
cause a reduction in serum T, even in animals are not fully
understood, nor have the most important pathways of toxicity
in animals or humans been identified. Thus, the information
required to exclude animal studies for consideration in risk
assessment for PCBs is not available. Moreover, there are few
other chemicals for which so much information is available.
Therefore, it is unlikely to be the case that animal-to-human
extrapolation should be excluded.

Finally, some authors propose that there are differences
in circulatory transport proteins for thyroid hormones (e.g.
transthyretin and thyroid-binding globulin) in rodents
compared to humans and that this renders rodents much
more sensitive to thyroid hormone reducing agents than are
humans (Capen, 1997; Hill et al., 1998). However, it is not
clear that these differences are meaningful for two reasons.
First, pregnant and neonatal rodents have high levels of all
transport proteins including thyroxine binding globulin
(TBG) (Savu et al., 1991; Vranckx, Savu & Nunez, 1989;
Savu et al., 1989; 1987). Rat TBG has been cloned (Tani et
al., 1994) and its regulation studied (Vranckx et al., 1994).
Thus, the contention that rodents do not have the same serum
binding proteins as humans may not be correct. A further
difference between rodents and humans is that the serum
half-life of T, in rodents is much shorter than that of humans
(1 day in rodents versus 7-10 days in humans), although it is
not at all clear that this issue renders rodent studies of thyroid
function irrelevant to humans either; there are considerable

data that suggest just the opposite.
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256 Main messages

* Thyroid hormone is important in development and in
adulthood in both wildlife and humans.

* Aside from thyroid cancer and congenital hypothyroidism,
it is difficult to identify trends in the incidence of human

thyroid disease.

e There are many chemicals that can interfere with thyroid

function.

* Similarly, there are chemicals that can interfere directly

with thyroid hormone action.

* Many chemicals interfere with thyroid function in a manner
that will not be captured by evaluating only serum hormone

levels.

» Despite the recognition that thyroid hormone is essential
for brain development in humans, few if any chemicals are
tested for their ability to interfere with thyroid hormone

action.

» Relationships between exposure to chemicals and thyroid
hormone disruption in wildlife species have increased in
the last decade, especially in relation to exposure to flame
retardants (PBDEs) and PCBs.

» The strength of evidence supporting a role for endocrine
disrupting chemicals in disrupting thyroid function in
wildlife adds credence to hypothesis that this could also

occur in humans.

* Thyroid disruption is acknowledged to be poorly addressed
by the chemical tests currently listed in the OECD
Conceptual Framework.

257 Scientific progress since 2002

Since the Global Assessment of the State-of-the-Science of
Endocrine Disruptors (IPCS, 2002), the following advances

have been made:

* Increasing numbers of human studies establish a link
between chemical exposures and thyroid function,

including in pregnant women.

* However, few studies have focused on the relationship
between chemical exposures in pregnant women, thyroid
measures in those women (or in the cord blood of their
offspring), and cognitive function in neonates.

* Genetic lines of mice have become widely available that
should be coupled with toxicology studies to help clarify
the mechanisms by which chemical exposures can interfere
with thyroid hormone action.

» Relationships between exposure to chemicals and thyroid
hormone disruption in wildlife species have increased in
the last decade, especially in relation to exposure to the
flame retardants (PBDEs) and PCBs, but other chemicals
are insufficently studied.

258 Strength of evidence

There is sufficient evidence that some thyroid diseases are
increasing in the human population and that this baybe
related to environmental exposures. These diseases include
congenital hypothyroidism and thyroid cancer. This evidence
is considered to be sufficient because several authors report
an increased incidence using screening data that reflect
population-wide surveys. However, there are insufficent

data linking these increases in thyroid disease to specific
environmental factors.

There is limited evidence from wildlife studies and
sufficient evidence from laboratory experiments that endocrine
disrupting chemicals can interfere with thyroid hormone
signalling, leading to diseases and disorders in wildlife
species. The data generated by these studies support the theory
concerning the involvement of EDCs in the causation of
thyroid disorders in wildlife and mirror some of the evidence
seen in humans. For many wildlife species, however, no studies
have been done.

There is insufficient direct evidence in the human literature
supporting the hypothesis that effects on thyroid hormone
signalling mediate the association between chemical exposures
and human disease/disorders. Perhaps the best example of this
is focused on PCBs. There is sufficient evidence linking PCB
body burden to reduced measures of cognitive function in
children (Schantz, Widholm & Rice, 2003) and this evidence
is deemed to be sufficient because a number of authors have
reported similar findings and because it is consistent with
studies in animals. In animal studies, PCBs clearly reduce
circulating levels of thyroid hormone (Brouwer et al., 1998)
and can affect brain development (Roegge et al., 2006). There
are some studies indicating that PCB body burden is linked
to reduced measures of cognitive function, but the evidence
demonstrating a causal relationship is limited. Few studies
have evaluated the relationship between PCB exposure,
cognitive development, and thyroid hormone; therefore, there is
overall insufficient evidence to demonstrate that PCBs interfere
with thyroid hormone signalling and cause an adverse effect.
Animal studies indicate that PCBs can exert effects on thyroid
hormone signalling in development that are not consistent with
effects on serum hormone levels (Bansal & Zoeller, 2008;
Giera et al., 2011). Therefore, while considerable evidence
exists in animal studies that chemicals can interfere with
thyroid hormone signalling during development and produce
adverse outcome, we have not developed the approach to fully
test this hypothesis in human populations.

Thus, there are insufficient data linking chemical
exposures to altered thyroid hormone signalling and the
occurrence of disease or dysfunction in humans. Clearly,
considering the importance of thyroid hormone during
development, the large knowledge gaps, animal data, and the
economic cost of population wide impacts on thyroid function
during development (Dosiou et al., 2008), these are issues that
need to be addressed quickly.
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