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The seemingly simple question “Why”? is motivat-
ing growing awareness and concern about ubiqui-
tous chemicals in our environment and their effect 
on reproductive health. Why are there fewer frogs? 
Why can’t I get pregnant? Why do some of my patients 
always miscarry? Why does my child have a birth 
defect? Why did my young daughter get cancer? This 
book seeks to help us link the science of environ-
mental health to this chorus of why. With observed 
increases in reproductive disorders and declines in 
reproductive function, a rapidly expanding body of 
scientific evidence indicates that a number of repro-
ductive and developmental health problems may 
be caused by exposure to chemicals that are widely 
dispersed in our environment and with which we 
come into contact on a daily basis. These problems 
include male and female infertility, miscarriage, poor 
pregnancy outcomes, abnormal fetal development, 
early puberty, endometriosis, polycystic ovarian syn-
drome, uterine fibroids, and diseases and cancers of 
reproductive organs. The compelling nature of the 
collective science, with observations in humans, ani-
mal models, and wildlife, has resulted in recognition 
of a new field of environmental reproductive health. 
Environmental reproductive health focuses on expo-
sures to environmental contaminants, particularly 
during critical periods in development (such as prior 
to conception and during pregnancy), and their 
potential effects on all aspects of the future reproduc-
tive life course, including conception, fertility, preg-
nancy, child and adolescent development, and adult 
health. This book reviews science in key areas of the 
relationship between environmental contaminants 

and reproductive health outcomes, integrating insights 
from scientific disciplines in environmental health and 
clinical and public health fields. It also provides rec-
ommendations on efforts toward prevention in clini-
cal care and public policy.

If elements of the environment we create are con-
tributing to the decline in our reproductive health 
and capacity, then we have, in our hands, the abil-
ity to reverse this trend. This book is intended to lay 
the foundation for those who want to understand the 
science better, whether they are scientists, clinicians, 
nurses and other healthcare professionals, public and 
environmental health practitioners, and motivates fur-
ther contributions in research, clinical care, and policy 
toward creating healthier environments for this and 
future generations.
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Chapter

1.
which led to reductions of pollutants in air, water, and 
food.

However, we now find ourselves at another criti-
cal cross road. What has become clear, focused by the 
steady compilation of scientific findings and books on 
this subject, is that reproductive health and ultimately 
reproductive capacity of the population are under 
strain, and critical indicators show that we must pay 
attention to the warnings ahead of us [1–4]. This is 
reflected by a number of concerning trends in human 
reproductive and developmental health. There has 
been a 40% increase, to about 11%, in the percent of US 
women who report difficulty in conceiving and main-
taining pregnancy [5]. In addition, between 1982 and 
2002, the percent of young women under the age of 25, 
a peak time of fertility, reporting difficulty in conceiv-
ing and maintaining pregnancy doubled from 4.3% to 
8.3% [5, 6]. There has been a decline in the age of onset 
of puberty, as marked by breast development and onset 
of menarche, for girls in the USA between the 1940s to 
the mid 1990s [7].

There are also negative/adverse trends related 
to male reproductive health. The incidence of tes-
ticular cancer, primarily a disease of young men, has 
increased in Europe from 1% to 6% (depending on the 
country) over the past 10–40 years [8]. Testicular can-
cer has increased by about 60% in the USA over the 
last 30 years [9]. In addition, there is a relatively high 
prevalence of abnormally low sperm counts in sev-
eral Scandinavian countries (~ 20%) [10]. Data from 
three cities (Boston, USA, Copenhagen, Denmark, 
and Turku, Finland) demonstrate a significant secular 
trend decrease in serum testosterone, suggesting about 
a 1% per year decline for the past 40–50 years [11–13]. 
This decline is consistent with the reduction in sperm 
concentration reported by Carlsen et al. in 1992 [14]. 
Also, some of the most common birth defects today 

Introduction
Tracey J. Woodruff and Linda C. Giudice

Background
At the beginning of the twenty-first century, the human 
population is in a unique, but precarious position. 
Economic globalization, increasingly rapid techno-
logical change, expanding industrialization, and shift-
ing political and religious forces have provided great 
opportunities and challenges for the human population. 
Equally, we have seen rapid changes in the health of the 
population. In the early part of the last century, there 
were great advancements in health as a result of public 
health interventions, particularly improved water and 
waste sanitation, antibiotics and vaccinations. These 
greatly decreased the burden of acute and infectious 
disease in many, but not all, parts of the world and 
subsequently accelerated the health of the population. 
As infectious and acute illnesses declined, prevalence 
of chronic illnesses, such as heart disease and cancer, 
began to rise. As we move across the boundary of the 
twenty-first century, chronic disease in the USA and 
other developed countries has brought an increasing 
burden to the population, and other, lesser developed 
countries, have not been afforded the same access to or 
benefits of the achievements of developed countries.

We have also seen over this time period, the emer-
gence of the importance of the environment as a deter-
minant of health. During the mid twentieth century, 
environmental pollution, primarily in air and water, 
emerged as a concern for acute and sudden illnesses. 
From the “killer smogs” in Donora, Pennsylvania, and 
London, UK, the mercury poisoning in Minamata, 
Japan, the industrial chemical releases leading to the 
Bhopal tragedy, to the burning water of the Cuyahoga 
River in Ohio – these were visceral, immediate, and 
tragic demonstrations of the power of chemicals in our 
environment with immediate impact on human health. 
These events also motivated demand for pioneering 
legislative and regulatory actions by governments, 

Environmental Impacts on Reproductive Health and Fertility, ed. T. J. Woodruff, S. J. Janssen, L. J. Guillette, and L. C. Giudice. Published by 
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are malformations of the male reproductive system, 
including cryptorchidism and hypospadias [15, 16]. 
This constellation of adverse trends suggests an overall 
decrease in male reproductive function.

Furthermore, there are increasing manifestations  
of adverse health among infants and children. Thirty 
percent more babies are born prematurely, and the 
expected gestational age of babies delivered without 
medical intervention is one week earlier now than 
15 years ago [17]. There are increases in certain birth 
defects and other adverse birth outcomes, such as gas-
troschisis ( three fold over the last 20 years in California) 
and hypothyroidism (138% over the past 20 years in 
New York) [18, 19]. And several childhood illnesses, 
including certain childhood cancers and neurodevel-
opmental disorders, such as autism, have been reported 
to be increasing [20], as well. While genetics comprises 
one important risk factor, other external influences, 
periconceptually, prenatally, and early in childhood are 
also likely contributors.

We must pay attention to these relatively rapid 
changes in health endpoints over the last 30–50 years, 
as genetic contributions could not have evolved at the 
same pace, indicating other external contributors such 
as environment and lifestyle are playing a role.

We know over roughly the same period, starting 
in the mid 1940s, there has been a dramatic increase 
in human exposure to both natural and synthetic 
chemicals. For example, in the USA as of 2006, there 
are approximately 87 000 chemical substances in com-
merce, with about 3000 imported or manufactured 
in excess of 1 million pounds each [21]. Exposures to 
chemicals in the environment, which are defined here 
as metals and synthetic chemicals in our environ-
ment, including air, water, soil, food, consumer prod-
ucts, and the workplace (Table 1.1), are ubiquitous. 
Environmental chemicals can cause a broad spectrum 
of effects that depend not only on route of exposure and 
dose, but on the susceptibility of the individual to the 
compound, and timing and duration of the exposure.

We know that the health of the population can be 
influenced by many intrinsic and extrinsic factors [22] 
(Fig. 1.1), in addition to chemicals in the environment. 
Some external factors can increase stress on the system, 
such as lack of access to health care, social and racial 
discrimination, or poverty. Other external factors can 
create resiliency to competing influences on health, 
such as good social support networks, access to serv-
ices, and stable incomes. Internal factors, such as age, 
gender, and genotype can also influence susceptibility 
to diseases and disorders. The risk from environmen-
tal exposures can be enhanced or diminished by these 
external and internal factors [22].

Increasing concern about the role of chemicals in 
our environment influencing observed increases in 
chronic diseases and identifying chemicals that cause 
harm to reproductive and/or developmental health 
provide an opportunity to focus on preventable risk 
factors. To accomplish this fully, we must expand upon 
the scientific basis of our understanding of the links 
between environmental exposures and reproductive 
health. Furthermore, we must work across disciplines, 
across sectors, with those inside and outside academia, 
in the community, and in the policy arena to fully real-
ize the implications of the science and translate this 
information into change that results in preventing 
exposures to harmful chemicals for individuals and 
populations.

It is toward this goal that we have brought together 
leading scientific experts from across the relevant sci-
entific disciplines in environmental sciences, wildlife 
biology, clinical research, toxicology, epidemiology, 
and clinical and public policy translation to provide the 
scientific foundation for a comprehensive understand-
ing of the intersection of environmental contaminants 
and reproductive and developmental health. This 
book provides a review of the science in key areas of 
the relationship between environmental contaminants 
and reproductive and developmental health for stu-
dents and practitioners in the fields of public health, 

Table 1.1. Key definitions for environmental reproductive health.

Environmental reproductive health: Interdisciplinary study of exposures to environmental contaminants, particularly during critical 
periods in development (such as prior to conception and during pregnancy), and their potential effects on all aspects of future 
reproductive health throughout the life course, including conception, fertility, pregnancy, child and adolescent development, and 
adult health.

Environmental contaminants: metals and synthetic chemicals in our environment, including air, water, soil, food, consumer products, 
and the workplace.

Reproductive health: Ability to conceive, to carry a pregnancy, pregnancy quality and outcomes, pubertal effects and adult 
reproductive health disorders.
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environmental health and research, and medical and 
allied health professional training.

Scope of this book

Defining the field
Environmental reproductive health focuses on expo-
sures to environmental contaminants (metals and syn-
thetic chemicals), particularly during critical periods of 
development (such as prior to conception and during 
pregnancy), and their potential effects on all aspects of 
future reproductive health throughout the life course, 
including conception, fertility, pregnancy, child and 
adolescent development, and adult health.

Environmental contaminants
As discussed above, environmental contaminants are 
metals and synthetic chemicals in our environment, 

including air, water, soil, food, consumer products, 
and the workplace (Table 1.1). Common environmen-
tal pollutants include: pesticides and herbicides such 
as atrazine and chlorpyrifos; volatile organic com-
pounds such as benzene, toluene and chloroform; 
heavy metals such as lead, mercury and arsenic; air 
contaminants such as carbon monoxide, ozone, par-
ticulate matter, and environmental tobacco smoke 
(ETS); and persistent organic pollutants, such as the 
dioxins, polychlorinated biphenols (PCBs), and the 
pesticide dichlorodiphenyltrichloroethane (DDT) and 
its breakdown product dichlorodiphenyldichloroeth-
ylene (DDE) (see Chapters 2 and 17).

There are many environmental contaminants that 
can affect reproductive health [4], and they can do so 
through diverse biological mechanisms. Historically, 
much of the scientific inquiry focused on genotoxic or 
mutagenic chemicals – i.e. those that can damage or 

Community-level
stressors/buffers

Built environment

Land use/zoning
Traffic density

Housing quality

Social environment

Civic engagement/political
empowerment

Poverty concentration
Access to services

Food security
Regulatory enforcement activities

Neighborhood quality
Social capital

Individual-level
stressors/buffers

Social supports
Poverty/SES

Working conditions
Health care access

Diet/nutritional status
Psycho-social stress

Health behaviors
Reproductive events

Individual-level/
interacting

factors
Age

Genetics

Pollutant
source
location

Exposure

Industrial/
transportation

Chemicals
emitted

Community-level impact Individual-level impact

Chronic individual stress

Individual immune response/weathering

Indoor/outdoor
pollution levels

Chemical
body

burden

Detoxification
capacity/DNA

repair

Birth
outcome

Co-
morbidity/
mortality

Internal
dose

Response
and

resilience

Health
effect

Ability to
recover

Area-
level

contami-
nation

Fig. 1.1. External, both community level and individual level, and internal factors that can influence the susceptibility or resilience to disease. 
(Adapted from Morello-Frosch and Shenassa [22].)
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interfere with the integrity of genetic material. While 
there are other mechanistic pathways that can contrib-
ute to disease, since the latter part of the twentieth cen-
tury there has emerged emphasis on an important class 
of chemicals called endocrine-disrupting chemicals 
(EDCs), that interfere with the production, release, 
transport, metabolism, binding, action, or elimination 
of natural hormones in the body responsible for main-
tenance of homeostasis and regulation of developmen-
tal processes. Some of the common EDCs discussed in 
this book include bisphenol-A (BPA), phthalates and 
certain pesticides (e.g. vinclozolin, dicofol, atrazine). 
Many of these compounds alter estrogen, androgen, 
and thyroid signaling, which are essential for normal 
embryonic development and reproductive activity in 
all vertebrates studied to date [23–25]. They can also 
alter hormone synthesis, storage in plasma proteins, 
and hepatic biotransformation and clearance [26]; dis-
rupt neural and immune signaling pathways [27–29]; 
and alter the regulation of gene expression (e.g. DNA 
methylation, RNA stability, protein degradation) 
(reviewed in Edwards and Myers [30]).

Much of this book focuses on the role of/implica-
tions for/potential effects of exposure to EDCs and sub-
sequent reproductive and developmental outcomes. It 
is a natural area of inquiry in this field, as EDCs can 
interact with the hormonal system, which regulates 
development and maintenance of the reproductive sys-
tem. Endocrine-disrupting chemicals can also target 
the neuroendocrine system, which plays regulatory and 
homeostatic roles in the control of human physiology. 

As such, exposure to EDCs has broad implications for 
health.

Critical and sensitive periods of 
development and susceptibility
Another important theme throughout the book is time 
periods of exposure and their influence on subsequent 
health risks (Fig 1.2). Key developmental stages occur 
throughout the life course: before and around the time 
of conception (gamete and blastocyst stages); prenatal 
development (embryo and fetal stages); and infancy, 
childhood, and puberty [31–33].

These time periods are marked by extensive devel-
opmental changes, such as cellular proliferation and 
rapidly changing metabolic and hormonal capabilities. 
Exposures to environmental contaminants during this 
period may result in adverse, permanent, and irrevers-
ible effects that can manifest immediately or later in 
life or even in subsequent generations. For example, 
it has been well established that harmful exposures 
during the prenatal period can result in adverse birth 
outcomes. Exposure to thalidomide resulted in struc-
tural limb defects, excessive alcohol intake leads to fetal 
alcohol syndrome, and smoking can increase risk of 
low birthweight babies and preterm delivery. Also, we 
have learned that exposures during these same critical 
developmental periods can result in permanent altera-
tions to physiologic systems that may not manifest 
until early and late adulthood, which has been labeled 
the fetal origin of adult disease [34, 35].

Fig. 1.2. Important developmental time 
periods during which perturbations, such  
as from exposure to environmental 
contaminants, can result in changes that 
can increase risk of subsequent immediate 
or long-term adverse health outcomes. 
(Modified from Louis et al. [32].)

Child Development and Windows of Susceptibility

Infant

Periconception Prenatal

Immediate and long-term
consequences

Postnatal Childhood

Environmental chemical exposure

Child/
Adolescent

Blastocyst Embryo/
Fetus
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These concepts are illustrated through the tragic 
episode of diethylstilbestrol (DES), a synthetic estro-
gen and an EDC, which is discussed in several places 
in the book. Diethylstilbestrol was given to pregnant 
women in the USA between 1938 and 1971 under the 
erroneous assumption that it would prevent preg-
nancy complications. In fact, in utero exposure to DES 
alters the normal programming of gene families, such 
as Hox and Wnt, that play important roles in reproduc-
tive tract differentiation [35–38]. As a result, female 
offspring exposed to DES in utero are at increased risk 
of clear cell adenocarcinoma of the vagina and cervix, 
structural reproductive tract anomalies, infertility 
and poor pregnancy outcomes, and male offspring 
have an increased incidence of genital abnormalities 
and a possibly increased risk of prostate and testicular 
cancer [39]. These observed human effects have been 
confirmed in numerous animal models that have also 
provided information on the toxic mechanisms of 
DES. Animal experiments have also predicted changes 
later found in DES-exposed humans, such as oviduc-
tal malformations [40], increased incidence of uterine 
fibroids [41–43], and second-generational effects [44, 
45] such as increased menstrual irregularities [46] and 
ovarian cancer [47] in DES-exposed granddaughters 
and increased hypospadias in DES-exposed grand-
sons [48, 49].

Sources of scientific information
Information about the potentially harmful effects of 
exposure to environmental contaminants comes from 
a variety of scientific sources, from wildlife studies, 
in vitro and in vivo toxicology studies, epidemiologic 
studies, and clinical evidence. Within each of these 
areas there are multiple types of testing methodolo-
gies and approaches that are used. Scientific data from 
animal studies, either within wildlife populations 
or controlled experimental settings, provide critical 
information to our understanding of the potential for 
environmental chemical exposure to result in adverse 
human health effects. The most extensive information 
comes from animal bioassays, and these are a prefer-
able method for assessing the potential for human 
harm and for developing strategies for prevention of 
harmful exposures. Unlike pharmaceuticals, environ-
mental contaminants were not intended for human 
use, and it is unethical to knowingly expose humans 
to these chemicals under experimental conditions to 
assess for harmful effects. Several studies of concord-
ance between the perturbed developmental outcomes 

in experimental animal studies and the human clinical 
experience have been made [50–54]. In general, these 
studies conclude that there is concordance of develop-
mental effects between animals and humans and that 
humans are as sensitive or more sensitive than the most 
sensitive animal species [55]. Given that there is gen-
eral conservation of biological function across animal 
species, including humans, animal studies provide 
important insights into potential human harm.

However, there are limitations in how traditional 
toxicologic studies have been designed that decrease 
their utility for studying reproductive or developmen-
tal outcomes, such as insensitive strains or exposure 
periods, a focus on overt disease endpoints, and expo-
sures to single chemicals at high doses rather than the 
mixture of low doses of chemicals more often seen by 
the public. While science continues to use animal stud-
ies to predict human harm, epidemiologic and clinical 
studies provide critical and complementary sources of 
information. This book covers both animal and human 
data to inform what we know about environmental 
chemicals and human reproductive and developmen-
tal health.

Layout of this book
The book starts with a general overview of concepts: the 
scope of exposures to environmental contaminants 
and examples of typical chemicals that will be covered 
in this book (Chapter 2). This is followed by an over-
view of female and male reproductive development 
(Chapters 3 and 4, respectively). Presentation of scien-
tific concepts essential to understand the relationship 
between exposures to environmental contaminants 
and biological perturbations and eventually overt dis-
ease outcomes are discussed in Chapters 5, 6 and 7. 
Chapters 8 through 14 review the science evaluating 
exposures to environmental contaminants and adverse 
reproductive and developmental outcomes. The book 
ends with two chapters discussing the implications of 
the science – how current knowledge informs actions 
that can be taken at the personal level, such as through 
clinical advice, and at the population level, through 
changes to public policy systems.

This book brings together the core environmental 
health sciences that form a foundation of information 
from which to join with other disciplines and partners 
in related health, social, community, legal, and policy 
fields to broaden our understanding of the relationship 
between environmental contaminants and reproduc-
tive and developmental health. It is a critical time to 
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re-energize and refocus the environmental health work 
that was started in the latter part of the last century to 
meet the new environmental health challenges of the 
twenty-first century, by informing our actions to pre-
vent those exposures that may harm human health, to 
secure the health of this and future generations.
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2.
difficult to measure because a dose of contaminant at 
the contact boundary is then processed in the body, as 
discussed later. Body burden – the amount of a contam-
inant that enters the body and remains inside – can be 
more easily measurable and is used as a dose measure. 
Understanding exposure to environmental contami-
nants entails understanding the contaminants – their 
physical and chemical properties and where they are 
found – as well as the human activities that result in 
contact with contaminants. Various determinants of 
exposure to environmental contaminants are summa-
rized in Table 2.1 and reviewed below. A discussion of 
dose follows.

Sources of contaminants and circumstances 
of exposure
Contaminant sources and disposition in the 
environment
Contaminants are introduced into outdoor and indoor 
environments from multiple sources such as manu-
facturing and energy production (contaminants used 
during production and retained in products or released 
as wastes or emissions), vehicular emissions, and con-
sumer product use (e.g. insecticide applications to 
pets). The ultimate disposition of a contaminant in the 
environment will depend on its physical form (solid, 
liquid, or gas), chemical properties (e.g. solubility in 
water and reactivity) and its interactions with other 
natural processes. Some contaminants may be broken 
down quickly in ambient environments, while others 
persist.

Contaminants may be introduced into one or more 
media and may move between media. The chemical 
form of a contaminant may be changed as it moves 
through the environment. For example, mercury is 
found in the environment as metallic mercury and in 

Environmental contaminants  
and exposure
Mary A. Fox and Yutaka Aoki

Introduction
People come into contact with potentially hazardous 
chemical contaminants as part of daily life. Chemical 
contaminants arise from natural and anthropogenic 
sources. Chemical contaminants occur in the ambi-
ent environment such as outdoor air, surface water and 
soil, and in the air, dust on surfaces, food, water, and 
products found and used in indoor environments, e.g. 
workplaces, schools, and homes.

Contact or exposure to a hazardous chemical con-
taminant is necessary but not sufficient in itself to result 
in an adverse health effect. A sufficient amount of the 
chemical contaminant must be absorbed into the body 
and must reach the relevant site within the body where 
it may change or disrupt normal function. Absorption 
(or uptake) is influenced by properties of the body and 
properties of the chemical contaminant. Once inside 
the body the contaminant may be altered by metabo-
lism, stored, or eliminated as waste.

This chapter reviews concepts of exposure and 
dose; identifies sources of contaminants; and describes 
the circumstances of human exposures. The range of 
contaminants of concern for reproductive health is 
discussed in Chapter 1. Selected examples highlighting 
exposure and dose topics are provided below.

Understanding exposure and dose

Basic definitions of exposure and dose
The following definitions are adapted from Zartarian 
et al. [1]. Exposure is defined as contact between a 
contaminant and the target (for our purposes the tar-
get of interest is the human body). Dose is defined as 
the amount of contaminant that enters the target over 
a specified time period by crossing a contact bound-
ary. The contact boundary is a point or area of the 
body where exposure occurs. Dose as defined here is 

Environmental Impacts on Reproductive Health and Fertility, ed. T. J. Woodruff, S. J. Janssen, L. J. Guillette, and L. C. Giudice. Published by 
Cambridge University Press. © Cambridge University Press 2010.
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organic and inorganic forms. Mercury changes forms 
as it moves through different environmental media. 
Conversion of inorganic mercury to methylmercury 
(organic form) occurs primarily in microorganisms in 
aquatic environments [2].

An important concept regarding movement of 
contaminants in the environment is bioaccumula-
tion – where an organism retains contaminants at a 
concentration higher than that in its environment. 
Most often contaminants that bioaccumulate are 
lipophilic (fat-loving) and not easily broken down; they 
accumulate in fatty tissues. Biomagnification occurs 
when many species in the food chain bioaccumulate. 
Biomagnification may result in concentration increases 
by orders of magnitude, from environmental media 
to the top of the food chain. Contaminants released 
into the environment in only minute amounts may be 
biomagnified to be health hazards. Methylmercury is 

biomagnified up the food chain and contaminates food 
fish [2].

Multiple contaminants may be found in a given 
medium and may also occur in multiple media. For 
example, Fox et al. (2002) evaluated health risks for esti-
mated concentrations of 148 hazardous air pollutants 
for a study area in Philadelphia [3]. The US EPA ana-
lyzes exposure to groups of related pesticides that are 
found in food and water (resulting from agricultural 
practices) and also used in and around the home [4]. 
Total exposure to a given contaminant must consider 
multiple sources, pathways, and routes of exposure. 
Total exposure to an individual or population must 
consider multiple contaminants in multiple media.

Humans and their environments
People interact with multiple environmental media 
every day, contacting indoor and outdoor air, surface 

Table 2.1. Important determinants of exposure.

Contaminants Physical and chemical properties of contaminants
Single or multiple contaminant(s)
Amount or concentration of contaminants

Sources of contaminants Naturally occurring or man-made
Emissions including industrial and automotive
Consumer products including foods and food containers, toys, 
electronics, lotions, cosmetics

Environmental media Air
Water
Soil
Dust
Food
Consumer products
Multiple media

Exposure pathways/routes Eating or drinking/ingestion
Breathing/inhalation
Touching/dermal absorption
Combinations of pathways/routes

Exposure settings At home
At work
At school
In transit
Indoors and outdoors

Exposure frequency and duration Frequency: one-time, intermittent, continuous
Duration: seconds or minutes up to lifetime

Population(s) of concern Adult
Adolescent
Child
Fetus
Other special populations or individuals, such as those with 
underlying chronic conditions
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and drinking water, soil and dust, food, and consumer 
products. The contaminated media people contact 
through breathing, eating and drinking, and touch-
ing are called exposure pathways. Exposure pathways 
correspond to exposure routes of inhalation, inges-
tion, and dermal absorption. Figure 2.1 contains some 
examples of exposure pathways and exposure routes 
resulting from agricultural and residential pesticide 
uses. For example, after applying a pesticide to a lawn 
a child playing in the grass may ingest some pesticide 
residue due to hand-to-mouth behavior. Exposure 
settings are the places where people spend time and 
include homes, gardens, workplaces, schools, and cars. 
Occurrence of contaminants will vary by setting and 
humans are exposed to multiple contaminants simul-
taneously or sequentially.

Timing of exposure: frequency and duration
Frequency and duration of exposure to environmen-
tal contaminants depends on human activities and on 
the occurrence of contaminants. People move through 
multiple exposure settings on a daily basis and will 
likely contact many environmental media in different 
geographic locations over a lifetime. Contaminants, as 
mentioned above, may move through multiple media 
and may persist in some media and not in others. 
Characterizing the timing of exposure requires under-
standing how often and how long a person is in contact 

with a contaminated medium and the occurrence of 
contaminants in that medium.

Populations of concern
Human activities and exposure settings and subse-
quent contaminant exposure change by age and life 
stage. For example, a child has greater incidental soil 
ingestion than an adult. A child also consumes more 
food and drink per unit of body weight than an adult to 
meet its growth and developmental needs. The work-
place is an exposure setting relevant for reproductive-
age adults. Table 2.2 includes information on a number 
of contaminants of concern for reproductive health, 
many of which are used in commercial production and 
other workplace settings. Exposures to the developing 
fetus through blood and amniotic fluid will depend on 
the mother’s exposures and how the contaminants are 
distributed and processed in her body (more detail is 
given in the dose and body burden sections). In the 
first few months of life a breast-fed infant’s exposure 
through food will be largely determined by its mother’s 
body burden and a formula-fed infant will be exposed 
to any contaminants in the formula, in the water used 
to prepare its formula, or contaminants that may leach 
from the bottle, e.g. bisphenol-A[5]. Mouthing and 
crawling bring an infant into contact with contami-
nants in toys and house dust. Lifestyle differences such 
as consumption of traditional diets by indigenous 

Fig. 2.1. Examples of sources, pathways, 
and routes of exposure to pesticides 
(adapted from EPA [80]).
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populations also may result in increased exposures. 
For example, a number of persistent organic contami-
nants are present in the traditional diets consumed in 
northern Alaska[6].

The location, nature, and extent of contamination 
present in the environmental media people contact 
is the other determinant of human exposure. Studies 
investigating environmental injustices have shown 
exposure disparities to poor communities and commu-
nities of color due to circumstances such as: proximity 

to a greater number of contaminant sources (see, for 
example, Perlin et al. [7]); exposure to contaminants  
at higher concentrations (see, for example, environ-
mental tobacco smoke or lead in Rauh et al. [8]); or 
exposure to mixtures of chemicals with greater overall 
toxicity (see, for example, Fox et al. [3]).

Distinguishing exposure and dose
The terms exposure and dose are often used inter-
changeably. It is advisable, however, to distinguish these 

Table 2.2. Selected examples of contaminants linked to reproductive, fertility or developmental problems.

Types of contaminants  
and examples

 
Sources and exposure circumstances

Metals

Mercury Occurs from energy production emissions and naturally. Enters the aquatic food chain 
through a complex system. Primary exposure by consumption of contaminated seafood

Lead Found in older homes where lead-based paints were used and in or on some toys and 
children’s jewelry. Exposure by incidental ingestion

Organic compounds

Ethylene oxide Occupational exposure to workers sterilizing medical supplies or engaged in manufacturing

Pentachlorophenol Wood preservative for utility poles, railroad ties, wharf pilings; formerly a multi-use pesticide. 
Found in soil, water, food, breast milk

Bisphenol A Chemical intermediate for polycarbonate plastic, resins. Found in consumer products and 
packaging. Exposure through inhalation, ingestion, dermal absorption

PCBs Used as industrial insulators and lubricants. Banned in the 1970s but persistent. Present in the 
aquatic and terrestrial food chains resulting in exposure by ingestion

Dioxins Byproducts of manufacture and combustion of chlorine-containing products. Persistent in 
the environment; present in the aquatic and terrestrial food chains resulting in exposure by 
ingestion

PFOS Perfluorinated compound used in consumer products as stain- and water-repellant. Persists 
in the environment. Occupational exposure to workers and general population exposure by 
inhalation, ingestion, dermal contact

DEHP Phthalates are plasticizers in consumer products and used as solvents for personal care 
products. Exposures occur by inhalation, ingestion and dermal absorption

Pesticides

Chlorpyrifos Organophosphate pesticide used in agricultural production and for home pest control (home 
uses are now restricted [75]). Exposure routes include inhalation, dietary and non-dietary 
ingestion, and dermal contact.

DDT Organochlorine insecticide banned in USA in the 1970s but still used abroad. Persistent in soil. 
Enters the food chain resulting in ingestion exposures.

Air contaminants

ETS Common air pollutants 
(e.g. PM, ozone, Pb)

Burning of tobacco products. Exposure by inhalation from active or passive smoking. Sources 
include combustion of wood and fossil fuels, and industrial production. Exposure by inhalation

Glycol ethers Used in enamels, paints, varnishes, stains, electronics, cosmetics. Occupational and general 
population exposure by inhalation, ingestion, dermal contact

Notes: Contaminants in italics are persistent and/or bioaccumulative.
Source and exposure data: [76, 77].
Health effects information: [51, 77–79].
Abbreviations: DDT, dichlorodiphenyltrichloroethane; DEHP, di-(2 ethyl hexyl) phthalate; ETS, environmental tobacco smoke; Pb, lead; PCB, 
polychlorinated biphenyl; PFOS, perfluorooctane sulfonate; PM, particulate matter.
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conceptually. Dose information is more relevant than 
exposure information in studying the health effects of 
contaminants since as a component of disease etiology 
it is more proximal to the health outcome. On the other 
hand, measuring dose tends to be more difficult than 
determining exposure. Dose estimates are often calcu-
lated using exposure information.

Understanding dose in relation to the 
disease process
The widely accepted “biomarker” (biological marker) 
paradigm (Fig. 2.2)[9] is useful in conveying a better 
understanding of exposure and dose. “Exposure” to 
a human host (a target) could result in an “internal 
dose,” which in turn would result in exposing a “target 
organ” to the contaminant. Once transferred into the 
target organ, the contaminant becomes a “biologically  
effective dose” to a “target site” (e.g. organ, group of 
cells, or molecule). Quantified as a concentration, 
both internal dose and biologically effective dose are 
body-burden measures. The successive process of 
exposure becoming dose to the next enclosed entity is 
reminiscent of a set of Matryoshka nesting dolls. Once 
a contaminant reaches an ultimate target molecule, 
distinction between exposure and dose blurs with no 
further boundary to cross.

As an example, consider ingestion of dioxin-con-
taminated soil. A relatively easy way to estimate dioxin 
dose through this exposure route would be to measure 
dioxin concentration in the soil (or estimate it through 
modeling) and multiply the concentration with typi-
cal consumption rates of soil. The estimated dose is 
not equivalent to a biologically relevant dose because 
the bioavailability of the dioxin (i.e. how much of it is 
absorbed by the gastrointestinal [GI] tract) is much 
lower than 100% and not easily measured or estimated. 
With some extra effort we can measure concentrations 

of dioxins in human serum – “internal dose” – and 
epidemiologically study the health effects of dioxin 
exposure. To study dioxin hepatotoxicity, we can meas-
ure dioxin concentration in homogenized liver – bio-
logically effective dose at the target organ. Note that the 
dioxin concentration in serum and liver would be dif-
ferent. This is primarily because serum and liver differ 
in concentration of lipids, where most dioxins are pre-
sent due to their high lipophilicity. Even after adjusting 
for lipid content the two – serum vs. liver – concentra-
tions still may differ potentially because dioxins may 
be moving between the blood and liver as well as be 
metabolized in the liver. Conceptually, biologically 
effective dose at the target molecule, e.g. the arylhydro-
carbon (Ah)-receptor (receptor for dioxin), would be a 
better predictor of hepatic adverse effects. But because 
the Ah-receptor is in the cytosol (which is hard to iso-
late), the biologically effective dose for the Ah-receptor 
is difficult to measure.

Various processes act on contaminants to affect 
their ultimate fate and distribution within the body 
and the biologically effective dose relevant to the 
health outcome of concern. These toxicokinetic proc-
esses are known as ADME: Absorption, Distribution, 
Metabolism, and Excretion [10–12]. Each of these 
processes may be influenced by inherited or acquired 
factors. In a population with the same level of exposure, 
some individuals may be more susceptible to the toxic 
effects of contaminants due to differences in ADME. 
In Fig. 2.2, the first two upward dashed arrows on the 
left coming from the box labeled “Susceptibility” rep-
resent the kinds of ADME-related susceptibility fac-
tors discussed in this chapter. The other three upward 
dashed arrows represent susceptibility regarding toxi-
codynamics, i.e. the study of what chemicals do to the 
body, and are beyond the scope of this chapter. In gen-
eral, we need to be concerned about potentially high-
risk subgroups of individuals with ADME-related 
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Fig. 2.2. Simplified flow chart of classes of biomarkers (indicated by boxes). (Adapted from Environ Health Perspect 1987; 74: 3–9, with 
 permission [9].)
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susceptibilities. They include pre-existing illness (e.g. 
chronic liver disease leading to low detoxifying capac-
ity), suboptimal nutrition (e.g. low antioxidant intake), 
and other specific conditions to be mentioned below.

Determinants of dose: absorption, 
distribution, metabolism, and excretion
From exposure to dose: intake and absorption
Intake means that contaminants have passed through 
a nominal body boundary such as the mouth or 
nose. Absorption occurs at the contact boundaries 
between the body and the environment, e.g. gastroin-
testinal tract, respiratory tract, and skin. Absorption 
occurs either through passive diffusion (contaminants 
move according to a concentration gradient without 
requiring energy input) or active transport (energy-
dependent movement sometimes against a concen-
tration gradient) or both. Rates of absorption may be 
affected by many factors. For instance, absorption of 
a contaminant on skin may increase dramatically in 
the presence of open wounds, an acquired condition. 
Some toxic metals (e.g. lead) are similar in their chemi-
cal properties to necessary metals (e.g. calcium). If the 
body is deficient in calcium or iron, lead absorption is 
increased [13]. Polymorphism in the genes coding pro-
teins involved in the active transport system may also 
affect absorption [14].

Distribution and storage in the body
Distribution refers to the movement of agents from the 
absorption site(s) to potential targets and other com-
ponents of the host. In the developed human body, dis-
tribution occurs primarily through the bloodstream. 
Once transported to a target organ boundary, com-
pounds enter the organ either through passive diffu-
sion or active transport. Organisms have some barriers 
designed to keep unwanted compounds from reaching 
sensitive target organs. Agents in a pregnant mother’s 
body may transfer across the placenta to the fetus. 
In the past, the placenta was considered (or, desired, 
rather) to be a perfect protective barrier. This optimis-
tic view has been proven wrong through such unfor-
tunate examples as fetal alcohol syndrome [15], fetal 
Minamata disease (from mercury exposures) [16], 
thalidomide-induced limb defects [17], and the trans-
generational reproductive effects of diethylstilbestrol 
(DES) (see Chapter 1). The blood–brain barrier has 
some, albeit limited, ability. Some toxic agents, such as 
methylmercury, cross the blood–brain barrier easily 

[11]. The blood–brain barrier is underdeveloped in 
fetuses, making them especially susceptible to central 
nervous system toxicity [18]. Many exogenous com-
pounds bind to carrier molecules in plasma, such as 
albumin and lipoprotein, through interaction with 
amino acid residues, lipophilicity, ionic interaction, 
etc. Individuals with higher concentrations of any of 
these carrier molecules, e.g. those with hyperlipidemia, 
as an inherited or acquired condition, thus may retain 
higher concentration of agents in plasma.

Some contaminants are “stored” in the body. For 
instance, lipophilic compounds such as organochlo-
rine pesticides and dioxin-like compounds may be 
taken up by adipose tissues and stored for a long period 
of time[19]. Certain toxic metals (e.g. lead [11] and 
cadmium [20]) are stored in bone. Contaminants are 
not permanently stored; they can be mobilized (e.g. 
increased blood lead level during pregnancy due to 
greater bone turnover) [13]. Other contaminants pass 
through the body quickly (e.g. perchlorate). Stopping 
exposure to such contaminants results in immediate 
reduction in body burden.

Metabolism
Metabolism or biotransformation (as reviewed exten-
sively by Parkinson [12]) of contaminants may occur 
in any part of the body including the site of absorp-
tion, blood, and target or non-target tissues. In gen-
eral, living organisms including humans deal with 
absorbed contaminants by changing them into a 
more water-soluble form through enzymatic reaction, 
thereby facilitating their eventual removal in urine. 
Often metabolites are less toxic than the parent com-
pound, but metabolism may also enhance toxicity. 
Biotransformation reactions are generally divided into 
two phases. In phase I reactions (catalyzed by enzymes 
such as carboxylesterases and the cytochrome P450 
family), agents undergo hydrolysis, reduction, or oxi-
dation, revealing or creating a residue(s) that renders 
them water-soluble or allows them to undergo phase II 
reaction. In phase II (e.g. glucuronidation and methy-
lation), additional component(s) are conjugated to the 
agents or their metabolites, also increasing water solu-
bility, which easily allows excretion from the body.

For many of the genes that code the phase I and II 
enzymes, genetic polymorphisms have been docu-
mented. These polymorphisms may influence enzyme 
phenotypes in terms of catalytic capacity or quantity 
 present (either through changes in enzyme produc-
tion or removal). Sometimes between-individual 
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distribution of biotransformation enzyme activity in 
tissue shows bimodal (or even trimodal) distribution, 
allowing us to group individuals clearly into slow or fast 
metabolizers. Depending on the toxicity of intermedi-
ate and ultimate metabolites, either slow or fast metabo-
lizers are more susceptible. A classical example of this is 
the higher risk of bladder cancer among slow acetylators 
(Phase II) in White populations [21]. Polymorphism in 
genes coding biotransformation enzymes as a suscepti-
ble factor has been studied for childhood leukemia [22], 
for which an in utero origin and environmental etiology 
have been reported [23].

As an example of a phase I reaction, some orga-
nophosphate compounds are oxidized by cytochrome 
P450 isozymes to become a more toxic form called 
oxons [24]. Some organophosphates are detoxified by 
serum paraoxonase (a Phase I enzyme), which is found 
in lower concentrations in the fetus and neonates 
than in adults [25]. There is emerging evidence that 
low activity paraoxonase phenotype is a susceptibility 
factor for organophosphate toxicity [26]. Parkinson 
(2001) describes many phase II examples [12].

Biotransformation enzymes are distributed thro-
ugh out the body, but they are most abundant in the 
liver, the main initial site of biotransformation for 
chemicals absorbed through the GI-tract. Liver clear-
ance of contaminants by neonates is considerably 
reduced compared with adults [27], making neonates 
potentially more susceptible. Acquired deficiency in 
liver function of pregnant women, e.g. from cirrho-
sis, may also result in a higher dose of such agents to 
the fetus. Activity of some biotransformation enzymes 
are increased or decreased as a result of exposure to 
an inducer or suppressor, which sometimes is the 
compound(s) metabolized by the enzyme. Inducers 
and suppressors are often found in the diet. Some 
contaminants known as “hormone mimics” may be 
biotransformed by hormone-metabolizing enzymes 
due to their molecular similarity to an endogenous 
hormone.

Excretion
Excretion is the process that eliminates contaminants 
from the body. Perhaps the most important route of 
excretion is through the kidneys, where water-soluble 
forms of contaminants or their metabolites are filtered 
and pumped out in the urine. Some contaminants are 
excreted in bile through the liver after undergoing a 
phase II conjugation reaction. Highly volatile contami-
nants are often eliminated via exhalation. Depending 

upon their chemical properties contaminants may be 
excreted through other glands including sweat, saliva, 
tears, as well as breast milk, which is important in repro-
ductive health. Since breast milk has a high fat content, 
many lipophilic contaminants and their metabolites 
are excreted in breast milk in relatively high concentra-
tions. Excretion also occurs through continuously or 
periodically departing parts of the body including hair, 
nail, dead skin, and other epithelial cells, e.g. gastro-
intestinal lining.

Because of easy access, samples of urine and hair 
(sometimes nails) are collected from individuals and 
analyzed for contaminants. Often measurements of 
contaminants in these samples are interpreted as mark-
ers of exposure or dose. In a strict sense, though, they 
are markers of excretion. To interpret them as markers 
of exposure (or body burden) at the population level, 
it is necessary to assume that all subjects involved are 
similar in terms of ADME processes (or excretion rate 
is universally proportionate to body burden). However, 
when a high concentration of a contaminant is detected 
in the urine of an individual, it could represent very dif-
ferent scenarios, characterized by high or low risk for 
adverse effects. The individual may have: high exposure 
(increased risk); enhanced ability to excrete the con-
taminant through urine (perhaps signaling decreased 
risk); or lower capacity to store the contaminant in 
adipose tissue or bone (either increased or decreased 
risk depending on other factors including the fate of 
stored contaminants). Contaminant concentrations in 
excreta must be interpreted with care.

The capacity to excrete a contaminant varies indi-
vidually, again according to heritable or acquired 
conditions. For instance, rates of excretion through 
the kidney are affected by the relative size of kidney, 
perfusion rate, anatomic and molecular characteristics 
of the kidney related to its filtering and reabsorption 
capacity, etc. Pregnancy itself transfers contaminants 
from the mother’s body to the fetus.

How reproductive and developmental functions affect 
exposure and dose
In reproductive environmental health, a fetus is argu-
ably the most important target, with the placenta act-
ing as an absorption barrier. Fetal dose thus may be 
estimated using data on maternal internal dose (serum 
concentration of a contaminant), the characteristics 
of placenta as an absorption barrier and amnion as a 
reabsorption site. A more direct measurement would 
come from the contaminant concentration in umbilical 
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cord blood, which is readily accessible primarily at the 
time of delivery. Many active transport systems oper-
ate at high capacity during fetal and neonatal develop-
mental periods potentially increasing absorption of 
contaminants.

Exposure to eggs and sperm may affect reproduc-
tive health as damage to the egg or sperm can increase 
the risk of adverse health effects in subsequent off-
spring. Eggs experience the lifetime exposure history 
of a female. Sperm mature over a 72-day period and 
are potentially exposed to agents between the time of 
ejaculation and the time of conception. Damage to cells 
involved in sperm production/maturation, e.g. Sertoli 
cells, may result in infertile or otherwise compromised 
sperm. A fertilized egg does not benefit from the pla-
cental barrier until it fully develops.

Time-varying nature of exposure and dose
So far, our discussion has focused on fixed exposures 
and how various factors, heritable and acquired, may 
change the consequence of the exposure. Now we con-
sider how the level of exposure and dose for a given 
individual could change over time and the implications 
of such changes. The time-varying nature of expos-
ure and dose is especially important for reproductive 
health since a high dose that occurs at a critical time 
in development may have devastating effects, as docu-
mented for example for thalidomide embryopathy [17] 
and DES (see Chapter 1).

Consider an infant ingesting breast milk containing 
lead. On a given day, the baby might consume more or 
less breast milk. Lead concentration in the breast milk 
would increase or decrease per changes in the maternal 
blood lead. One day the baby may ingest a small piece 
of chipped paint containing lead from a recalled toy or 
house dust. If the baby goes to a country where leaded 
gasoline is still used, she will be exposed to lead in the 
air. As this example shows, the level of exposure of an 
individual to a given contaminant changes continu-
ously. Internal dose and biologically effective dose aris-
ing from the exposure change accordingly.

Depending upon the physicochemical properties 
of a contaminant, current body burden may be deter-
mined predominantly by current (or recent) expo-
sure. This would be the case for carbon monoxide in 
air at relatively low concentrations. On the other hand, 
for contaminants such as polychlorinated biphenyls 
(PCBs), which are lipophilic and stable, with a long 
retention time in our body (plausible estimates of the 
biological half-life for PCBs in humans range from a 

few to several years [28]), the predominant determi-
nant of the current body burden is past exposure from 
contaminated food. Eating a PCB-free diet would not 
result in an immediate decrease in the internal dose of 
PCBs. Even over a period when PCB exposure changes 
little, the internal dose of PCBs may increase as a result 
of changes in the host characteristics, e.g. mobilization 
of contaminant stored in adipose tissue following diet-
ing or increased physical activity.

Quantifying dose by estimation  
or measurement
Overview of methods
Exposure assessments for epidemiological research 
or human health risk assessment purposes produce 
estimates of dose. Data collection for exposure assess-
ments includes monitoring of environmental media 
and surveys of human activity patterns. These data are 
combined mathematically by multiplying the concen-
tration of a contaminant in media by the rate of contact 
with media to develop dose estimates. For example, if 
a baby drinks 0.7 liter per day of breast milk contain-
ing 2 µg per liter of lead, her dose of lead is 1.4 µg per 
day. Assuming 100% bioavailability, this figure is typic-
ally interpreted as the dose. Usually estimates like this 
are divided by body weight as a way of standardization 
allowing comparisons. (Think of a pill ingested by an 
infant or adult. If the same amount of drug is taken and 
is instantaneously distributed throughout the body, 
the infant with lower body weight would have a higher 
dose than the larger adult.) If the baby’s weight is 5 kg, 
her estimated dose is 0.56 µg per kg body weight per 
day (2×1.4/5 = 0.56). Simple dose estimates of this form 
can be further refined with data on the contaminant 
bioavailability. When estimating dose for a population, 
a standard practice is to assume a typical contact rate 
and weight corresponding to the population of inter-
est, rather than collecting data on each specific case. 
Population-level information on various determinants 
of exposure has been compiled by the US EPA. Further 
information on exposure assessment methods can be 
found in the EPA’s Guidelines for Exposure Assessment 
[29], Child-specific Exposure Factors Handbook [30] and 
Paustenbach [31]. Qualitative assessments of exposure, 
e.g. whether or not pesticides are used in the home, are 
also used in epidemiological research.

Many contaminants of concern (and their metabo-
lites) can be measured in body tissues such as blood 
or serum, urine, hair, saliva, etc. Sources of such 
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biomonitoring data in the USA (the National Health 
and Nutrition Examination Survey, discussed later) 
and Europe have emerged in recent years as important 
tools for environmental health research and policy [32]. 
As one relevant example, analyses of banked Swedish 
breast-milk samples revealed an alarming increase in 
body burden of flame retardants since the 1960s [33]. 
Biomarker measurements establish that contaminant 
exposure and absorption have occurred. However, 
the relationship between contaminants measured in 
body tissues and disease may not be well understood. 
Interpretation of biomarkers as measures of internal 
dose or biologically effective dose requires an under-
standing of ADME and disease processes.

Strengths and limitations of available methods

What we can measure vs. what we want to measure
The distinction between what we can measure (or esti-
mate) and the disease-relevant entity that we intend to 
measure is important for interpreting scientific find-
ings. Due to practical difficulties the available dose 
estimate or measurement may not approximate the lat-
ter well, but it is all that is available. In studying effects 
of difficult-to-measure exposures and doses (e.g. low-
level, highly time-varying), continued improvement in 
measurement is crucial.

When high exposures are of concern
Toxic agents typically have monotonically increasing 
dose–response relationships. Highly exposed indi-
viduals are at higher risk for adverse health effects. 
Variation in intake or contact rates with certain media 
may be large: high-end contact rates observed in sur-
veys or specially designed studies are used when esti-
mating high-end exposure level. Often exposure data 
are provided in the form of a population average. 
Average exposure level tells little about the high-end 
exposure (unless exposure is highly homogeneous) and 
may be of limited use for assessing exposure-related 
risks. Wherever possible, attempts to assess variation 
in exposure, e.g. providing percentiles or standard 
deviation of the distribution, should be made.

Sometimes a single massive, short-term exposure 
results in a dose that has profound adverse effects. For 
instance, a brief exposure to a high concentration of 
carbon monoxide in air could be fatal. Again, a time-
averaged exposure will not be useful in studying this 
kind of exposure-effect relationship if the averaging 
time is too long (e.g. 8 or 24 hours). An exposure or 
dose index that reflects short-term peak exposures, 

e.g. maximum of average for each 10-minute period 
recorded over one day (or during a critical period of 
development), is often relevant.

Obtaining data on exposure and dose
Large nationally representative surveys are great sources 
of data on exposure and dose.

The National Health and Nutrition Examination 
Survey (NHANES) contains multiple items relevant 
to contaminant exposure and dose. Most notably, the 
laboratory component of the survey includes an “envi-
ronmental health profile.” In the 1999–2006 survey, 
blood and urine from subsamples of participants were 
assayed for numerous contaminants of reproductive 
health concern. Interpretation of these biomonitoring 
data as measures of exposure or dose are subject to the 
caveats mentioned above. The survey also includes: a 
2-day dietary recall; questions on use of pesticides in 
the home; and questions on industry and occupation.

Investigation of contaminant sources may be difficult 
using NHANES data, with the possible exception of die-
tary exposure. If exposures are primarily through diet, 
the two-day dietary recall and food frequency question-
naire may adequately capture the necessary information. 
On the other hand, the data available on occupation and 
industry are based on rather broad categories and the 
only contaminant included with the occupation ques-
tions is environmental tobacco smoke [34].

Case examples
Table 2.2 summarizes source and exposure informa-
tion for a selection of important contaminants linked 
to reproductive and fertility problems or adverse birth 
or developmental outcomes. Three of these selected 
contaminants are discussed in more detail to highlight 
exposure sources, circumstances, and health outcomes 
of concern.

Mercury
Uses and exposure sources, pathways, and routes
Mercury and its compounds have been used in many 
ways – industrial, pesticidal, medicinal, and cosmetic –  
many of which have been discontinued. Remaining 
uses account for a small portion of the mercury 
released into the environment. Historically, mercury 
in the industrial processes (e.g. mercury amalgam in 
the chloralkali process and as a catalyst for acetalde-
hyde production) accounted for a significant source of 
mercury discharge to a local body of water. Currently 
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the main anthropogenic sources of mercury in the 
environment include combustion of fossil fuel, which 
has naturally occurring mercury, and incineration of 
medical waste [2]. Mercury takes one of three valence 
states: Hg0, Hg+, Hg++. Biomagnification and meth-
ylation of mercury have been mentioned earlier. 
Acidification of the environment occurring on a glo-
bal scale may cause release of mercury in the sediment 
into a body of water. Elemental mercury (Hg0) is used 
in dental amalgam, which gives low-level, long-term 
inhalation exposure. High-level exposure to elemental 
mercury through inhalation has happened in occupa-
tional settings, e.g. hat-making and gold mining.

Absorption and markers of internal dose
Inhaled elementary mercury in vapor form is easily 
absorbed. Absorption of organic mercury in seafood 
is facilitated through amino acid carriers with cysteine 
residues. The thiol group of cysteine has high affinity 
for mercury. The main source of exposure in humans is 
through contaminated seafood [2]. Elemental mercury 
and organic mercury easily cross the placental and 
blood–brain barriers. Hair is the most common speci-
men analyzed for an internal dose marker of mercury, 
followed by blood and, much less frequently, urine. A 
desiccated piece of umbilical cord, a common keepsake 
in the Asia–Pacific region, has been used to determine 
fetal internal dose. Methylmercury concentrations in 
umbilical cord blood tend to be higher than that in 
maternal blood [35].

Reproductive and developmental outcomes of concern
Neurologic effects in the fetus and neonate have been 
documented for high-level organic mercury exposure 
from poisoning incidents in Japan, Iraq, and other 
places [2]. Recent studies from the Farrow Islands 
documented neurocognitive effects from seafood 
consumption, which have been recognized as devel-
opmental effects by the National Academy of Sciences 
and the US EPA [2]. A recent concern was the possibil-
ity that the mercury-containing preservative thimero-
sal in vaccines caused autism. In 2004 an Institute of 
Medicine Committee studied the issue and concluded 
that “the evidence favors rejection of a causal relation-
ship” [36]. Inorganic mercury has estrogenic effects 
[37] and might adversely affect viability of male fetuses. 
A US government-funded review found no convinc-
ing evidence for any adverse health effects from dental 
amalgam other than rare hypersensitivity [38]. Danish 
researchers concluded that dental amalgam is unsuit-
able for medical reasons [39].

Minamata disease
In the 1950s a massive outbreak of methylmercury poi-
soning occurred among residents living near Minamata 
Bay in southern Kyushu Island in Japan. The source of 
exposure was contaminated seafood. Congenital or 
pediatric cases would have received the mercury dose 
in utero and/or via ingestion of breast milk or seafood. 
In the 1930s the Chisso factory started to discharge 
into the bay wastewater containing methylmercury, 
a catalytic by-product. The discharge continued until 
1968, when the national government officially recog-
nized the cause of the outbreak as the wastewater from 
the factory. Despite this recognition, no official restric-
tions on catching or selling seafood from Minamata 
Bay have ever been implemented. The 1968 recogni-
tion incorrectly stated that the ban had been in place 
and that no new cases had occurred since 1960.

Minamata disease is commonly described as a “neu-
rological disorder,” in which various senses (hearing, 
vision, smell, taste, and touch) and motor coordination 
including speech are impaired [2]. Yet the evidence for 
non-neurological effects, such as decreased live male 
births [40] and elevated leukemia mortality [41], is 
emerging. Unfortunately, except for one cross-sectional 
study [42], no population-based epidemiological study 
of the disease has been conducted in Minamata to date. 
Formation of a cohort for prospective follow-up at an 
earlier time would have been immensely useful for 
investigating a broad range of potential health effects 
from methylmercury. A second incident of mercury 
poisoning occurred in Agano in Honsyu Island in the 
mid 1960s. In Agano pregnant women were screened 
based on hair mercury concentration. Those with hair 
mercury at 50 parts per million or greater were given 
advice on “birth control.”

Organophosphate pesticides
Uses and exposure sources, pathways, and routes
Organophosphates are a class of insecticides that act 
on the nervous system by inhibiting enzyme func-
tion. Organophosphates are used in food production 
and for control of residential insects and pathogen-
carrying mosquitoes. Organophosphates are not per-
sistent in the environment and came into wide use as 
the organochlorine pesticides (which do persist in 
the environment) were phased out [43]. Nonetheless, 
organophosphates are found in indoor and outdoor 
environments. Lu et al. (2004) evaluated multiple path-
ways of exposure in agricultural and non-agricultural 
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communities and found detectable levels of organo-
phosphate pesticides in indoor air, house dust, soil, 
food and on children’s hands and toys [44]. Pesticide 
applicators and agricultural workers may be exposed by 
inhalation, dermal absorption, dietary and non-dietary 
ingestion at work and can introduce organophosphates 
into their home environments [45]. Organophosphate 
residues on foods are the most important contributor 
to exposure for the general population [46].

Absorption and markers of internal dose
Organophosphates are absorbed into the body through 
inhalation, ingestion, and dermal routes of exposure 
[47,48]. Metabolites of organophosphates have been 
measured in blood, urine, saliva, breast milk, amniotic 
fluid, umbilical cord blood, and meconium [49,50]. 
Environmental sampling such as air monitoring does 
not always correlate well with metabolite levels in bio-
logical tissues [49].

Reproductive and developmental outcomes of concern
Pesticide exposures (including organophosphates) to 
male agricultural workers are associated with various 
measures of poor semen and sperm quality including 
reduced seminal volume and percentage motility, and 
decreased sperm count per ejaculate and reduced per-
centage of viable sperm [51, 52]. Pesticide exposures 
(including organophosphates) to female agricultural 
workers are associated with reproductive effects such 
as menstrual cycle disturbances, longer time to preg-
nancy as well as spontaneous abortion, stillbirths, and 
developmental effects in offspring [52,53]. In utero 
exposures have been associated with neurodevelop-
mental abnormalities in animals (see, for example, 
Lazarini et al. [54]); and neurodevelopment and growth 
abnormalities in humans. Outcomes observed in epi-
demiological studies include pervasive developmental 
disorder; decreased gestational duration; intrauterine 
growth restriction; and reduced head circumference, 
birthweight, and length [55–59].

Phthalates
Uses and exposure sources, pathways, and routes
Phthalates are a class of chemicals used in the com-
mercial production of plastic items such as bags, food 
packaging, medical tubing and blood-storage bags, and 
toys, and in soaps, lotions, and personal care products 
as well as many other common products [60]. In addi-
tion to exposure due to use of consumer products con-
taining phthalates, people are exposed to phthalates in 

multiple environmental media including ambient air, 
water and soil, indoor air and house dust. People come 
into contact with phthalates through all routes of expo-
sure: ingestion, inhalation, and dermal absorption.

Absorption and markers of internal dose
Phthalates are absorbed into the body and metabolites 
of multiple phthalates are found in urine, maternal and 
fetal serum, amniotic fluid, and breast milk [60–62]. The 
relative contribution of any particular source or route of 
exposure to total human exposure and to internal dose 
remains unclear. Inhalation and ingestion are thought to 
be important routes of exposure for the general popu-
lation [60]. Sathyanarayana et al. report on research 
showing that the use of lotions, shampoos, and pow-
ders on infants (dermal exposure) is associated with 
increased concentrations of phthalate metabolites in 
infant urine [63].

Reproductive and developmental outcomes of concern
There is a substantial body of literature on the repro-
ductive and developmental effects of certain phthalates 
in animals. In utero exposures to di-(2-ethylhexyl) 
phthalate (DEHP), di-n-butyl phthalate (DBP), benzyl  
butyl phthalate (BBP), and or diisononyl phthalate 
(DINP) affect male reproductive development with 
outcomes such as reduced ano-genital distance, nipple 
retention, hypospadias, and undescended testes [64]. 
In utero exposure to individual phthalates and mix-
tures of phthalates reduces testosterone production 
in fetal rats[65–67]. Testicular lesions were found in 
pubertal and adult rats exposed to DINP [68]. Reduced 
ovarian hormone production, anovulation, and failure 
to maintain pregnancy were observed in female rats 
exposed to DEHP [69,70].

Epidemiological evidence of the reproductive 
effects of phthalates is limited. Examples of outcomes 
observed in human studies include: reduced male fer-
tility through altered semen quality in men with higher 
urinary concentrations of mono-n-butyl phthalate 
and monobenzyl phthalate [71], and altered male 
reproductive development represented by shorter ano-
genital distance in infants with prenatal exposure to 
phthalates [72].

Discussion of case examples
Considering the Minamata Bay contamination in com-
parison to exposures to phthalates exemplifies a shift in 
the focus of environmental health from major ambient 
pollution events to everyday contact with consumer 
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products. Environmental health policies enacted by 
the US government over the past 30–40 years have 
succeeded in reducing contamination in the ambient 
environment in many cases, although there are certain 
notable exceptions, for example a documented increase 
in polybrominated diphenyl ethers (PBDEs) [73].

Protecting reproductive and developmental health 
is a daunting task. Reproductive system function is 
complex, as is the developing organism. There are mul-
tiple types of contaminants of concern found in multi-
ple environmental media. The populations of concern 
include men and women of reproductive age, and the 
fetus, infant, and child.

Environmental contaminants and 
exposure: science and policy issues
It is important to have information on sources of 
contaminants and the circumstances of exposure. 
Exposure may be demonstrated through biomonitor-
ing of human tissues but reducing exposure through 
individual or public policy change will be impossible 
without knowledge of contaminant sources and expo-
sure circumstances.

People are exposed to multiple contaminant mix-
tures. However, research on mixture exposures and 
potential health effects is scant. Research on the devel-
opmental effects of in utero exposure to phthalates is a 
notable exception.

The time-varying nature of an individual’s exposure 
implies that a single measurement does not accurately 
reflect the average exposure level of that individual. A 
high level of within-individual, across-time variation 
in exposure may artificially inflate between-individ-
ual variation. In order to accurately estimate intrinsic 
between-individual variation, contribution of within-
individual variation needs to be removed. Failure to 
properly remove it results in overestimation of the 
intrinsic between-individual variation and the propor-
tion of individuals with exposures at or above critical 
levels. (Nonetheless, we generally are more concerned 
about underestimation arising from failure to capture 
data on highly exposed individuals or high-exposure 
situations.)

Within-individual variation in contaminant expo-
sure and dose over time makes it difficult to study its 
health effects. In an ideal epidemiological study, we 
would follow subjects prospectively over time, repeat-
edly measuring their exposure (dose), and determine 
their health status periodically. A prospective study like 

this is very costly and would take a long time to con-
duct. A retrospective study, which investigates associa-
tions between past exposure and existing health effects, 
may avoid the extended time requirement, but past 
exposure is difficult or impossible to measure. Studies 
of health effects of persistent organic pollutants (POPs) 
are an exception, since POPs tend to remain in the body 
for a long time. Internal doses of these contaminants 
measured at a single time point often are considered 
to be a good measure of the internal dose experienced 
in the past.

In experimental animal studies controlled doses of 
potentially harmful substances are used. These studies 
are basically free of the problems stemming from the 
difficulties in estimating dose and exposure in humans. 
There are other advantages to animal experiments (e.g. 
primary prevention before large-scale human expo-
sure and potential to inform mechanism of toxicity). 
The main disadvantage is difficulty in inter-species 
extrapolation. Thus, human observational and animal 
experimental studies complement each other in the 
assessment of potential reproductive effects from envi-
ronmental exposure.

Many chemicals currently used are non-persistent, 
and chemicals to be introduced will be increasingly 
non-persistent because of regulations. The need to 
study these non-persistent chemicals poses a challenge 
for epidemiologists because of their transient nature in 
the environment and in the body.

Certain exposures could be reduced instantane-
ously through personal efforts. For instance, since sea-
food is a major source of exposure to PCBs, a mother 
can reduce PCB exposure considerably by eliminating 
seafood from her diet. This does not, however, achieve 
rapid reduction in her PCB internal dose. If she is 
breastfeeding, the diet modification does not imme-
diately reduce exposure of her baby to PCBs through 
breast milk, either.

While reducing seafood consumption could lower 
PCB levels, it can also reduce intake of beneficial com-
ponents of seafood such as omega-3 fatty acid. It is 
necessary to go beyond personal efforts and regulate 
contaminants in the environment. PCBs have been 
banned in major industrial countries since the 1970s 
[74]. PCB concentrations in the environment have been 
declining, but older individuals have substantial body 
burdens while younger individuals still are exposed, 
albeit at lower levels. It can take a long time for regula-
tory actions to achieve meaningful reductions in ambi-
ent contaminant concentrations.
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Summary
Contaminants with links to problems with reproduc-
tion, fertility and birth outcomes, as well as develop-
mental disorders and fetal origins of adult disease are 
found in all types of environmental media from ambi-
ent air and water to foods, to personal care products 
such as soaps and lotions. Multiple contaminants are 
present in our environment and humans are exposed 
to mixtures of contaminants. Exposures can take place 
in any setting, indoors and out. Human exposure and 
absorption of contaminants depend on properties of 
the contaminant and the medium in which it is present, 
as well as human activities, which change over the life-
span. The nature of reproductive system function and 
human development presents challenges to quantita-
tive measurement of contaminant exposure and dose 
and subsequent study of health effects. Effective public 
policies to reduce exposure and health risks will require 
information on sources and circumstances of exposure 
to contaminants.
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development of the reproductive system, induce the 
development of secondary sexual characteristics, and 
promote a receptive endometrium for the growth and 
development of the proconceptus. Follicle-stimulating 
hormone (FSH) and luteinizing hormone (LH) released 
by the anterior pituitary in a cyclic fashion control 
ovarian function. These hormones are regulated by the 
pulsatile release of gonadotropin-releasing hormone 
(GnRH) from the hypothalamus and the gonadal pep-
tide hormone, inhibin. Thus, a highly coordinated ser-
ies of positive and negative feedback systems comprise 
this hypothalamic–pituitary–ovarian axis.

Embryonic development of the follicle
In the human, gametes are derived from primordial 
germ cells that develop in the wall of the yolk sac at 4 
weeks gestation [5]. The primordial germ cells originate 
within the primitive ectoderm, but the specific cells of 
origin are yet to be determined [6]. These primordial 
germ cells migrate from the yolk sac to the budding 
gonads by ameboid movement between 4–6 weeks 
 gestation. The genital ridge is a thickened region along 
the ventral cranial mesonephros which gives rise to the 
embryonic ovary. The factors that signal and direct the 
migration of the primordial germ cells to the genital 
ridge remain unknown [7]. The mesodermal epithe-
lium of the urogenital sinus proliferates to produce the 
epithelium and stroma of the gonad and envelope the 
dividing germ cells to form the ovary [1].

In the absence of a testis-determining factor from 
the Y chromosome, which coordinates the release of 
anti-müllerian hormone by 4–6 weeks gestation in 
males, the germ cells differentiate into primitive oog-
onia [8]. Once the primordial germ cells arrive at the 
gonads, they differentiate into oogonia at 6–8 weeks 
gestation and begin mitosis, or process of rapid cell 

Development and maturation of the 
normal female reproductive  
system

3.1  Ovary
Laxmi A. Kondapalli  and  Teresa K. Woodruff
The ovaries are paired, ovoid structures measur-
ing approximately 30 × 20 × 10 mm in adulthood and 
weighing 3–5 g [1]. They contain the female gametes 
or germ cells. The ovaries are situated posterior and 
lateral to the uterus. Medially, they are attached to the 
uterus by a thick muscular uterovarian ligament. The 
infundibulopelvic ligament, containing the primary 
ovarian vasculature, suspends the lateral aspect of the 
ovary to the pelvic sidewall. The body of the ovary is 
attached to the posterior broad ligament by the meso-
varium, a thin peritoneal fold.

A single layer of cells, originating from the coelomic 
epithelium, creates a serosal sheath over the ovary. Once 
known as the “germinal epithelium,” the serosa now is 
more appropriately termed the surface epithelium and 
gives rise to 90% of human ovarian neoplasms [2, 3]. 
The cortex exists beneath the serosa and is divided into 
an outer, fibrous, acellular layer known as the tunica 
albuginea and an inner cellular, yet avascular, region 
of active cortex. The active cortex contains follicles of 
varying stages of maturation, including those com-
prising the ovarian reserve, the pool of primordial and 
primary follicles awaiting the signal for development. 
In addition, the cortical stroma weaves a network of 
spindle-shaped cells and reticular fibers around the 
follicles. The central region of the ovary, the medulla, is 
highly vascularized and consists of growing and atretic 
follicles as well as involuting corpora lutea. Interspersed 
among the follicles is a network of dense connective tis-
sue, blood vessels, and lymphatic tissue [4].

The ovary has two main functions: to provide 
mature female gametes at the time of ovulation and to 
secrete steroid hormones and a variety of peptide and 
growth factors. The ovarian hormones stimulate the 
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division. As mitosis continues, the oogonia arrange into 
clusters surrounded by flat epithelial cells, granulosa 
cells, by 9 weeks gestation. The oogonia pass through 
a series of mitotic cycles before entering  meiosis, the 
discrete mechanisms directing this transition remain 
unknown. The number of germ cells rapidly increases 
from 600 000 oogonia at 8 weeks and reaches a 
 maximum of 6–7 million by 20 weeks gestation [6, 9]. 
Mitotic activity, the number and rate of cell divisions, 
is a major determinant of the oocyte pool [9]. The 
first meiotic division commences at approximately 15 
weeks, thus marking the transformation of oogonia to 
oocytes. Oocytes arrest in prophase I until the signal for 
recruitment into the follicular phase of the menstrual 
cycle is received. Although the specific mechanisms for 
this arrest are still under investigation, anti-müllerian 
hormone could be one factor  responsible for maintain-
ing primordial follicles in the resting pool [10, 11]. This 
period of quiescence can last for 40 years or more and 
ends with ovulation or more commonly, atresia.

Folliculogenesis
The female reproductive system is exceptionally inef-
ficient. As the number of germ cells rapidly duplicates 
early in fetal development, the corresponding atresia 
results in an exponential fall in oocytes prior to birth. 
The maximum reproductive potential, or maximum 
number of germ cells, is achieved in the develop-
ing female in utero and from that point onward, the 
process of oocyte death ensues reducing the number 
of oocytes in the fetal ovary from 6–7 million at 20 
weeks gestation, to approximately 1–2 million oocytes 
at birth (Fig. 3.1). Several mechanisms contribute to 
this depletion including oocyte and follicular atresia, 
errors in the normal development of some oogo-
nia, oocyte regression, and improper packaging of 
oocytes with supportive cells [7]. The process of rapid 
decline occurs into puberty leaving an ovarian pool 

of 300 000–400 000 follicles. Of these, only 300–400 
oocytes will ovulate during a woman’s reproductive 
lifetime until she is left with roughly 1000 at meno-
pause. As a result of this inefficient sequence, less than 
1% of the maximal reproductive potential is destined 
for ovulation and possible fertilization [7, 9, 12].

The oocytes that remain in the ovary at the time 
of birth are in prophase of meiosis I. The first meiotic 
prophase consists of five stages: leptotene, zygotene, 
pachytene, diplotene, and diakinesis [7]. At birth, all 
primary oocytes have entered and remain in prophase 
I, specifically the diplotene phase, a resting stage in 
prophase. Most ovarian follicles become atretic dur-
ing the prepubertal period resulting in 400 000 oocytes 
total in both ovaries at puberty [6, 7, 9]. Primary oocytes 
remain arrested in prophase I and do not complete the 
first meiotic division until stimulated to develop some-
time after puberty.

The ovarian follicle, the functional unit of the 
ovary, is composed of the oocyte surrounded by one 
or more layers of somatic cells, known as granulosa 
cells (Fig. 3.2). Follicles at rest within the ovarian 
cortex are known as primordial follicles and these 
follicles become activated by unknown factors. The 
first observable phenotype associated with activa-
tion is that the surrounding squamous follicular cells 
develop into cuboidal granulosa cells and prolifer-
ate [13, 14]. The granulosa cells rest on a basement 
membrane that separates the evolving follicle from 
surrounding stromal cells, which differentiate into 
the thecal cells. The oocyte and granulosa cells secrete 
glycoproteins onto the surface of oocyte inducing the 
formation of the zona pellucida [15]. Small, finger-
like processes, called transzonal projections, origi-
nate from the granulosa cells and traverse through 
the zona pellucida [16, 17]. The transzonal projec-
tions interdigitate with the microvilli of the oocyte 
plasma membrane and allow for transfer of nutrients 

Fig. 3.1. Female reproductive potential 
across the lifespan. Primordial germ cells 
migrate, proliferate, and populate the 
evolving ovaries. Germ cell numbers 
dramatically increase in utero, development 
reaching maximal potential of 6–7 million 
at 20 weeks gestation. Equally impressive 
is the rapid decline due to follicle atresia 
shortly after 20 weeks, resulting in 400 000 
at puberty. Of note, only 300–400 [less 
than 1%] from the original follicle pool are 
destined for ovulation, making this process 
highly inefficient.
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and communication between the two compartments. 
Fluid-filled spaces appear between granulosa cells as 
they develop into an antral follicle.

Although a group of follicles are recruited in 
each cycle, only one oocyte normally reaches full 
maturity while the others degenerate and become 
atretic. As the follicle matures, the oocyte resumes 
meiosis I shortly before ovulation. With ovulation, 
the maturing oocyte divides – first meiotic divi-
sion – forming two daughter cells of unequal size, the 
secondary oocyte and a polar body. The secondary 
oocyte receives most of the cytoplasm and 23 diploid 
chromosomes whereas the first polar body receives 
23 diploid chromosomes and minimal cytoplasm. 
After meiosis I, the oocyte enters meiosis II where 
chromosomes are aligned along the metaphase 
plate, the meiotic spindle forms within the second-
ary oocyte and the oocyte is released from the ovary 
during ovulation. Meiosis II is completed at fertiliza-
tion and in the absence of fertilization it undergoes 
degeneration 24–36 hours after ovulation.

Primordial
primary

Secondary
preantral

Dominant
ovulatorySmall antral

SelectionGrowth

Gonadotropin
independent

Gonadotropin
dependent

Recruitment

Stage of development

Follicle classification

Ovulation

Fig. 3.2. Folliculogenesis. Follicles are the functional unit of the ovary, consisting of an oocyte surrounded by one or more layers of somatic 
cells known as granulosa cells. The process of folliculogenesis encompasses the formation of primordial follicles to the development of 
a mature, fertilizable oocyte. Primordial follicles remain at the earliest stage of development in a quiescent state. They consist of a primary 
oocyte surrounded by a single layer of flattened pregranulosa cells, ranging from 30–50 μm. Primary follicles (50–100 μm) are characterized 
by a single layer of cuboidal granulosa cells and may receive a signal for recruitment into the growth follicle pool. With the expansion of a 
second layer of granulosa cells, the follicle progresses as a secondary follicle (100–200 μm). Mitotic activity is high at this point, resulting in 
rapid proliferation of granulosa cells. The preantral follicle is marked by a fully grown oocyte surrounded by a zona pellucida, multiple layer 
of granulosa cells, basal lamina and theca cells (200 μm – 2 μm). Follicles are capable of growth up to the preantral stage in the absence of 
gonadotropin (gonadotropin-independent). The formation of a fluid-filled cavity adjacent to the oocyte [antrum] denotes an antral follicle 
(2–10 mm). The impressive growth in follicle size occurs as the granulosa and theca cells continue mitotic proliferation along with expansion 
of the antrum. In addition, antral follicles become responsive to gonadotropins, specifically FSH (gonadotropin-dependent). In the natural 
cycle, usually one antral follicle is selected for further development and ultimately reaches ovulation.

Fig. 3.1. Female reproductive potential 
across the lifespan. Primordial germ cells 
migrate, proliferate, and populate the 
evolving ovaries. Germ cell numbers 
dramatically increase in utero, development 
reaching maximal potential of 6–7 million 
at 20 weeks gestation. Equally impressive 
is the rapid decline due to follicle atresia 
shortly after 20 weeks, resulting in 400 000 
at puberty. Of note, only 300–400 [less 
than 1%] from the original follicle pool are 
destined for ovulation, making this process 
highly inefficient.
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Reproductive modulators
In humans, the size of the ovarian reserve decreases 
dramatically with age (Fig. 3.1). The ovarian reserve 
is variable among individual women as is the rate of 
follicular depletion. Variability in the initial size of the 
follicular pool and the rate of depletion contributes to 
the onset of menopause [9, 18]. A number of factors are 
thought to influence the age of menopause including 
race, parity, environmental factors, nutrition, socioe-
conomic status, and lifestyle exposures such as tobacco 
use [19, 20].

Although understanding the endogenous endocrine 
modulators and their impact on reproductive function is 
a rapidly evolving area of inquiry, there is a growing need 
for a better understanding of ovarian regulation given 
the expanding literature on the potential and real influ-
ence of environmental contaminants and  occupational 
risks to ovarian function and fertility. Further, an aware-
ness of these risks is growing as they are  discussed regu-
larly in women’s magazines and are becoming a major 
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concern for patients. In addition, physicians commonly 
use medical therapies, such as chemotherapeutic agents, 
in the management of their patients’ conditions without 
clear knowledge of the reproductive consequences of 
such treatment. Environmental toxins have been linked 
to a variety of adverse reproductive outcomes such as 
bleeding irregularities, precocious or delayed puberty, 
premature ovarian failure, infertility or subfertility, preg-
nancy loss and congenital malformations, among others 
[21–26]. Human studies that explore the causal relation-
ship between environmental exposures and resulting 
reproductive outcomes face a variety of challenges. For 
instance, it is difficult to estimate the dose of exposure or 
even to know when the period of critical exposure occurs 
for many adverse reproductive outcomes. A growing 
literature suggests that exposure to contaminants early 
in development – prenatal and neonatal periods – can 
be associated with a range of adverse reproductive out-
comes that do not appear until after puberty or even later 
in life [26]. Further, in humans, it is difficult to determine 
the baseline prevalence of various adverse reproductive 
phenomena, for example, estimates of baseline infertility 
vary greatly depending on a number of variables, includ-
ing STD prevalence, age structure and nutrition in a pop-
ulation. In addition, further confounding variables such 
as genetic predisposition, racial or ethnic differences,  
and socioeconomic influences likely impact reproduc-
tive outcomes.

Reproductive modulators affect reproductive func-
tion at many different levels. Oocytes enter the first 
meiotic division while in utero and remain arrested in 
prophase I until ovulation begins. Maternal exposure 
to toxins can impact the in utero development of the 
ovaries and oocytes in the growing female fetus. These 
fetuses can experience impaired fertility or even pre-
mature ovarian insufficiency as adults. Additionally, 
exposure to environmental toxins during a woman’s 
lifetime can irreparably damage the resting cohort of 
follicles by inducing genetic mutations or cytotoxic 
effects [27]. Reproductive toxins can disrupt endocrine 
hormone production thus manifesting as menstrual or 
ovulatory dysfunction. The hypothalamic–pituitary–
ovarian axis is exquisitely regulated to synchronize the 
menstrual cycle and interference at any point along 
this axis can result in loss of cyclicity or ovulation.

One example of such an effect of exogenous agents 
on reproductive potential is seen in  chemotherapy 
patients. It has been well documented that children 
and women of reproductive age with cancer exhibit 
reduced or total loss of ovarian function and oocyte 

number following treatment with chemotherapy, 
radiation therapy, or both [28, 29]. In particular, 
germ cells are very sensitive to the dose and duration 
of cytotoxic chemotherapeutic drugs [28, 30]. The 
 elimination of ovarian function is associated with 
absent or infrequent menstrual bleeding, decreased 
ovarian size, lower antral follicle counts, and increased 
circulating gonadotropin levels [31, 32]. As a result, 
these individuals suffer from an inability to achieve or 
maintain pregnancy and experience premature ovar-
ian insufficiency.

The primary type of chemotherapeutic agents that 
damage the ovary are the alkylating agents: cyclophos-
phamide, melphalan, chlorambucil, and drugs like 
cis-platinum and vinca alkaloids [33]. Histological sec-
tions of ovaries, which have been exposed to cytotoxic 
drugs, have shown a wide spectrum of changes rang-
ing from decreased numbers of follicles, total follicle 
absence, and fibrosis. In vivo studies demonstrate that 
exposure of oocytes to cyclophosphamide metabolites 
adversely affects oocyte function [34]. In addition, 
cyclophosphamide destroys the primordial follicle 
pool and has deleterious effects on the somatic cells. 
The destruction of both oocyte and surrounding cells 
might be due to the interdependence of the granulosa 
cells and the oocyte, which communicate through gap 
junctions. Providing options to young women and girls 
with a cancer diagnosis prior to treatment is an import-
ant way to avoid drug exposures that can be fertility 
threatening [35–37].

Summary
In summary, the development of the ovary is depend-
ent on local and endocrine factors that can be the target 
of endocrine disruptors. Endocrine disruptors may be 
harder to manage because of our inability to control 
the environment in which we develop, live, and nur-
ture offspring. On the other hand, iatrogenic effects of 
agents such as chemotherapeutics can be mitigated, 
but only if physicians (both oncologists and repro-
ductive specialists) are willing to offer knowledge and 
technologies that can spare the reproductive potential 
of young women facing a life-preserving but fertility-
threatening cancer agent.
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and regression of the müllerian ducts. SRY expres-
sion leads to the development of Sertoli cells. Sertoli 
cells influence ductal development in two ways. First, 
Sertoli cells produce anti-müllerian hormone (AMH), 
also known as müllerian inhibiting substance (MIS), 
which induces degeneration of the müllerian ducts. 
Anti-müllerian hormone is a 560-amino-acid glyco-
protein belonging to the transforming growth factor β 
(TGF-β) family of proteins [3, 4]. Anti-müllerian hor-
mone exerts its effect upon the müllerian duct by bind-
ing to the MIS-specific type II (Misr2) receptor. Misr2 
is upregulated by Wnt-7a. Mutations in AMH, Misr2, 
or Wnt-7a result in persistence of the müllerian ducts 
in males [5]. Second, the Sertoli cells recruit mesenchy-
mal cells into the gonadal ridge that differentiate into 
testosterone-secreting Leydig cells. Under the influ-
ence of testosterone, the wolffian ducts develop into 
the seminal vesicles, vas deferens, and epididymis. See 
Chapter 4 for a more detailed explanation of the devel-
opment of the male reproductive system.

Female embryos lack the SRY gene and therefore do 
not develop Sertoli cells. Therefore, no AMH is secreted 
in female embryos and the müllerian ducts persist and 
continue development. Because there is no Sertoli cell-
induced development of Leydig cells, there is insuffi-
cient testosterone production to further stimulate the 
development of the wolffian ducts. The wolffian ducts 
therefore regress in females, with the exception of some 
vestiges. The epoöphoron and paraoöphoron (found 
in the mesentery of the ovary) and the Gartner’s ducts 
(found between the broad ligament and the vagina) 
are the remnants of the wolffian duct that persist in 
females. There is controversy regarding a potential role 
of wolffian duct-derived tissue in vaginal development 
that will be discussed below.

The müllerian ducts, in the absence of AMH, 
develop into fallopian tubes, uterus, cervix, and upper 
vagina. Estrogen, produced by granulosa cells in the 
ovary, is necessary to attain a fully developed uterus. 
Estrogen receptor α (ER-α) is expressed in mesen-
chyme of the developing human uterus beginning in 
the early second trimester [6]. The differentiation into 
unique (albeit smaller) morphologic structures does 
not require estrogen or the estrogen receptor. This is in 
sharp contrast to the wolffian ducts, which regress in 
the absence of testosterone or a functional testosterone 
receptor. Mice with a targeted disruption of ER-α have 

3.2 Oviduct and uterus
Leo F. Doherty  and  Hugh S. Taylor

Introduction
The development of the internal female reproductive 
tract, namely the fallopian tubes (oviducts), uterus,  
cervix, and upper vagina, is a coordinated process influ-
enced directly by specific gene expression and indirectly 
by hormone activity. The early human embryo is phe-
notypically identical in both sexes. Differences in sexual 
development between males and females occur as a result 
of specialization of organ  systems in response to a chro-
mosomal complement that is determined at the time of 
conception. The genotype of an embryo, specifically the 
presence or absence of a Y chromosome, is responsible 
for gonadal development. Differentiation of the gonad 
into either an ovary or a testis directs the development of 
the internal genital structures. Knowledge of the normal 
development of the female genital tract is an essential 
foundation to be able to understand abnormalities of the 
reproductive tract.

During the 6th week of embryonic development 
the müllerian (paramesonephric) ducts develop lat-
eral to the wolffian (mesonephric) ducts in both males 
and females (see Fig. 3.3). The mesonephric ducts are 
remnants of renal development that persist to affect the 
development of the internal genitalia. The müllerian 
ducts arise from an invagination of the dorsal coelomic 
epithelium on the surface of the mesonephric duct in 
the urogenital ridge. The development of the mülle-
rian ducts is thought to be influenced by the wolffian 
ducts [1]. The müllerian ducts extend from the level of 
the 3rd thoracic segment to the posterior wall of the 
urogenital sinus. The caudal portion of each müllerian 
duct apposes the contralateral duct before the pair of 
ducts contact the urogenital sinus. The cranial ends of 
the müllerian ducts open into the coelomic cavity. At 
the end of the 6th week of development, the genital sys-
tems of male and female embryos appear similar [2]. 
By the 7th week of development, however, the presence 
or absence of a testis (and testis-derived hormones) 
determines the subsequent developmental fate of both 
the müllerian and wolffian ducts.

The presence of a Y chromosome, in genetic males, 
and expression of the SRY gene lead to a series of events 
that result in further development of the wolffian ducts 
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rudimentary genitalia with a distinct oviduct, uterus, 
cervix, and vagina [7].

Genetic basis of müllerian duct 
development
The female reproductive system arises from a uni-
form müllerian duct and differentiates into distinct 
segments with unique structure and function. The 
genetic basis of this differential pattern of segmenta-
tion has been described [8, 9]. Developmental pat-
terning genes have been highly conserved throughout 
evolution. Multi-cellular animals share the same genes 
that determine the body plan along undifferentiated 
developmental axes. The conservation of the genetic 
pathways that regulate reproductive tract develop-
ment among animals underscores the importance of 
animal models in evaluating the effects of chemicals 
such as endocrine disruptors on the human repro-
ductive tract.

Many genes have been found necessary for normal 
development of the müllerian ducts. Some genes are 
involved in early development of the reproductive tract 
and have effects on the development of both sexes. The 
importance of these various genes is often best under-
stood by examination of the phenotype of mice with 
targeted disruption of each individual gene. Lim1 is a 
transcription factor involved in the development of 
the urogenital system that is found in the developing 
müllerian duct as early as embryonic day 11.5. The 

importance of Lim1 in the developing reproductive tract 
is shown by the fact that mice with mutations in Lim1 
have absent fallopian tubes, uterus, and upper vagina 
in females and absent wolffian duct derivatives in males 
[10]. Pax2 is a homeodomain containing transcription 
factor critical to the development of the urogenital 
tract in both sexes. Pax2-null mice show degeneration 
of the reproductive tracts (wolffian and müllerian) and 
absence of the ureters and kidneys. While mice with 
mutations in Lim1 have complete absence of the ducts, 
Pax 2-null mice initially form wolffian and müllerian 
ducts, which later degenerate [11]. Another home-
obox containing transcription factor, called Emx2, is 
expressed in the epithelial components of the devel-
oping urogenital system [12]. Emx2-null mice lack all 
components of the urogenital system, specifically the 
kidneys, ureters, gonads, and genital tracts. Although 
the wolffian duct initially forms in Emx2 mutant mice 
on embryonic day 10.5, it degenerates on embryonic 
day 11.5. The müllerian duct never forms in Emx2-null 
mice [13].

Genetic factors influencing sex-specific reproduc-
tive tract development have also been described. The 
mammalian homologues of the Drosophila gene wing-
less, known as Wnt genes, encode glycoproteins that are 
important in many aspects of embryonic development. 
Wnt-4 is required for normal development of the mülle-
rian duct in both sexes [14]. Wnt-4-null males are phe-
notypically normal, while females are masculinized with 
absent müllerian ducts. Wnt-4 also functions in the ovary 

Fig. 3.3. Prior to sexual differentiation of the 
gonad, the müllerian and wolffian ducts    
are present in both sexes. The müllerian ducts 
develop lateral to the wolffian ducts. As the 
paired müllerian ducts extend toward the 
 urogenital sinus, they cross medial to the wolf-
fian ducts where they meet and appose one 
another. After gonadal differentiation is complete, 
the secreted hormone products influence the 
further development and/or regression of the 
ducts. Testes secrete anti-müllerian hormone 
(AMH) and  testosterone, causing the müllerian 
ducts to degenerate and the wolffian ducts to 
develop into the seminal vesicles, vas deferens, 
and epididymis. Ovaries do not secrete AMH or 
testosterone, and therefore the müllerian duct 
persists and develops into the fallopian tubes, 
uterus, cervix, and upper vagina. In the absence of 
testosterone, the wolffian ducts regress. (Adapted 
from Kobayashi and Behringer, Nat Rev Genet 
2003; 4: 969–80 [42].)
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to prevent development of testosterone-producing Leydig 
cells, thus Wnt-4-null females secrete more testosterone 
due to development of Leydig cells within the ovary [15].

The HOX genes establish cellular identities along 
undifferentiated axes in all higher multi cellular ani-
mals [16]. The müllerian and wolffian duct systems 
are two such seemingly uniform undifferentiated tis-
sue axes. HOX genes give differential identity to the 
various segments of these developmental axes (see Fig. 
3.4). In women, the expression of HOX genes leads to 
the development of distinct female reproductive struc-
tures (fallopian tubes, uterus, cervix, and upper vagina) 
from the previously uniform müllerian duct.

Homeobox (HOX) genes are the homologues 
of the homeotic genes in Drosophila. In humans, 39 
HOX genes are clustered into four unlinked genomic 
loci designated HOXA-D. They are located on chro-
mosomes 7, 17, 12, and 2. Position within the cluster 
reflects both the timing and spatial position of devel-
opmental expression [17–19]. Genes that are more 3’ 
are expressed earlier and more cranially than their 5’ 
neighbors (which are expressed later and more cau-
dally). These genes give rise to tissue identity along sev-
eral body axes, including the central nervous system, 
vertebrae, limbs, and the reproductive tract.

HOX genes are transcription factors that regulate 
gene expression to determine appropriate body seg-
ment identity. The order and differential expression 
of HOX genes along previously undifferentiated axes 
lead to proper development of appropriate region-
specific body structures. HOX genes of groups 9–13 

are expressed in restricted domains along the axes of 
the developing wolffian and müllerian ducts [20, 21]. 
HOXA9 is expressed in areas destined to become the 
fallopian tube. HOXA10 is expressed in the develop-
ing uterus. HOXA11 is expressed in the primordia 
of the lower uterine segment and cervix. HOXA13 
is expressed in the ectocervix and upper vagina. 
There is no HOXA12 gene. The expression of these 
HOX genes in the designated location along mülle-
rian ducts leads to the development of appropriate 
adult structures (Fig. 3.4). Similar HOX expression 
in males leads to segmental identity of the wolffian 
duct [22].

Alterations in HOX genes help illustrate their devel-
opmental importance. Hand-foot-genital syndrome is 
a rare dominantly inherited condition associated with 
mutations in the HOXA13 gene [23,24]. Both men 
and women with mutations in the HOXA13 gene have 
reproductive tract anomalies. Genital abnormalities 
in this syndrome include hypospadias in males and 
müllerian fusion defects (described later in this chap-
ter) in females.

Reproductive tract development is altered by 
the non-steroidal estrogen diethylstilbestrol (DES). 
Diethylstilbestrol alters the expression of HOXA genes 
in the müllerian duct [25]. In utero DES exposure shifts 
HOXA9 expression from the oviducts to the uterus 
and decreases both HOXA10 and HOXA11 expression 
in the uterus. The typical uterine structure (driven by 
HOXA10 and HOXA11) is lost and the uterus displays a 
developmental identity more similar to those structures 

Fig. 3.4. HOX genes give segmental 
identity to the developing müllerian duct. 
Expression of a particular HOX gene in a 
segment of this duct leads to appropriate 
development of adult structures.
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in which HOXA9 is usually expressed (the fallopian 
tube). The T-shaped uterus seen in women exposed 
to DES could represent a narrow and more branched 
structure, similar to the structure of the fallopian tube. 
As mentioned above in the discussion on AMH, Wnt-7a 
is necessary for müllerian duct regression in males  
(by increasing expression of Misr2). Wnt-7a also func-
tions in normal female development. It is expressed  
in the fallopian tube and uterine epithelium, and mice  
with mutations in the gene show abnormal fallo-
pian tube coiling and uterine gland development [26].  
Diethylstilbestrol decreases uterine expression of 
Wnt-7a [27]. It is therefore likely that the anomalies 
associated with in-utero DES exposure are due to altera-
tion of HOX and other developmental gene expression.

Diethylstilbestrol is not the only estrogen-like com-
pound (xenoestrogen) to affect HOX gene expression. 
Methoxychlor (MXC) is a pesticide and xenoestrogen 
that has been shown to decrease HOX gene expression 
in a similar fashion to DES [28]. Methoxychlor expo-
sure in utero leads to adverse reproductive outcomes 
in mice. HOXA10 is permanently repressed in the uteri 
of mice exposed to MXC in utero [29]. Bisphenol A 
(BPA) is a xenoestrogen that causes adverse reproduc-
tive outcomes in both humans and animals. HOXA10 
levels are increased in adult mice that were exposed to 
BPA in utero [30]. Alterations in the normally precise 
temporal regulation of HOXA10, either increased or 
decreased, appear to have implications for reproduc-
tive success.

Maturation of the müllerian ducts
As mentioned above, the müllerian ducts begin lat-
eral to the wolffian ducts. As they extend caudally and 

medially, they cross medial to the wolffian ducts where 
they meet and appose one another. As the ducts come 
into contact with one another, they form a Y-shaped 
structure which serves as the primordium of the fal-
lopian tubes, uterus, cervix, and upper vagina [31]. The 
upper, non-apposing portions of the duct will develop 
into the fallopian tubes. As the müllerian ducts grow 
caudally, they make contact with a thickening of the 
posterior wall of the urogenital sinus known as the 
sinusal tubercle (also known as the müllerian tubercle) 
[32]. When two müllerian ducts contact the sinusal 
tubercle, the apposing ducts begin to fuse into a single 
tubular structure. Fusion begins at the caudal aspect of 
the müllerian ducts and continues cranially. The appos-
ing walls of the müllerian ducts initially form a vertical 
septum between the two ducts. This septum degener-
ates in the caudal-cranial direction (see Fig. 3.5). Once 
the septum between the two fused müllerian ducts has 
been completely resorbed, a tubular structure with a 
single lumen is formed. This tubular structure is known 
as the uterovaginal canal, which will become the uterus 
and cervix, as well as part of the upper vagina (there is 
controversy regarding the development of the vagina, 
which will be mentioned below) [33]. The two caudal 
openings of the unfused portions of the müllerian ducts 
will develop into the uterine openings of the fallopian 
tubes. The two cranial openings of the müllerian ducts, 
which open into the coelomic cavity, will develop into 
fimbria of the fallopian tubes.

The epithelium of the uterovaginal canal is derived 
from the coelomic epithelium (mesothelium). As the 
caudal portion of the uterovaginal canal contacts the 
sinusal tubercle of the urogenital sinus, a mesenchymal 
thickening surrounds its walls. The epithelium of the 
cervix, uterus (including the endometrial glands), and 

Fig. 3.5. After the two müllerian ducts 
fuse together, the vertical septum 
between the two ducts is resorbed to 
form the single uterovaginal canal. The 
uterovaginal canal will then differentiate 
further into the uterus, cervix, and upper 
vagina.
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fallopian tubes originate from the epithelium of the uter-
ovaginal canal. The cervical stroma, endometrial stroma, 
and smooth muscle of the myometrium are derived from 
the mesenchymal thickening that surrounds the utero-
vaginal canal as it contacts the urogenital sinus [34].

Development of the vagina
Despite many years of research, the embryology and 
development of the vagina remains controversial. The 
commonly accepted theory of vaginal development, 
made popular by Koff in 1933, will be described first. 
Koff proposed that as the uterovaginal canal develops, 
the sinusal tubercle of the urogenital sinus thickens and 
forms a pair of tissue swellings known as the sinovagi-
nal bulbs [34]. These bulbs fuse together to form a solid 
tissue known as the vaginal plate. The vaginal plate is 
thought to develop into the lower portion of the vagina, 
with the upper vagina developing from the uterovaginal 
canal. The vaginal plate is canalized by desquamation of 
cells to form the vaginal lumen. A membrane of endo-
dermal tissue separates the lumen of the vagina from 
the base of the urogenital sinus. The membrane partially 
degenerates during vaginal development. The remain-
ing tissue persists as the hymen of the vagina [2].

Prior to the largely popular theory of vaginal 
development described by Koff, work done by Hart 
and Mijsberg in the early twentieth century suggested 
that the sinovaginal bulbs originate from the wolf-
fian ducts (not the urogenital sinus) [35]. This theory 
was largely abandoned after the work of Koff. In 1970, 
Witschi’s work again suggested a wolffian origin of the 

sinovaginal bulbs [36]. Using monoclonal antibodies 
to wolffian duct-specific antigens, Acien found stain-
ing within the sinovaginal bulbs [37]. This finding is 
strongly suggestive of a wolffian origin of the sinovagi-
nal bulbs. In XY mice that are insensitive to testoster-
one (a model for androgen insensitivity syndrome), the 
sinovaginal bulbs were found to be under negative con-
trol by testosterone [38]. The shortened vaginas seen 
in patients with androgen insensitivity syndrome are 
thought to originate from the sinovaginal bulbs.

Further research is needed to completely under-
stand the development of the vagina. Despite con-
troversy in the literature regarding the origin of the 
sinovaginal bulbs, the remaining development of the 
vagina (fusion of the sinovaginal bulbs, development 
of the vaginal plate, and canalization of the vaginal 
plate) is well understood.

Abnormal müllerian development
Although the scope of this chapter is to describe nor-
mal female reproductive development, a brief sur-
vey of common müllerian abnormalities is helpful to 
reinforce an understanding of normal development. 
Müllerian duct anomalies can be separated into three 
broad categories: (1) agenesis or hypoplasia of the 
müllerian tract, (2) failure of müllerian duct fusion, 
and (3) failure to resorb the intervening tissue between 
the fused müllerian ducts. The American Society for 
Reproductive Medicine (ASRM) has established the 
most widely used classification system for müllerian 
anomalies (see Fig. 3.6) [39]. Class I defects involve 

Fig. 3.5. After the two müllerian ducts 
fuse together, the vertical septum 
between the two ducts is resorbed to 
form the single uterovaginal canal. The 
uterovaginal canal will then differentiate 
further into the uterus, cervix, and upper 
vagina.
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Fig. 3.6. The spectrum of clinically observed abnormalities of the female reproductive tract as classified by the American Society for 
Reproductive Medicine. (Reproduced from Allen and Feste, Fertil Steril 1989; 51: 199–201 [43].)
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hypoplasia or agenesis of segments of the müllerian 
tract. These segmental defects may arise from aber-
rant control of developmental identity of individual 
müllerian duct components; this identity is regulated 
by HOX genes. Class II defects (unicornuate) involve 
the unilateral hypoplasia or agenesis of structures 
derived from a single müllerian duct. Class III defects 
(didelphus) arise from the failed fusion of the mülle-
rian ducts. The didelphic uterus consists of two com-
pletely separate hemi-uteri and two cervixes. Class IV 
defects (bicornuate) result from incomplete fusion of 
the müllerian ducts. Bicornuate uteri demonstrate the 
fact that fusion of the müllerian ducts occurs in a cau-
dal to cranial fashion since the unfused portion of a 
bicornuate uterus is always at the fundal (cranial) por-
tion of the uterus. Class V defects (septate) occur due 
to failure of resorption of the median tissue between 
the two müllerian ducts. Again, this tissue degener-
ates in a caudal to cranial direction. These septa vary in 
length. Short septa originate at the fundus and extend 
into the uterine cavity, terminating at various distances 
from the fundus. Complete septa can extend the entire 
length of the uterus, divide the cervix, and extend into 
the vagina. Any longitudinal septum in the vagina 
should prompt evaluation of the uterus, since persist-
ence of a longitudinal vaginal septum will always indi-
cate a septate uterus (since the resorption occurs from 
caudal to cranial). Class VI defects describe the arcu-
ate uterus, in which most (but not all) of the dividing 
septum between the two müllerian ducts is resorbed. 
Class VII consists of DES-induced anomalies.

Understanding vaginal anomalies can also rein-
force an understanding of normal vaginal develop-
ment, regardless of the theory of vaginal development 
to which one subscribes. As mentioned in the previous 
paragraph, longitudinal vaginal septa are indicative of 
a complete failure of resorption of the septum between 
the fused müllerian ducts. Transverse vaginal septa 
occur when either the vertical fusion of the caudal 
portion of the fused müllerian ducts (the uterovaginal 
canal) and the vaginal plate fails or the canalization of 
the vaginal plate fails. Transverse vaginal septa typi-
cally occur in the upper portion of the vagina, but can 
develop in any portion of the vagina [40]. Transverse 
vaginal septa vary widely in size and range from thin 
obstructing membranes to thick septa that extend 
through more than half the length of the vagina caus-
ing vaginal atresia [41].

In summary, müllerian development is dependent 
on coordinated gene expression and hormone exposure 

[30]. The genes that control normal patterning of the 
reproductive tract are beginning to be identified. The 
development induced by appropriate hormone expo-
sure persists throughout adult life and inappropriate 
exposure can lead to uterine anomalies. An understand-
ing of the normal developmental program that regulates 
reproductive tract patterning will undoubtedly allow us 
to better understand how exposure to environmental 
factors may perturb this process.
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develop in a similar manner and no morphological 
differences are observed during fetal development and 
during the first 2 years of age [2]. After birth, the mam-
mary gland remains in a resting state until puberty.

Pubertal and adult breast
With the onset of puberty and its cyclical secretion of 
estrogen and progesterone, the ducts grow by invading 
the adjacent connective tissue; lobuloalveolar differen-
tiation and growth also occur at this time. Other hor-
mones contributing to the growth and differentiation of 
the gland are growth hormone, insulin, and glucocorti-
coids [1]. These organizational changes occur through 
interactions between the stroma and the epithelium [3].

The adult breast is composed of 15–25 defined lobes 
of functional tissue associated with each of the major 
lactiferous ducts that open in the nipple [1]. The small-
est functional unit of the resting non-pregnant breast is 
the terminal ductal lobular unit (TDLU) (fig 3.7); this 
unit consists of a group of alveoli connected by duc-
tules that drain into a larger duct. Changes in cell pro-
liferation, cell size, and tissue appearance are observed 
throughout the menstrual cycle.

Pregnancy, lactation, and involution
Other massive architectural changes occur during 
pregnancy and post-lactation. Similar to the changes 
observed during puberty, these are also tightly regu-
lated by stromal–epithelial interactions and hormones. 
During the first trimester of pregnancy, terminal ducts 
and lobules grow rapidly at the same time that the 
stroma is reduced. Lobular growth continues during 
the second and third trimesters with secretion accumu-
lating in the lumen; the amount of stroma relative to the 
amount of parenchyma continues to decrease [1].

After the cessation of lactation, the breast undergoes 
involution. The number and size of lobules decrease, 
and fat and collagen reappear in the stroma. After sev-
eral months, the morphology of the breast resembles 
that of the resting gland.

Development of the rodent 
mammary gland
The rodent mammary gland develops similar to the 
human breast, which makes these animals suitable 
surrogate models to study mammary gland biology. 

3.3 Breast
Maricel V. Maffini, Carlos Sonnenschein, and  Ana M. Soto

Normal development of the human 
breast
The breast is comprised of two main compartments: (1) 
the parenchyma, i.e. the epithelial cells, representing 
the functional part of the organ, and (2) the connective 
tissue or stroma which is the scaffolding of the organ. 
The stroma is composed of many different cell types 
(including fibroblasts, fat cells, immune cells, blood 
vessels, etc.) and an extracellular fibrotic matrix of 
which the main component is collagen fibers.

The breast parenchyma is arranged into ducts 
whose main function is to conduct milk to openings in 
the nipple. At the distal end of the small ducts there are 
lobules composed of very small sacs or alveoli where 
milk is produced in response to hormonal signals. 
These lobules are populated by the ductal epithelial, 
lobular epithelial, and myoepithelial cells (Fig. 3.7).

The mammary gland is a versatile, plastic organ that 
undergoes growth, differentiation, secretory activity 
and regression, primarily postnatally. These complex 
and at times rapid changes are the result of the har-
monious interactions between cells, between cells and 
extracellular matrix, and between cells and hormones. 
The tremendous capacity of the mammary gland to 
remodel the connective tissue and re-shape itself, espe-
cially during puberty, pregnancy, and post-lactation 
involution is remarkable and appears to be comparable 
in all mammals.

Fetal and infantile breast development
The first sign of breast development appears as a thick-
ening of the epidermis (milk lines) on the ventral sur-
face of the 5-week-old human fetus. By the 15th week 
of gestation, the breast buds extend, producing cords 
of epithelium which invade the underlying mesen-
chyme. The collagenous mesenchyme differentiates 
into fatty stroma between weeks 20 and 32. The epi-
thelial cords become hollow, forming a lumen, dur-
ing the last 2 months of gestation; at this time ductal 
and lobuloalveolar branching also occurs. Near birth, 
the nipple is formed by evagination of the mammary 
surface [1]. Both male and female mammary glands 
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The mouse mammary gland development begins at 
embryonic day 10.5 (E10.5) with the appearance of 
presumptive mammary lines. Mammary placodes 
invaginate into the dermis at E13.5 as the mammary 
mesenchyme surrounding the epithelium becomes 
increasingly dense [4]. At E15.5 the precursor to the 
underlying fat pad is invaded by the mammary bud 
as it elongates into a cord called the mammary sprout. 
By E18, the mammary sprout has begun to branch 

and develop a lumen [5] (Fig. 3.8). At this point, the 
growth of the mammary gland parallels the growth of 
the organism as a whole until puberty, at which time 
the gland undergoes substantial remodeling.

At puberty, rising levels of estrogens cause a rapid 
increase in ductal growth (Fig. 3.9) characterized by 
high levels of both cellular proliferation and apop-
tosis (cell death) at the terminal end buds (TEB); the 
bulbous TEB lead the migration of the ducts into the 

Fig. 3.7. Representative images of the adult human breast. (A) Whole-mount preparation of human breast showing a three-dimensional  
terminal ductal lobular unit. (B) Cross-section of the structure showed in (A). (C) High-power image showing alveoli in detail. Staining: A, 
carmine-alum; B-C, hematoxylin and eosin; D, duct; F(*), fat; L, lobule; A, alveoli; C, collagen fibers; LEC, luminal epithelial cells; Myo,  
myoepithelial cells; Fib, fibroblasts; S, secretion; Lu, lumen. The area labeled L in (A) corresponds to the area labeled L in (B).

Fig. 3.8. Schematic representation 
of mouse fetal mammary gland 
 development. E, epithelium; DM, 
dermal mesenchyme; P, mammary 
placode; MEB, mammary epithelial 
bud; MM, mammary mesenchyme; 
FPP,  presumptive fat pad; BP, branching 
points; EC, epithelial cords.
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cases, the hormones produce rapid effects through 
non-genomic actions.

Estrogen receptor expression in the fetal 
and infant breast
The earliest stages of fetal breast formation appear to 
be independent of steroid hormones. ER-α protein has 
been detected using immunohistochemical techniques 
in epithelial cell nuclei in the fetal breast starting at 
gestation week 30 [10]. From birth to puberty, this 
receptor was heterogeneously expressed in the breast 
epithelial cells [10, 11].

Estrogen receptor expression in the 
adult breast
The most abundant ER in the non-pregnant adult breast 
is ER-β which is expressed in approximately 70% of the 
epithelial cells [12]. ER-α is expressed in only 4–15% 
of the ductal and lobular epithelial cells in the adult 
breast. The number of ER-α positive cells, however, 
increases with age reaching the highest percentage in 
post-menopausal women [11]. The presence of ER-β 
remains constant in most cases. Unlike ER-β, ER-α is 
not expressed in the breast stroma [13]. Once the men-
strual cycle is established, ER expression in the adult 
breast is also cyclical. During pregnancy and lactation, 
ER-α levels decrease [11].

 

Fig. 3.9. Mouse mammary gland at 
 different stages of development. (A) 
PND10: small ductal tree. (B) PND30 
(puberty): ductal tree extension and 
presence of terminal end buds (TEB); the 
inset is a close-up of TEB.(C) Adult resting 
 mammary gland: complex network of ducts 
and absence of TEB. (D) Full-term pregnant 
gland: abundance of milk-producing lobules. 
Arrowheads, ducts; arrows, TEB; L, lobules; 
asterisk, lymph node. Scale bars: 1 mm.

stroma. The combination of proliferation and apop-
tosis is essential for the development of a lumen [6]. 
The ductal tree develops into a network of ducts, ter-
minal ducts, and alveolar buds as it completely fills the 
stroma. Pregnancy stimulates a period of dramatic pro-
liferation of the epithelium and development of lobules 
where milk will be produced (Fig. 3.9). After birth the 
mammary gland undergoes widespread apoptosis as it 
returns to a morphology resembling the pre-pregnancy 
state [7].

Hormone receptors during mammary 
gland development
The most important hormones regulating mammary 
gland development are estrogen and progesterone. 
During pregnancy and lactation, prolactin also con-
tributes to lobular differentiation and milk produc-
tion. We will concentrate on estrogen and progesterone 
because of their fundamental role during puberty to 
develop a normal adult breast.

Estrogen and progesterone are steroid hormones 
that act on target cells through their receptors. The 
classical estrogen receptors (ER) and progesterone 
receptors (PR) are located in the cell’s nucleus, where 
the hormone-receptor complex binds to the DNA and 
modulates gene expression. In addition, membrane-
bound ER and PR have been described [8,9]; in these 
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Progesterone receptor expression in the 
human breast
The earliest that PR has been detected in the human 
breast is between 3 and 7 years of age in the epithelial 
cells. Progesterone receptor was also detected in the 
pubescent breast [11]. The pattern of progesterone 
receptor expression is heterogeneous in the epithelial 
cells and absent in the stromal cells [14]. Contrary to 
the cyclicity observed in ER expression, PR did not 
vary with menstrual phases. Progesterone receptor is 
present during early pregnancy; it is rare in late preg-
nancy and re-appears post-partum. The breast of post-
menopausal women shows high level of PR expression 
in the luminal epithelial cells [11].

Estrogen receptors in the rodent mammary 
gland
Saji and collaborators examined ER expression in rat 
mammary gland from post-anatal week 1 through 
pregnancy, lactation, and involution. Similar to what 
has been observed in the human breast, ER-α expres-
sion was low from birth to adulthood, increased during 
lactation, and decreased again during involution. In 
contrast with the fluctuating expression of ER-α, ER-β 
was observed in all stages and remained relatively con-
stant with approximately 50% of epithelial cells express-
ing it. Estrogen receptors-beta is also expressed in the 
nuclei of stromal cells [12]. In mice, ER-α and ER-β are 
first expressed at E12.5 in the mesenchyme surround-
ing the bud [15]. By E16 these receptors were shown to 
be functional [16]. However, at post-natal time points, 
ER-α expression is mainly localized to the epithelium 
[17]. We have observed a punctate expression of ER in 
the epithelium at E18 which could be interpreted as a 
transition from mesenchyme-only to epithelial-only 
expression [5].

Impact of environmental insults 
in mammary gland development: 
Windows of vulnerability
There are critical times in the lifespan of an individual 
that appear to be crucial for eliciting developmental 
mishaps. This vulnerability window differs depending 
upon the time at which specific developmental events 
occur in particular tissues or organs. The perinatal 
period and puberty are the most susceptible stages 
during mammary gland development because of the 

complex tissue organization that takes place at both 
ages. Epidemiologic and laboratory animal data have 
shown that exposure to environmental toxins such as 
endocrine disruptors, radiation, or other carcinogens 
during the critical periods of organogenesis (gesta-
tion) and organ growth and differentiation (puberty) 
have long-lasting consequences that usually correlate 
with the development of diseases during adulthood 
[18–21]. Breast development during pregnancy could 
also be considered a third period of susceptibility. 
Interruption or alterations of the processes leading to 
a functional lactation could result in mortality or mal-
nourishment of the offspring [22].

Susceptibility of the mammary gland 
during the perinatal period
Perinatal exposure to endocrine disruptors
The developing organism is critically sensitive to both 
endogenous and exogenous hormones, a phenomenon 
that led Dr. Howard Bern to coin the phrase the “fragile 
fetus” [23]. For instance, it is well accepted that some of 
the developmental alterations mediated by estrogens 
occur at significantly lower doses than those neces-
sary for causing estrogenic effects in adults. Thus, the 
developing organism seems to be far more sensitive 
to minute variations of hormone levels than the adult 
organism.

Perinatal exposure to diethylstilbestrol
Beginning in the 1940s, the potent synthetic estrogen 
diethylstilbestrol (DES) was administered to pregnant 
women as a treatment to decrease the risk of miscarriage, 
although it was later proven to be ineffective. Women 
exposed in utero to DES have experienced functional 
deficits in fertility as well as malformations of the geni-
tal tract. Diethylstilbestrol treatment produced similar 
effects in mice, establishing the mouse as a useful model 
for developmental toxicity of xenoestrogens (xeno mean-
ing foreign) and its underlying mechanisms [24].

Diethylstilbestrol studies in rodents demonstrated 
that the chemical exerted effects on mammary gland 
development at doses much lower than those to which 
so-called DES daughters had been exposed [25] and 
than those necessary to produce estrogenic effects in 
adults [26]. Numerous studies examined a link between 
DES and cancer. Regarding prenatal exposure to DES 
and risk of mammary cancer, between 1979 and 1987 
it was first reported that rodents exposed to DES had 
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an increased propensity to develop tumors compared 
with unexposed animals [27, 28, 29]. The offspring of 
CD1 mice exposed in utero to DES had a higher inci-
dence of ovarian and mammary tumors than offspring 
of non-exposed females, suggesting transgenerational 
effects of exposure to the synthetic estrogen [30].

More importantly, many of the so-called DES 
daughters are now reaching the age of high detection 
of breast cancer. This unfortunate episode in med-
ical history offers the unique opportunity to test the 
hypothesis that, in humans, in utero exposure to estro-
gens increases the risk of breast cancer in adulthood. 
Using a cohort of almost 5000 exposed and 2000 unex-
posed daughters, Palmer and collaborators showed 
that “women with prenatal exposure to DES have an 
increased risk of breast cancer after age 40” [18]. In 
summary, laboratory animal experiments predicted 
several decades ago what the current epidemiologic 
data are now demonstrating.

Bisphenol-A, a ubiquitous xenoestrogen
Bisphenol-A (BPA) is a ubiquitous chemical used as 
the building block of polycarbonate plastics and epoxy 
resins. Bisphenol-A is found in countless products we 
use or come in contact with on a daily basis includ-
ing food containers, baby bottles, water pipes, dental 
sealants, optical lenses, water storage tanks, the lining 
of aluminum cans, and milk containers. In addition, 
approximately 100 tons of BPA are released into the 
atmosphere each year as a consequence of its produc-
tion [31].

Bisphenol-A has been known to be estrogenic since 
1936 [32]. It was not until the 1990s however, that it 
was accidentally discovered that BPA leaches from 
polycarbonate plastics in concentrations sufficient to 
induce cell proliferation in estrogen-target MCF7 cells 
via binding to ER. Subsequent studies have demon-
strated that incomplete polymerization of BPA during 
the manufacturing process as well as depolymerization 
due to high temperature (such as exposure to micro-
waves, hot water, or sunlight) causes BPA to migrate 
into foods [33], beverages [34], infant formula [34], 
saliva (from dental sealants) [35], etc. BPA has also 
been found in dust particles [36], leachates from waste 
water treatment plants, river water [37], and surface 
and drinking water [38].

The developing fetus is at risk of exposure to BPA 
via its mother, while the neonate is at particular risk 
via ingestion of BPA from infant formula (sold in 
epoxy-resin lined cans) or breast milk [39]. In fact, 

recent data conclude that the ubiquitous nature of BPA 
means that fetal and neonatal exposure to BPA is all 
but ensured. A recently published study by the Centers 
for Disease Control and prevention found BPA in the 
urine of 92.6% of Americans, with higher concentra-
tions found in children and adolescents than in adults 
[40]. Bisphenol-A has been measured in maternal and 
fetal plasma as well as placental tissue in humans, in 
milk from lactating mothers and in amniotic fluid 
[41, 42]. Similarly, BPA has been shown to cross the 
placenta in rodents [43].

Effects of perinatal exposure to BPA in the 
mammary gland
Bisphenol-A, like many endocrine disruptors, has sub-
stantial effects on fetal development even at extremely 
low doses due to its interaction with the endocrine 
system. Exposure of pregnant mice to 250 and 25 ng 
BPA/kg body weight (bw)/day for 14 days beginning 
on gestational day 8 affected numerous aspects of the 
development of their female offspring. These doses are 
200 and 2000 times lower, respectively, than the safe 
daily intake of BPA of 50 µg BPA/kg bw/day established 
by the US EPA. When examined on E18, mammary 
glands of the fetuses of mothers exposed to 250 ng BPA 
showed altered growth parameters, including an altered 
stroma, with more advanced fat pad maturation and 
altered localization of fibrous collagen [5]. Maturation 
of the fat pad drives ductal growth and branching, and 
the mammary glands of the BPA-exposed females had 
increased ductal area compared with unexposed mice. 
The mammary epithelium of the 250 ng BPA-exposed 
fetuses also displayed decreased cell size and delayed 
lumen formation [5].

Developmental differences in the mammary gland 
from control groups were detected also after birth. At 
PND10 (postnatal day 10), the percentage of prolifer-
ating epithelial cells was significantly decreased com-
pared with controls in BPA-exposed mice. At PND30, 
BPA-exposed offspring had an increased number and 
area of TEB relative to the total gland ductal area, with 
a decreased incidence of cell death in these structures 
when compared with controls. This reduced cell death 
is a likely cause of the observed delay in ductal growth 
as cell death is essential for the hollowing and outward 
extension of subtending ducts. These effects can collec-
tively be attributed to an increased sensitivity to estra-
diol at the age of puberty in BPA-exposed animals [44].

The BPA-exposed offspring also showed a signifi-
cant increase in the number of PR positive cells in the 
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ductal epithelium at puberty. The clustered localiza-
tion of these PR positive cells suggested them as possi-
ble sites of future branching points, a notion supported 
by the increase in lateral branching found in the off-
spring at 4 months of age [44]. By 6 months of age, the 
virgin mammary glands of these perinatally exposed 
mice demonstrate such a large increase in ducts, ter-
minal ends, and alveolar buds that they resemble the 
mammary glands of untreated pregnant mice [45]. 
By 12–15 months of age, these mice developed pre-
cancerous lesions called intraductal proliferation (i.e. 
epithelial cells proliferate into the ductal lumen) [46] 
(Fig. 3.10).

To explore the links between prenatal BPA expo-
sure and mammary gland neoplasia, we used a rat 
model, because it closely resembles the human dis-
ease regarding estrogen dependency and histopa-
thology. BPA was administered to pregnant dams at 
doses of 2.5, 25, 250, and 1000 μg/kg bw/day. Fetal 
exposure to BPA, from E9 to postnatal day 1, resulted 
in the development of carcinomas in situ in the mam-
mary glands of 33% of the rats exposed to 250 μg/kg 
bw/day while none of the unexposed animals devel-
oped neoplasias [20] (Fig. 3.10). These cancers were 
only observed once the animals had reached young 
adult age. Fetal exposure to BPA also significantly 
increased the number of precancerous lesions, spe-
cifically intraductal proliferation, by three to four 
times, an effect also observed in puberty and during 

adult life. The lesions observed in the BPA-exposed 
animals were highly proliferative and contained 
abundant ER-positive cells, suggesting that the pro-
liferative activity in these lesions may be estrogen 
mediated [20].

In conclusion, these results indicate that perinatal 
exposure to environmentally relevant doses of BPA 
results in persistent alterations in mammary gland 
morphogenesis, development of precancerous lesions, 
and carcinoma in situ. Moreover, the altered growth 
parameters noted in the developing mammary gland 
on E18 suggest that the fetal gland is a direct target of 
BPA, and that these alterations cause the mammary 
gland phenotypes observed in perinatally exposed 
mice at puberty and adulthood.

Perinatal exposure to other environmental toxins 
and its effect on the mammary gland
Fluoropolymers have been used since the 1940s in the 
manufacture of consumer and industrial products 
such as weather- and stain-resistant materials (fabrics, 
carpets), non-stick cookware, electrical materials, etc. 
Perfluorooctanoic acid (PFOA) has, in itself, broad 
applications but is also a degradation product of other 
perfluorinated compounds [47]. It is very persistent 
and its presence is widespread in the population [48]. A 
recent study by White et al. [49] showed that pregnant 
mice exposed to PFOA during gestation experienced 
reduction in the dam’s mammary gland differentiation, 

Fig. 3.10. Perinatal exposure to BPA 
causes alteration in the mammary gland. 
(A) Three-month-old unexposed mouse 
(arrows: ducts). (B) Three-month-old 
BPA-exposed mouse. Note the abundance 
of epithelial structures (arrows: ducts; 
arrowheads: alveolar buds). (C) Carcinoma 
in situ developed in rats perinatally exposed 
to BPA. The arrow points at the lumen that 
is almost filled with epithelial cells. (D) 
Intraductal proliferation was observed in 
perinatally exposed mice. The lines mark 
intraductal proliferation (IDP).
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delay in involution after weaning, and alteration in 
milk protein gene expression. They have also observed 
that the female offspring had stunted mammary ductal 
growth [49]. The mechanisms by which PFOA is affect-
ing the mammary gland are unknown; however, these 
results suggest that PFOA may be acting in a different 
manner in an adult than in a developing individual.

Atrazine is a commonly used herbicide used to 
control the growth of weeds and grass in crops. It has 
been detected in ground and surface waters through-
out the USA, and recent studies showed that atrazine 
and its derivatives are present in the urine of the gen-
eral population, not just farmers [50, 51]. Using the 
Long–Evans rat model, Enoch et al. showed that ges-
tational exposure to an atrazine metabolite mixture 
induced a significant delay in the development of the 
offspring mammary glands that persisted for 2 months 
after birth [52]. Interestingly, there was a persistence 
of terminal end buds (TEB) in the 2-month-old rats 
while no TEB were observed in the control animals. 
The untimely persistence of epithelial structures sug-
gests that the communication between the stroma and 
the epithelium and the reciprocal signals necessary to 
maintain the homeostasis of the tissue may have been 
compromised during the gestational exposure.

Dioxin or 2,3,7,8-tetrachlorodibenzo-p-dioxin 
(TCDD) is a member of the polyhalogenated hydro-
carbons (PHAHs) family. It is a very potent toxin that 
affects many systems during development and adult-
hood, including the endocrine system. The most com-
plete epidemiological data regarding non-occupational 
exposure to TCDD of a human population originated 
in Seveso, Italy. In 1976 a chemical factory explosion 
released several kilograms of dioxin into the environ-
ment; serum and tissue samples of the exposed popu-
lation were collected at the time and have been used 
to analyze the long-term effects of dioxin exposure. 
Recently a significant correlation was found between 
high levels of serum dioxin and increased incidence of 
breast cancer in the exposed population compared with 
those unexposed [53]. A continued follow-up of the 
exposed population will help in identifying whether 
time of exposure, i.e. gestational, pubertal, adulthood, 
also correlates with breast cancer incidence.

Animal studies have shown similarities with the 
epidemiological data. Rats exposed prenatally to 
TCDD developed many more mammary tumors than 
non-exposed animals when challenged with a chemical 
carcinogen at puberty [54]. Moreover, it was reported 
that TCDD had a persistent effect on the morphology 

and functionality of the mammary gland of the sec-
ond generation of exposed animals [55]. In a more 
detailed study using rats, female offspring exposed 
in utero to TCDD had a reduced number of primary 
ducts and their ability to invade the mammary stroma 
was stunted. These offspring also had decreased lateral 
branching and the number of TEB was reduced but 
they persisted longer compared with non-exposed ani-
mals [22]. The extended presence of the highly prolif-
erative TEB could be interpreted as a prolongation of 
the window of susceptibility to potential carcinogens 
[56]. The mechanisms by which TCDD acts on the 
mammary gland are still unknown; however, based 
on the laboratory animal experiments it is likely that 
dioxin acts both directly on the mammary gland and 
systemically by affecting several targets in the endo-
crine system [56].

Susceptibility of the mammary gland 
during puberty
Until the onset of puberty, the mammary ducts grow 
at the same rate as the body. However, this growth 
becomes exponential in the presence of high levels of 
hormones at puberty; a rapid proliferation and elon-
gation of the epithelial ducts occur at the same time 
that the stroma is remodeled to allow those ducts to 
migrate and fill the entirety of the organ. These events 
are tightly controlled by hormones and mutual com-
munication between the stroma and the epithelium. 
Disruption of any of the interactions/mechanisms that 
are in place in the mammary gland to maintain a perfect 
balance between both compartments during this very 
active period would result in a decreased ability of the 
gland to respond to potential carcinogenic challenges 
(e.g. exogenous hormones, radiation, environmental 
toxins). Thus, the abnormal reaction of the mammary 
gland could be manifested as a disease (such as cancer) 
or functional aberrations (such as reduced capacity to 
lactate) later in life.

Studies using transplantation of mammary tumor 
cells into the mammary stroma at different ages showed 
that prepubertal and pubertal glands support the growth 
of those tumor cells. In contrast, post-pubertal adult and 
parous glands were able to instruct those same tumor 
cells to become normal mammary ducts [57]. This sug-
gests that a resting gland provides a balanced and stable 
environment while the extensive tissue remodeling and 
cell proliferation that occur during puberty increases the 
chances for normal development to go awry.
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Xenoestrogens exposure during puberty and 
breast cancer
Dichlorodiphenyltrichloroethane (DDT) is a potent 
and persistent xenoestrogen. It was introduced in the 
USA in 1945; the peak use of this pesticide was 1959 
[58] and the highest dietary content of DDT has been 
estimated to have been in 1965 [59]. In 1972, DDT was 
banned in the USA.

Because of its persistency and massive release into 
the environment over 60 years ago, it was thought 
that DDT was a suitable marker of exposure for breast 
cancer; its presence or the presence of its metabolite 
dichlorodiphenyldichloroethylene (DDE) (even more 
persistent in the environment and biological systems) 
in serum may represent cumulative exposure during a 
lifetime. Three studies claimed a correlation between 
the occurrence of breast cancer and levels of xenoestro-
gen. Wolff et al. found that serum DDE levels correlated 
with breast cancer [60]. Another study documented 
that ER-positive breast cancer correlated with higher 
concentrations of DDE in participants’ tissues [61]. 
Krieger et al. studied 150 women with breast cancer 
and 150 controls; each set was made up of 50 Black, 
50 White and 50 Asian women. When the cases and 
matching controls were evaluated separately accord-
ing to their ethnic group, high serum DDE levels were 
correlated to breast cancer incidence in White and 
Black women, but there was no significant correlation 
in Asian [62]. Although very important correlations 
between breast cancer incidence and xenoestrogen lev-
els were found, these studies measure the levels of DDE 
long after exposure time.

A more recent study tested the hypothesis that the 
association between DDT and breast cancer resides in 
the age at the time of exposure. Cohn et al. measured the 
amount of DDT and DDE in serum collected between 
1959 and 1967 from a cohort of young women (mean 
age: 26 years). They found that women who were 14 
years of age at the time DDT was first introduced into 
the environment and had high levels of serum DDT 
had a 5-fold increased risk of breast  cancer [21]. They 
observed similar correlations in women who were 
younger than 20 years of age at the time of the peak use 
of DDT. These findings strongly indicated that expo-
sure to the xenoestrogen DDT during childhood and 
adolescence increased the risk of breast cancer. The 
implications of these results could be even stronger 
considering the large number of women exposed 
worldwide, the long latency of breast cancer, and the 

increase in women exposed at early ages entering men-
opause in the next decades.

Other persistent and heavily used xenoestrogens 
are polychlorinated biphenyls or PCBs. Evidence of 
a link between exposure to PCBs and breast cancer 
incidence is equivocal [63]. However, these studies 
aimed at correlating exposure to total PCBs, rather 
than to the levels of specific congeners. In order to 
clarify the relevance of these findings, epidemiologi-
cal studies are now being conducted involving larger 
sample sizes. However, testing only for the presence 
of DDT metabolites or total PCBs may not clarify 
whether or not xenoestrogens play a role in breast 
cancer incidence, because (i) not all the PCB conge-
ners are estrogenic, and (ii) many other environmen-
tal estrogens may also play a role. Methods to identify 
and measure new xenoestrogens in bodily fluids and 
tissues have yet to be developed. Nevertheless, the core 
of the problem remains whether or not the combined 
exposure to xenoestrogens correlates with breast can-
cer incidence. Methodology developed to measure 
the total xenoestrogen burden is being used to assess 
this hypothesis [64, 65]. For instance, Ibarluzea et al. 
have found that the total effective xenoestrogen bur-
den (measure in body fat) of lean post-menopausal 
women correlates with an increased risk of breast 
cancer [66].

Radiation
Ionizing radiation is another environmental agent 
considered a carcinogen. Gestational exposure to low 
doses of X-rays causes an increased incidence of several 
childhood cancers. In addition, the exposure of infants 
to radiation has been associated with the development 
of thyroid and breast cancer later in life [67].

Much of the information regarding correlations 
between breast cancer incidence and radiation exp-
osure comes from epidemiological studies of the 
survivors of the Hiroshima–Nagasaki atomic bomb. 
A recent report analyzing a cohort from 1950–1990 
atomic bomb survivors indicated that exposure to 
radiation before the age of 20 years was associated 
with an increased excess relative risk compared with 
exposure at older ages [19]. Interestingly, of those 
women exposed under the age of 20 that developed 
breast cancer, 4.9% developed primary cancer in both 
breasts. Only 2.3% of those exposed at older age devel-
oped double primary tumors. After reviewing a pool 
of eight different cohorts, Preston et al. also concluded 
that age at exposure correlated with increased risk [68]. 
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These epidemiologic data strengthen the hypothesis 
that radiation-associated breast cancer risk is higher 
in women exposed during childhood and adolescence 
than as adults.

Multiple animal models of mammary carcinogene-
sis have been perfected for maximum tumor incidence 
based on the time of exposure. The highest incidence 
of tumors, i.e. 90–100%, is obtained when rats are 
exposed during puberty. Before or after this window of 
susceptibility, the incidence drops to levels below 20%, 
highlighting once again the relevance of animal mod-
els as surrogates for human exposures.

Cancer as a consequence of altered 
tissue organization
The majority of research on cancer and carcinogenesis 
performed in the last 50 years has been based upon the 
theory that cancer arises due to the accumulation of 
mutations in the genome of a cell (somatic mutation 
theory) [69]. More recently, supporters of the novel 
theory of fetal origins of adult diseases have investi-
gated how changes in epigenomic expression in a cell 
might play a vital and central role in carcinogenesis. 
One study found that neonatal exposure to BPA or 
estradiol benzoate increased the propensity for the 
development of neoplastic lesions in the prostate fol-
lowing subsequent exposure to a carcinogen [70]. The 
authors proposed that the exposure of the prostate to 
either BPA or estradiol may have permanently altered 
the methylation pattern of cell-signaling genes in the 
tissue, leading to neoplastic development. Both the 
somatic mutation theory and the epigenetic theory of 
carcinogenesis consider cancer a genetic disease that 
starts in one cell that ultimately escapes regulation of 
proliferation [69].

In contrast, the tissue organization field theory 
postulates that carcinogenesis is a problem of tissue 
organization and that proliferation is the default state 
of all cells [71]. When a carcinogen or teratogen dis-
rupts the normal dynamic interaction of neighboring 
cells and tissues, during either development or adult-
hood, cancer arises. This is a process similar to “orga-
nogenesis gone awry.”

Although there are hereditary cases of breast cancer 
with long familial histories of women affected by the dis-
ease, these cases make up less than 10% of the total inci-
dences of breast cancer. The remaining cases (greater 
than 90%) are “sporadic” cases with no genetic link. 
The most important risk factor for developing breast 
cancer is lifetime exposure to estrogens. According 

to a report published in 2002 by The National Cancer 
Institute’s (NCI) Surveillance, Epidemiology and End 
Results (SEER) Program, a woman’s lifetime risk for 
developing breast cancer has increased from 1 in 22 in 
the 1940s to 1 in 8 when the report was released. This 
time-span coincides with the introduction of man-
made chemicals into the natural and urban environ-
ment, many of which act as xenoestrogens.

Regulation of expression of estrogen-target genes 
involved in tissue patterning, and tissue and cell dif-
ferentiation are believed to mediate the direct effects of 
estrogens on target organs in the reproductive system 
as well as the mammary gland. Estrogens are consid-
ered morphogens that directly regulate the expression 
of genes important for the normal patterning of an 
organ. It is therefore plausible that fetal xenoestrogens 
may alter the expression of this set of genes, thereby 
affecting morphogenesis and perhaps leading to neo-
plastic development. Bisphenol-A is also suspected 
to alter the methylation patterns of genes involved in 
the reciprocal interactions between tissues that medi-
ate morphogenesis. It is critical that we re-evaluate our 
understanding of development and carcinogenesis in 
light of the information that has been collected on DES, 
BPA, and endocrine disruptors in general. It is now 
clear that environmental exposure to these chemicals 
at levels previously thought to be irrelevant can have 
clear and distinct effects, especially during critical 
periods of development on target organs. This raises 
grave concern over the potentially deleterious effects 
these chemicals could be having on human develop-
ment and subsequent disease. Extrapolating conclu-
sions from animal studies to human beings must be 
done cautiously, as there can be great variation within 
strains of a species and certainly between species. 
However, rodents have proven an excellent model for 
the understanding of perinatal DES exposure. Given 
the growing evidence of the risk posed by endocrine-
disrupting chemicals such as BPA, regulatory agen-
cies should be encouraged to apply the precautionary 
principle and ban or substitute chemicals that may put 
human beings and animals at risk by interfering with 
normal development.
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Chapter

4
example, a key event that determines the capacity of a 
man to produce sperm in adulthood in numbers suf-
ficient to ensure his fertility is the number of Sertoli 
cells, as each of these cells can support only a finite 
number of germ cells; thus the number of Sertoli cells 
determines the ceiling of sperm production capacity 
in any individual [1, 2]. As shown in  Fig. 4.1, Sertoli 
cells proliferate during fetal and neonatal periods 
and in the period around the start of puberty [1, 2]. 
Therefore, three phases of life are important in deter-
mining adult sperm-producing capacity. One impli-
cation of this (in theory anyway) is that if deficiencies 
in Sertoli cell number arise in fetal or neonatal life it 
could be compensated for around the time of puberty, 
so that no deficit in sperm-producing capacity results 
(Fig. 4.1); evidence from studies in marmosets [3] and 
rats [4, 5] supports this notion. In this example, it is the 
same process (Sertoli cell proliferation) taking place in 
each of the three phases and this applies also to other 
aspects of reproductive development, for example 
penile growth. The penis grows during the fetal and 
neonatal periods but especially during puberty [6, 7]; 
these periods of growth coinciding with high or rising 
levels of testosterone, on which this growth depends 
(Fig. 4.1). The relative importance of these different 
phases is uncertain, but a working hypothesis based on 
clinical experience and emerging experimental animal 
data suggests that in normal males androgen action at 
all three ages is required to ensure normal penile size, 
but early deficiencies in growth may be correctable 
during puberty [8], much as argued for correction of 
Sertoli cell number. Ultimate size of the penis is firstly 
dependent on its correct formation in fetal life dur-
ing the masculinization process [9]. Details of this are 
covered below, but an important point to note is that 
masculinization of the reproductive tract (including 
the genitalia) occurs during an earlier time window in 

Development and maturation of the 
normal male reproductive system
Richard M. Sharpe

Introduction
To be fertile as an adult, a properly functioning male 
reproductive system has to be established. To ensure 
this, each component part has to work satisfactorily; this 
includes the testis, internal reproductive tract/accessory  
sex organs, the penis, and also the brain. The last con-
trols libido but also ensures that the hormonal aspects 
of the male reproductive system (the hypothalamic–
pituitary–testicular axis) work normally. Deficiencies 
in any of the component parts of the male reproductive 
system may impair fertility or cause other reproduc-
tive disorders. Such disorders can arise via a variety of 
mechanisms and at different ages. However, some ages 
are more important than others in terms of the impact 
that aberrant changes may have on development or 
function of the reproductive system and, as detailed 
below, fetal life is probably the most important period. 
This chapter will review current understanding about 
key events occurring at different stages of development 
in the normal human male and how this impacts repro-
ductive function in adulthood.

Key periods in development of the 
male reproductive system
Development of the normal male reproductive sys-
tem can be divided into five periods (fetal, neonatal, 
infancy/childhood, puberty, adulthood), as illustrated 
in Fig. 4.1. These periods are essentially defined by 
changes in activity of the reproductive hormonal axis, 
illustrated in  Fig. 4.1 by the changing levels of testo-
sterone. Details of the events occurring within each 
of these periods and their functional importance are 
considered separately in the sections below. Here the 
emphasis is on providing perspective on the relative 
importance and contribution of each of these phases 
for normal reproductive function in adulthood. For 
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fetal life [9] than does masculinization of the brain [10] 
which is a relatively late event (Fig. 4.1). It may be that 
this difference is simply a reflection of the longer time 
necessary for the large brain to develop and grow to the 
stage at which it is ready for masculinization.

Although at first glance it appears that germ cell 
development is similar in the perinatal period and dur-
ing puberty/adulthood, in that proliferation and differ-
entiation are both occurring, what happens to the germ 
cells in these two periods is fundamentally different. In 
perinatal life, the germ cells begin differentiating from 

pluripotent (fetal) germ cells into semi-differentiated 
germ cells (pre-spermatogonia and then spermato-
gonia) that are committed to (later) spermatogenesis 
[11, 12]. During puberty, these cells proliferate and dif-
ferentiate and then develop into spermatozoa via the 
complex process of spermatogenesis [2]. As this process 
is fuelled by spermatogonia and their continuous pro-
liferation, it is ultimately dependent on the successful 
proliferation and differentiation of fetal germ cells. This 
example illustrates that a good way of viewing devel-
opment of the reproductive system is through three  

Organization

Fetal germ cell
proliferation/differentiation

Sertoli cell proliferation

Penile growth

Masculinization
of brain

Masculinization of
reproductive tract

Fetal Leydig cells

Testis differentiation

Weeks of gestation

Testicular and reproductive
tract ‘quiescence’

Adult Leydig cells

Penile growth

Testosterone

Sertoli cell maturation
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7 24 37
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Development
and

activation

Full activation
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maintenance
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Fig. 4.1. Timing of the main events that shape reproductive development and function of the human male, from the time of testis 
 differentiation through to adulthood. Fetal life is when the testis and reproductive system are organized, puberty is when the fully formed 
reproductive system is developed into its adult form and its functions first activated, and adulthood involves the long-term maintenance 
of this activation and function. The key events and the relative importance of the different life phases in relation to normal reproductive 
 development are detailed in the text.
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step-wise events (Fig. 4.1), namely: (i) organization 
of the reproductive system, which occurs primarily in 
fetal life but may extend into the neonatal period; (ii) 
further development and activation of the reproduct-
ive system during puberty; (iii) full activation, and then 
maintenance, of this system throughout the remainder 
of adulthood. Clearly, the two later events are predi-
cated on successful organization of the reproductive 
system many years earlier in fetal life. This highlights 
the importance of the fetal period; if things go wrong, 
or are incomplete in terms of organization of the repro-
ductive system during this period, then it is likely to 
affect development, activation, and maintenance of the 
reproductive system in later life and lead to reproduct-
ive disorders.

It is worth emphasizing the inherent difficulties 
in acquiring detailed understanding about the proc-
esses illustrated in Fig. 4.1 and especially in elucidat-
ing what can go wrong mechanistically to result in 
reproductive malfunction. A major problem is there 
are relatively few good animal models for reproduc-
tive development in the human male. This is mainly 
because of the lengthy period required for full devel-
opment which contrasts with reproductive develop-
ment in rodents and most domestic animals in which 
the various phases of development shown in Fig. 4.1 
are condensed and may even overlap, especially in 
rodents [1]. As much of our understanding about 
normal reproductive system development derives 
from studies in these species, there may be limita-
tions in extrapolating details of these processes to 
the human. The most striking difference between 
humans and rodents is the events that occur between 
birth and puberty, namely the period of the neonatal 
testosterone rise [13, 14] and the period of reproduc-
tive quiescence during childhood [15, 16] (Fig. 4.1). 
The neonatal testosterone rise in rodents is literally 
confined to a matter of hours around the time of birth 
and a period of “childhood” is barely perceptible, as 
puberty occurs rapidly and there is never an obvious 
period of testicular or reproductive tract quiescence, 
and this is only slightly more visible in domestic spe-
cies such as bulls and rams. In contrast, most primates 
exhibit similar phases of development to the human 
[13, 16], and this has been well established in particu-
lar for the macaque family and for marmosets [13, 16, 
17]. However, even in these species the comparability 
is not absolute because the period of childhood quies-
cence is still relatively short when compared with the 
~10-year period in the human.

The fetal period
This is the most important period for determining 
how normal or otherwise the development and func-
tion of the reproductive system will be in the human 
male. This is when the whole of the reproductive sys-
tem is organized/stabilized and is therefore the period 
when the most fundamental errors can occur, which 
cannot then be corrected [18]. There are three separ-
ate aspects to reproductive development during this 
period, defined as: (i) differentiation of the testis from 
an indifferent genital ridge; this is termed sexual dif-
ferentiation because it is the pivotal moment when 
“maleness” is determined at the molecular level; (ii) 
masculinization of the fetus. This is essentially put-
ting into practice for the whole of the body what has 
already been determined for the gonad itself, and this 
body-wide masculinization is achieved via the produc-
tion of hormones by the recently differentiated testis; 
(iii) the start of events that will continue in one form or 
another throughout fetal, neonatal, and later life and 
fully develop the reproductive system. This involves 
Sertoli cell proliferation, penis formation and then 
growth, germ cell proliferation and differentiation. 
These three events are sequential as a testis has to nor-
mally differentiate (i) if masculinization (ii) is then to 
ensue and development of the processes in (iii) are to 
take place. Each of these events will therefore be con-
sidered in more detail and their relevance to disorders 
of reproduction in the human male considered.

Testicular differentiation (sexual 
differentiation)
A recognizable testis first forms at around 7 weeks of 
gestation in the human male [19]. Prior to this, males 
and females are indistinguishable based on the size or 
morphology of the genital ridge, from which the testis 
and ovary form [19, 20]. At this age, males and females 
cannot be distinguished on the basis of their repro-
ductive systems as both possess müllerian ducts, wolf-
fian ducts, and a genital tubercle from which a penis 
or clitoris will develop [20]. Current understanding of 
gonadal differentiation suggests that the “set-up” is for 
the fetus to develop as a female, whereas becoming a 
male requires modification of this “set-up” program 
[18, 21]. It used to be stated that female development 
was “by default,” but it is now clear that a sequence of 
molecular events occurs to ensure successful female 
development in the same way that development along 
the male pathway involves a (different) sequence of 
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molecular changes [22, 23]. (See Chapter 3 for more 
detail on female development.)

So the fetus will activate a female sequence of events 
unless there is intervention to switch to the male path-
way. This switch initially involves activation of the 
Sry gene on the Y chromosome which then triggers a 
cascade of other molecular changes [21–23]. The cur-
rent view is that a cascade of “snowball” events occurs 
which reinforce each other and reinforce development 
along the male pathway whereas a different sequence of 
“snowball” changes occur in the female [22, 23]. A key 
reinforcing event in the male is switching on expres-
sion of the gene Sox9 [21–23]. According to studies 
in the mouse, Sox9 is expressed initially in both ovary 
and testis but its expression is rapidly lost in the ovary 
because of the lack of a reinforcing stimulatory signal as 
occurs in the male, namely Sry [24]. Additionally in the 
male, expression of Fgf9 also reinforces Sox9 expres-
sion [22] whereas, in the female, expression of Wnt4 
is thought to down-regulate Sox9 expression as well 
as inhibiting development of steroidogenic (Leydig) 
cells [23]. Progressive reinforcement of Sox9 expres-
sion is thus the hallmark of testis differentiation and is 
the pivotal point of separation from further develop-
ment along the female pathway [23]. Other genes are 
also involved in reinforcing development at this early 
stage, down either male or female pathways, and details 
can be found elsewhere [21–23]. As increasing num-
bers of genes are being identified as playing reinforcing 
roles in early gonad development, it is likely the rela-
tive importance of individual genes may vary between 
species. Nevertheless, it is clear in the human that indi-
viduals with inactivating/activating mutations of Sox9 
or Wnt4 have abnormal sexual development [25–27], 
similar to that in mice. As only ~35% of sex reversal 
cases in the human (i.e. in which phenotype does not 
match genotype) can be explained by mutations in key 
genes (Sry, Sox9, Wnt4), other genes may be important 
in this process in the human [28] and our understand-
ing will grow progressively as new genes are identified 
via studies in the mouse. However, care should be taken 
in assuming that exactly the same sequence of events 
occurs during human gonad differentiation as in the 
mouse, until direct evidence is available.

The differentiation of Sertoli cells is what defines 
that a testis has formed and is the pivotal step in male 
development [21–23] as all subsequent steps along 
the male pathway follow from this. One such effect 
is on the fetal germ cells (gonocytes), which earlier 
migrated into the indifferent genital ridge [29]. They 

can develop along male or female pathways, involv-
ing either their arrest at a step prior to meiosis (male 
pathway) or their entry into meiosis (female pathway). 
Sertoli cell differentiation is the key event ensuring 
that the germ cells do not enter meiosis in males [30], 
and studies in mice point to a potential mechanism. 
Thus, retinoic acid (RA), produced by cells in the mes-
onephros lying adjacent to the gonad, diffuses into the 
gonad and induces the germ cells to enter meiosis; this 
should only happen in the ovary [31]. Retinoic acid 
also diffuses into the developing male gonad but, when 
Sertoli cells differentiate they switch on an enzyme 
(CYP26B1) which inactivates RA and thus prevents 
the gonocytes from entering meiosis [31, 32]. It 
remains to be shown if a similar mechanism occurs in 
the human testis, because there are some fundamen-
tally important differences between germ cell devel-
opment during fetal and early postnatal life in rodents 
and humans (see below).

Masculinization
Following Sry-induced differentiation of the testis, a 
male phenotype does not automatically develop [18]. 
For this to occur the differentiated testis must produce 
three hormones, the actions of which then bring about 
masculinization of the internal and external repro-
ductive organs as well as masculinization of the brain 
and the rest of the body. Normal hormonal functioning 
of the fetal testis is therefore essential for masculiniza-
tion and thus for development of a male reproductive 
system [18]. The three hormones are anti-müllerian 
hormone (AMH), insulin-like factor 3 (Insl3), and 
testosterone.

Anti-müllerian hormone synthesis/secretion is 
switched on in Sertoli cells almost immediately after 
their differentiation and it is then transported to the 
müllerian ducts where it induces their regression [18, 
33]. Anti-müllerian hormone-induced degeneration of 
the müllerian ducts is an early event in masculinization 
[33]. Based on studies in rodents, AMH may have other 
roles to play in the development of the male reproduc-
tive system. For example, continued production of 
AMH suppresses development of the adult generation 
of Leydig cells and thus could participate in regulating 
differentiation of these cells during the early stages of 
puberty [34, 35]. Whether this occurs in humans and 
whether there may be other effects of AMH are cur-
rently unclear. The primary known role of Insl3 (based 
mainly on studies in rodents) is to regulate trans- 
abdominal testicular descent [36] (see below) but there 



52

Chapter 4: The male reproductive system

is evidence that it may also play some role in germ cell 
development postnatally [37].

By far and away the most important of the hormones 
produced by the fetal testis is testosterone, as it is the 
actions of this hormone and its metabolites through-
out the body that leads to body-wide masculinization 
(Fig. 4.2). Testosterone itself probably has effects only 
within the testis and the adjacent wolffian duct [18], as 
it is somehow transported out of the testis and deliv-
ered locally down the wolffian duct lumen where it acts 
to stabilize and differentiate it so that it will develop 
into the epididymis, vas deferens, and seminal vesicles 

[9, 38]. In these organs, testosterone induces its effects 
via directly binding to the androgen receptor (AR), but 
for its actions in the rest of the body it is metabolized 
within target tissues to the more potent androgen dihy-
drotestosterone (DHT) which then acts via androgen 
receptors [39, 40]. Otherwise, the dilution of testoster-
one in the peripheral circulation would mean that its 
concentration was insufficient to ensure “masculiniz-
ing” effects via ARs in its target reproductive tissues. 
The conversion of testosterone to DHT occurs via the 
enzyme 5α-reductase, of which there are types 1 and 
2. Type 2 is the form expressed in the urogenital sinus 
and genital tubercle (Fig. 4.2) whereas type 1 is the 
form expressed predominantly in the brain and skin 
[41]. Individuals with inactivating mutations in the 
type 2 enzyme usually present at birth with ambigu-
ous genitalia [39, 40]. An alternative possibility is for 
testosterone to be converted via the enzyme aromatase 
to estradiol which can then exert effects via estrogen 
receptors (ERs). In rodents, some of the masculinizing 
effects of androgens on the brain are mediated via their 
local conversion to estradiol, including regulation of 
male sexual behavior [42]. In contrast, in the human 
the predominant masculinizing effect on the brain 
occurs via androgens themselves, presumably DHT 
[43, 44] (Fig. 4.2). However, ERs are expressed in many 
of the developing reproductive tissues of the fetal male, 
including the genital tubercle, and some evidence from 
both rodents and humans suggest that estrogens could 
play a role in some aspects of penile development [45]. 
Whatever this role is, it is of minor significance in com-
parison to the role of androgens [46].

Disorders of masculinization resulting in frank 
sex reversal or intersex in humans are rare and are 
usually explained by mutations in AR, 5α-reductase 
or in genes involved in earlier testis differentiation, 
such as Sry or Sox9 [47]. In contrast, milder disorders 
of masculinization in humans are amongst the com-
monest congenital disorders, namely the failure of 
testis descent into the scrotum (cryptorchidism, see 
details below) and hypospadias; the latter condition is 
when the urethral meatus does not open in the middle 
of the tip of the penis but is displaced to the edge or 
the shaft of the penis or, in severe cases, to the perineal 
region [48]. At birth, hypospadias affects 0.3–1.0% of 
boys, depending on the country [49], whereas cryp-
torchidism affects 2–9% of boys [50, 51]. As testicu-
lar descent is regulated by androgens and Insl3 and 
androgens play a key role in penile development, the 
high prevalence of these d isorders suggests that mild 

Fig. 4.2. The main hormonal events that bring about 
 masculinization of the human male. Note that the diagram is not 
strictly accurate as masculinization of the brain is a late fetal event, 
at which time testis differentiation and masculinization of the 
reproductive tract and genital tubercle (and disappearance of the 
müllerian ducts) have long occurred. Note also that Insl3, which 
plays a role in masculinization via regulation of testis descent  
(Fig. 4.4), is not depicted.
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impairment of masculinization is common [9, 18, 52]. 
Cryptorchidism and hypospadias are considered to be 
potential manifestations of a broader “testicular dys-
genesis syndrome” (TDS) which also includes adult 
onset disorders such as some cases of low sperm counts 
and testicular germ cell cancer [52, 53]. These disor-
ders are all thought to have a common origin in fetal 
life, resulting one way or another from abnormal tes-
tis differentiation or function, leading to downstream 
disorders that manifest either at birth or after puberty 
[52, 53]. Details on TDS can be found in other chapters. 
However, the fetal origin of TDS disorders provides a 
focus for understanding the details of the masculi-
nization process, and how it might malfunction. An 
important recent development has been the discovery 
in rodents of a “male programming  window” [9].

‘Male (masculinization) programming 
window’
Once the testis differentiates and starts to prod-
uce hormones, masculinization of the reproductive 
 system ensues but it is not instantaneous [9]. The 
fetal ages at which the various reproductive struc-
tures emerge in recognizable form varies according 
to the organ (Fig. 4.3). For example, a recognizable 
penis is not evident until ~14 weeks of gestation and 
a recognizable prostate and differentiation of the 
wolffian duct does not occur until this time or later 
(Fig. 4.3). From studies in the rat, it has been shown 
that differentiation of these reproductive structures 
is driven by androgen action during an earlier fetal 
time window than when they actually differentiate, 
referred to as the male programming window [9]. By 
analogy, it is predicted that this programming win-
dow occurs at ~8–12 weeks of gestation in humans, 
possibly extending to 14 weeks (Fig. 4.3). In the corre-
sponding time window in the rat, androgen action is 
essential for the later normal development of each of 
the component reproductive tract structures includ-
ing the penis, but within the programming window 
itself there is little sign of morphological change in 
these structures so they appear broadly comparable 
in males and females [9].

An important implication of the male program-
ming window is that, in rats, cryptorchidism and 
hypospadias can only arise due to deficient androgen 
action within this programming window [9]. Impaired 
androgen action at any later age, including at the time 
at which a morphologically recognizable penis mani-
fests and testes descent is completed, fails to have 

effects. Similarly, other aspects of reproductive devel-
opment (final penile length, size of prostate and semi-
nal vesicles) are also determined by androgen action 
within this programming window [9]. The available 
evidence suggests that this information can be tran-
scribed from the rat to the human (Fig. 4.3). Therefore, 
the size of accessory sex organs in adulthood in human 
males, as well as penile length, may also be affected by 
the normality of androgen action during the male pro-
gramming window, early in gestation. Another clini-
cally relevant observation from these animal studies 
is that ano-genital distance (AGD), which is normally 
~1.7 times as long in males as in females, is also pro-
grammed by androgen action within the male pro-
gramming window, and provides a lifelong read-out of 
androgen levels/action at this time [9]. Smaller AGD 
predicts cryptorchidism, hypospadias (and its sever-
ity), penile length, prostate and testis size in rats [5, 9].

In contrast to masculinization of the reproductive 
tract, masculinization of the brain is not programmed 
within the male programming window but is deter-
mined by androgen action later in gestation [44] (Fig. 
4.3). This suggests that masculinization of the body 
and the brain are separate and, therefore, there could 
be disorders of one without disorders of the other, for 
example gender dysphoria [54].

Testicular development
After its differentiation, the testis undergoes impor-
tant developmental changes in fetal life. The three most 
important changes are: (i) increase in Sertoli cell num-
bers; (ii) expansion and differentiation of the germ 
cell population; (iii) testis descent through the abdo-
men and pelvis to reach its final location in the base 
of the scrotum prior to birth. Each of these events is 
important for fertility and normal testis function in 
adulthood. Proliferation of Sertoli [1] and germ cells 
[11, 12] commence soon after testicular differentiation 
and both of these processes continue into the neona-
tal period (Fig. 4.1). For germ cells, important differ-
entiation changes also occur in the same period. This 
involves loss of expression of pluripotency factors, 
associated with embryonic stem cell-like activity, and 
switching on of germ cell-specific genes associated 
with more mature germ cells (i.e. spermatogonia-like 
changes) [11, 12]. This differentiation is an important 
step along the pathway towards later spermatogenesis, 
and in relation to the possibility of developing testicu-
lar germ cell cancer (TGCT). This arises from prema-
lignant, precursor cells termed carcinoma in situ (CIS), 
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and the CIS cells share many features with fetal germ 
cells, including expression of pluripotency genes and 
lack of expression of more differentiated germ cell genes 
(which would normally be expressed) [55]. Details on 
the origins of CIS cells and TGCT and the associated 
risk factors can be found elsewhere (see Chapter 11).

Androgen action is also thought to be important for 
Sertoli cell proliferation in fetal and neonatal life, based 
on studies in rodents which have examined the impacts 
of inactivation of the AR or by lowering fetal intrates-
ticular testosterone levels [1, 5, 56]. At least in theory, 
subnormal androgen production by the human fetal 
testis could lead to reduced numbers of Sertoli cells 
and, if this was not compensated for by extra Sertoli 
cell proliferation in the postnatal period (Fig. 4.1), it 
would lead to reduced Sertoli cell numbers in adult-
hood which would translate into a lower sperm count 
[1, 52]. Thus, subnormal testosterone production by 
the fetal testis could lead to this change as well as to the 
other changes associated with TDS [52].

Testicular descent is a key fetal event which places 
the testis in the scrotum, which is necessary for full, 
normal spermatogenesis to take place subsequently 
from mid-puberty onwards (Fig. 4.1). Descent of the 
testis occurs in two phases [57, 58], the first occurring 
early in gestation and involving movement of the tes-
tes from their point of origin by the kidney into the 
inguinal region (Fig. 4.4). Here the testes remain until 
the second phase of testes descent through the pelvis 
and into the bottom of the scrotum, which occurs late 
in gestation [58] (Fig. 4.4). The trans-abdominal phase 
of descent is thought to be regulated by Insl3, based 
on studies in mice [36, 57, 58], but androgens may 
also play some role, whereas the trans-inguinal phase 
of testes descent is regulated by androgens alone [57, 
58]. It is this second phase of testis descent which goes 
wrong most commonly in human crytorchidism [58], 
suggestive of impaired androgen production/action 
as the cause [9]. Moreover, it is now established for 
the rat that this second phase of testicular descent is 
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Fig. 4.3. Timing of reproductive tract and genital development in the human male fetus in relation to testicular differentiation and descent, 
the testicular levels of testosterone and brain masculinization. The postulated timing of the “male programming window” [9] is also shown. 
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programmed by androgens in the “male programming 
window” [9] (see above) even though the lapse of time 
between this programing window and the timing of 
the second phase of testis descent is quite considerable 
(Fig. 4.1).

The neonatal period (0–6 months)
In neonatal male and female babies there is activation 
of the hypothalamic–pituitary axis and consequent 
increase in circulating levels of luteinizing hormone 
(LH) and follicle-stimulating hormone (FSH) [13, 16]. 
In the female this is not accompanied by gonadal ster-
oidogenesis whereas in the male it is associated with 
stimulation of the Leydig cells and elevation of testo-
sterone levels into the low adult range [13, 14](Fig. 4.1). 
The role of this increase in testosterone continues to 
be debated. During this neonatal period, Sertoli cells 
continue to proliferate [1] and this is arguably the most 
important period in life in terms of the magnitude of 
increase in Sertoli cell numbers; however, there is a 
paucity of data for the human and this is inferred from 
what is seen in other animals [1]. It had been presumed 
that the neonatal increase in Sertoli cell number was 
a consequence of stimulation by the elevated levels of 
FSH, but rodent studies showing the importance of 

androgens in driving increased Sertoli cell prolifera-
tion in fetal and neonatal periods [1, 52, 56], suggest 
that testosterone may also be important in this con-
text in the human. Another effect of androgens during 
the neonatal period in the human is to increase penile 
length [59], although the data are limited. In rodents, 
the masculinizing effects of androgens on the brain 
occur primarily during the immediate postnatal period 
[42, 43]. Whether masculinizing effects of androgens 
on the brain occur during neonatal life in human males 
is unknown [44]. However, studies in non-human pri-
mates in which blockade of the neonatal testosterone 
rise has been induced experimentally have shown that 
in general there are no consequences for later fertility 
or sexual behavior [13, 60]. Nevertheless, it seems likely 
that there will be some effect of testosterone on andro-
gen target tissues during this period, and high on this 
list might be organs such as the developing prostate. 
Our unpublished studies in the marmoset suggest that 
the prostate may grow during the period of the neona-
tal testosterone rise and that this growth is diminished 
if the neonatal testosterone rise is blocked. As andro-
gens in the male have effects on nearly all of the main 
tissues and organs of the body, and the time windows 
within which these organs are affected are largely if not 

Fig. 4.4. The two phases of tes-
ticular descent in the human male 
fetus and their hormone depend-
ence. Note that failure of testis 
descent (cryptorchidism) in boys at 
birth is due mainly to incompletion 
of the second phase of descent.
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completely unknown, it remains possible that some of 
these effects could occur during the neonatal period.

Infancy and childhood  
(6 months – ~12 years)
After the neonatal period, there is a protracted period 
of testicular and reproductive quiescence, typified by 
low circulating levels of gonadotropins and testoster-
one [15]. However, it has been suggested that it is per-
haps more accurate to consider the testis as “quietly 
active” rather than completely quiescent [15]. This is 
because studies have shown, for example, that germ 
cell proliferation and development occur during this 
period but at a low level; germ cell numbers increase 
by ~three-fold during childhood and testis weight 
also increases [61], as occurs also in marmosets [16]. 
Together with these changes, testosterone secretion 
from the testis may be somewhat increased in later 
childhood, especially during the nighttime when there 
is activation of pulsatile LH secretion [62]. These devel-
opmental changes are relatively minor in comparison 
to the dramatic changes that occur subsequently dur-
ing puberty and it seems most likely that their purpose 
is to “prepare the ground” for these later changes. A 
particular reason for interest in these changes is that 
in boys who are unfortunate enough to develop cancer 
during infancy/childhood and who require therapy, 
this can result in complete loss of germ cells for some 
therapies and consequent sterility in adulthood [63].

A further period of Sertoli cell proliferation is 
known to occur at some stage during the childhood/
early puberty period but for the human there is insuf-
ficient information to establish precisely when this 
occurs [1]. As it is presumed that this will involve 
stimulation by FSH and/or testosterone, this most 
likely occurs in the period leading into puberty and 
direct studies in the marmoset and other animals sup-
port this interpretation [1].

Puberty and adulthood
The onset of puberty is characterized by increased activ-
ity of the hypothalamic–pituitary (HP) axis and con-
sequent increased frequency of pulsatile LH secretion, 
especially at night [62]. Activation of the HP axis at the 
start of puberty is more accurately viewed as a re-awak-
ening, and it is suggested that the correct question to ask 
is “what actually puts the brake on the HP axis in child-
hood between the neonatal period when it is active and 
puberty when it is active?” [64]. This question is currently 

undergoing revision with the discovery of important 
new players that regulate this activity, namely kisspep-
tin and its cognate receptor (GPR54). This is beyond 
the scope of the present chapter but the latest thinking 
can be found elsewhere [65, 66]. Testosterone levels rise 
progressively during puberty as the adult Leydig cell 
population differentiates and increases in number and 
as the LH drive to these cells increases. Testosterone has 
effects on many of the androgen-dependent reproduc-
tive organs, in particular it stimulates further penile 
growth so that it attains its full adult size and it also acts 
on the internal organs of the reproductive tract to induce 
their growth to adult size and to switch on their various 
androgen-driven secretory functions. This applies in 
particular to the prostate and seminal vesicles but also to 
some extent to the epididymis and vas deferens. Based 
on studies in the rat, the final size of the accessory sex 
organs may be determined not by the level of androgen 
stimulation during puberty and into adulthood but by 
the level of androgen action that occurred during the 
male programming window in fetal life [9] (Fig. 4.1). 
In addition to their effects on the reproductive tract, the 
rising androgen levels have effects throughout the body, 
especially on the brain to fully activate sexual behavior 
and libido [10, 44, 54]. Arguably, the most important 
new effects that androgens have during puberty and 
through into adulthood is their effects on the Sertoli cell 
to support spermatogenesis [2].

The Sertoli cell is not a direct androgen target prior 
to puberty in the human as it does not express the AR 
[1, 67]. However, as already outlined, androgens have 
important effects on Sertoli cells to regulate their prolif-
eration in perinatal life, but these effects are thought to 
be mediated indirectly via the AR-positive peritubular 
myoid cells [1, 56]. Sertoli cells start expressing AR at 
the onset of puberty and this is considered one sign of 
maturation of these cells, as they terminally differenti-
ate and cease proliferating [1]. This is a prerequisite for 
onset and expansion of spermatogenesis, as adjacent 
Sertoli cells must develop interlocking tight junctions 
to form an occluding barrier that is largely impenetra-
ble and which creates a new “adluminal compartment” 
within the seminiferous tubules [2]. Formation of the 
tight junctions enables formation of a lumen which is 
continuous along the length of the seminiferous tubules 
and which provides the conduit via which spermatozoa 
can be transported out of the testis to the epididymis. 
Formation of a tubule lumen is an indirect indicator of 
tight junction formation and is one of the earliest hall-
marks of the onset of spermatogenesis [2]. The secretion 
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of seminiferous tubule fluid (STF) is driven by andro-
gens and is a feature of the adult testis [2]. Creation of 
the adluminal compartment provides a unique envi-
ronment in which meiotic and post-meiotic germ cells 
can differentiate into sperm and be fully supported by 
the secretions of the Sertoli cells but be protected from 
immune surveillance and attack. Maintenance of intact 
tight junctions between Sertoli cells (sometimes referred 
to as the blood–testis barrier) is therefore essential for 
maintenance of full normal spermatogenesis and for 
protection of the germ cell components of spermatogen-
esis from immune attack [2].

The process of spermatogenesis is hormonally reg-
ulated by the combined effects of FSH from the pitui-
tary gland and by testosterone produced locally within 
the testis by the adult generation of Leydig cells [2]. 
Testosterone levels in the testis are ~200-fold higher 
than levels in peripheral blood [2] and this is neces-
sary to drive spermatogenesis, as suppression of intra-
testicular testosterone to levels found in blood results 
in incomplete spermatogenesis and loss of fertility [2, 
68]. Androgen-receptor knock-out studies in mice have 
established that androgen action via the AR in Sertoli 
cells is essential for maintenance of full spermatogen-
esis and for the development of germ cells through 
meiosis [69]. In addition to switching on of the AR, for-
mation of tight junctions and commencement of STF 
secretion, there are numerous other functional changes 
that occur to the Sertoli cell as part of its “maturation” 
[1, 70]. Essentially, this involves the switching off of 
functions that predominated during early life (such as 
proliferation) and the switching on of a wide range of 
new functions, the purpose of which is to provide physi-
cal and metabolic support for germ cells during sper-
matogenesis [1]. Details of these events are beyond the 
scope of this chapter and the reader is referred to other 
reviews [1, 2]. Importantly, for normal spermatogenesis 
to occur, the testes must be descended into the bottom 
of the scrotum. Therefore, failure of this process in fetal 
life (Fig. 4.4), without subsequent correction, will result 
in failure of sperm production in the affected testis.

Once puberty has ended, adulthood has effectively 
been attained and all that is important now is to main-
tain both steroidogenic and spermatogenic activity of 
the testis and the supporting functions of other repro-
ductive organs to ensure constant fertility and normal 
reproductive behavior for the rest of adulthood. This 
is dependent upon a normally functioning HP axis as 
this provides FSH and, more importantly, LH as essen-
tial drives to the testis to maintain steroidogenesis and 

spermatogenesis. Disorders of spermatogenesis, and in 
particular low sperm counts, are extremely common in 
humans [52, 53, 71] and little is understood about the 
causes and origins of these problems [2]. Consequently, 
there is little effective treatment for such disorders. As 
outlined above, it is thought that some cases of low 
sperm counts in young men may have their origins in 
fetal life, but whether this results from effects on Sertoli 
cell number or function or on germ cell number and 
function or even on Leydig cell number and function, 
or a combination of these, is unknown. Connecting 
together events separated by 20–30 or more years, as 
with adult-onset reproductive disorders with fetal 
origins, such as low sperm counts, is problematic and 
therefore information derived from animal models is 
probably going to be the quickest way to obtain the 
understanding necessary to enable prevention or treat-
ment of the disorders in human males.
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structural changes in chromatin involve switching 
“on/off ” of gene expression. In most studies, increased 
methylation is associated with gene silencing and 
decreased methylation is associated with gene acti-
vation. These events occur in cells during the normal 
development of mammals [7].

Epigenetics and disease
Epigenetic changes are involved in disease processes, 
including cessation of embryonic development and 
malformation of embryos as well as during normal 
development. A unifying theme of disease epigenetics 
is the occurrence of defects in phenotypic plasticity – 
the cells’ ability to change their behavior in response 
to internal or external environmental cues. Several 
defects in the epigenome are known to lead to disease, 
including changes in the localization or global density 
of DNA methylation, and incorrect histone modifica-
tion, altered distribution or function of chromatin-
modifying proteins that in turn leads to aberrant gene 
expression, or the disruption of higher-order loop 
structure in disease. For example, Rett syndrome, an 
X-linked dominant neurodevelopmental disorder 
affecting 1/10 000–15 000 girls, involves mutations 
of the methyl CpG-binding protein 2 (MeCP2) gene, 
which encodes a protein that binds to methylated 
DNA sequences [8]. Several examples of DNA meth-
ylation changes in diseases have been summarized [9]. 
Beckwith–Wiedemann syndrome patients, charac-
terized by prenatal overgrowth, a midline abdominal 
wall and other malformations and cancer, show dis-
rupted imprinting of either or both of two neighbor-
ing imprinted subdomains on 11p15. In Prader–Willi 
syndrome and Angelman syndrome, disorders of a pair 
of imprinted genes are associated with mental retarda-
tion [10]. In cancer cells, changes in DNA methylation 
and histone modification have been reported in the 
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Introduction
“Epigenetics” has been described as the study of changes 
in gene expression that occur not due to changes in DNA 
sequence, but rather due to remodeling of the chromatin 
or modifications in DNA such as methylation, a process 
by which methyl groups are added to the base cytosine 
in DNA [1]. Waddington [2] defined “epigenetics” as 
“… the interactions of genes with their environment 
which bring the phenotype into being.” In those days, 
the gene as the unit of heritable material was a theor-
etical concept without a physical identity. Holliday and 
Pugh [3] proposed that covalent chemical DNA modi-
fications, including methylation of cytosine–guanine 
(CpG) dinucleotides, were the molecular mechanisms 
behind Waddington’s hypothesis. Developmental 
processes are regulated largely by epigenetics, because 
different cell types maintain their fate during cell div-
ision even though their DNA sequences are essentially 
the same. The further revelations that X chromosome 
inactivation in mammals and genomic imprinting are 
regulated by epigenetic mechanisms highlighted the 
heritable nature of epigenetic gene-regulation mecha-
nisms [4]. The genomics revolution inspired the inves-
tigation of global, rather than local, gene analyses, 
and the term “epigenomics” was coined as the study 
of the “… effects of chromatin structure, including the 
higher order of chromatin folding and attachment to 
the nuclear matrix, packaging of DNA around nucleo-
somes, covalent modifications of histone tails (acetyl-
ation, methylation, phosphorylation, ubiquitination), 
and DNA methylation” [5]. The resistance of some gene 
loci to methylation reprogramming during embryo-
genesis revealed the possibility that epigenetic modi-
fications are inherited not only during somatic-cell 
division, but also in subsequent generations [6].

Transcription factors play roles in regulating gene 
expression levels, however, DNA methylation and 
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promoter regions of oncogenes or tumor suppressor 
genes [11]. DNA methylation is affected by various fac-
tors (Fig. 5.1).

Epidemiologic studies and animal studies increas-
ingly suggest that exposures to environmental chemi-
cals, nutrition, physical factors, and other factors early 
in development have a role in susceptibility to disease 
in later life [12]. In addition, some of these environ-
mental effects seem to be passed on to subsequent gen-
erations. Epigenetic modifications provide a plausible 
link between the environment and alterations in gene 
expression that might lead to disease phenotypes [6].

Morphogenesis genes in female 
reproductive tracts
The mammalian female reproductive system arises 
from the uniform paramesonephric duct, the mülle-
rian duct. The embryonic müllerian duct derives from 
the intermediate mesoderm and gives rise to the ovi-
duct, uterus, cervix, and upper third of the vagina 
during mammalian embryonic development. The 
initial formation of the müllerian duct requires Lim-1 
expression because female mice lacking this homeo-
domain protein have no uterus [13]. Subsequently, 
expressions of Abdominal B HOX genes are required 
to establish the segmental boundaries between these 
structures along the developing müllerian duct, as 
mutations in these genes result in region-specific 
developmental defects in the female reproductive tract 
[14, 15]. HOXA10 knock-out mice, for example, show 
defective implantation and decidualization in uterine 

stromal cells that result in infertility. Stromal cell pro-
liferation in HOXA10 knock-out mice in response to 
progesterone (P4) and 17β-estradiol (E2) was signifi-
cantly reduced, while epithelial cell proliferation was 
normal in response to E2, suggesting that stromal cell 
responsiveness to P4 with respect to cell proliferation 
is impaired in HOXA10(-/-) mice, and that HOXA10 
is involved in mediating stromal cell proliferation 
[16]. HOXA genes have crucial roles for patterning of 
the developing müllerian duct. HOXA9 is expressed 
in the oviduct, HOXA10 in the uterus, HOXA11 in 
the uterus and uterine cervix, and HOXA13 in the 
upper vagina. These genes continue to be expressed 
in the adult mouse and are expressed in the same 
pattern in the human. The female reproductive sys-
tem undergoes dramatic structural and functional 
changes during the estrous cycle and in pregnancy, 
retaining a high degree of developmental plasticity 
[17]. HOXA10 is expressed in the adult human uterus 
and its expression is dramatically increased during 
the midsecretory phase of the menstrual cycle, corre-
sponding to the time of implantation and an increase 
in circulating P4 [18].

Wnt7a-/- mice are sterile and develop an abnormal 
stratified uterine epithelium [19]. In particular, the ovi-
ducts are not coiled, and are reduced in size or absent. 
However, the uterine horns are normal in length but 
have a markedly reduced diameter. The size of the cer-
vix and vagina appear to be normal but in many cases, 
the midline fails to fuse appropriately. The oviducts 
acquire a uterus-like appearance (simple columnar 
epithelium with gland-like inclusions). The uterus 

Fig. 5.1. Various factors affecting 
DNA methylation. DNA methylation 
and histone modification are major 
mechanisms of epigenetic changes.
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completely lacks glands and the normal simple col-
umnar epithelium of the uterus is replaced by a strati-
fied epithelium resembling the cytoarchitecture of the 
vagina. In addition, the myometrium is disorganized 
and larger than in the wild-type female.

During embryonic development, members of the 
Wnt gene family are mostly expressed in complemen-
tary patterns. Wnt5a is expressed at high levels in the 
adult female reproductive tract, but during gestation, 
Wnt5a is down-regulated [20]. Wnt4 and Wnt7a are 
detected at high levels in the female reproductive tract. 
In the adult, Wnt4, Wnt5a, and Wnt7a are expressed in 
specific mesenchymal–epithelial patterns in the uterus 
and vagina. Wnt4 is expressed strongly in the stroma 
adjacent to the luminal epithelium of the uterus, but 
Wnt5a is also expressed in the stroma of the uterus and 
is restricted from the epithelium and the uterine myo-
metrium. Wnt7a is expressed only within the luminal 
epithelium of the uterus and not within the glandular 
epithelium. In the vagina, Wnt4 expression is detected 
in the vaginal epithelium but expression of Wnt5a and 
Wnt7a are not detectable. In the adult female reproduc-
tive tract, levels of Wnt4, Wnt5a, and Wnt7a fluctuate 
during the estrous cycle, as determined by the varying 
intensity of signals from in situ expression analysis [21]. 
Estrogenic hormones directly or indirectly repress 
Wnt7a, expression similar to the situation observed for 
HOXA genes in the uterus. Cross-talk of  Wnt genes 
and HOX genes has been summarized by Kitajewski 
and Sassoon [22].

The uterine luminal and glandular columnar 
 epithelia are derived from the anterior müllerian 
epithelium, whereas the vaginal stratified squamous 
epithelium is derived from the posterior mülle-
rian epithelium. Tissue recombination experiments 
demonstrated that this cell fate determination event 
involves reciprocal interactions between the epithe-
lium and the underlying stroma [23]. The determina-
tion of uterine epithelium occurs between postnatal 
days 5 and 7 and is thought to be mediated by signals 
from the stroma. Before this time, the fate of the uter-
ine epithelium can be changed to that of vaginal epi-
thelium when combined with vaginal mesenchyme, 
whereas the converse recombination results in uterine 
epithelial differentiation [23]. After postnatal day 7, 
the fate of uterine epithelium is determined and can-
not be changed by mesenchymal cues from the vagina. 
Epithelial p63 expression is induced by signals from 
the cervical or vaginal mesenchyme and is thought 
to be an “identity switch” that controls stratified 

epithelial differentiation in the female reproductive 
tract [24]. Although the nature of these stromal signals 
is not clear at present, swapping the homeodomain of 
HOXA11 with that of HOXA13 resulted in the expres-
sion of a hybrid HOX protein in the uterine stroma 
and subsequent stratification of uterine epithelium, 
suggesting that the stromal signal is likely controlled 
by Hox proteins [25].

Disordered expression of HOX genes  
in female reproductive diseases
Epithelial ovarian cancer (EOC) is the leading cause 
of death from gynecological malignancies in the great 
majority of developed countries. Most investigators 
believe that EOC develops within a single layer of 
ovarian surface epithelium (OSE) that covers the ovary 
or that lines inclusion cysts immediately beneath the 
ovarian surface. The “incessant ovulation” hypoth-
esis argues that repeated cycles of ovulation-induced 
trauma and repair of the OSE at the site of ovulation 
contributes to ovarian cancer development. However, 
it has proved difficult to fully understand the under-
lying mechanisms of the tumorigenic process. The 
major subtypes of EOCs show morphologic features 
that resemble those of the müllerian duct-derived 
epithelia of the reproductive tract. Cheng et al. [26] 
reported that ectopic expression of HOXA9 in tum-
origenic mouse OSE cells gave rise to papillary tumors 
resembling serous EOCs. In contrast, HOXA10 and 
HOXA11 induced morphogenesis of endometrioid-
like and mucinous-like EOCs, respectively. Yoshida 
et al. [27] reported that HOXA10 expression is down-
regulated in endometrial carcinomas and is associated 
with methylation of the HOXA10 promoter. They also 
found that Hoxa10 induced expression of the epithelial 
cell adhesion molecule E-cadherin by down-regulat-
ing expression of Snail, a repressor of E-cadherin gene 
transcription, resulting in a novel role for HOXA10 
deregulation by promoting epithelial–mesenchymal 
transition. Endometriosis is a common gynecological 
disorder that is characterized by the presence of uter-
ine endometrial tissue outside of the uterine cavity 
and is mainly associated with severe pelvic pain and/
or infertility. Taylor et al. [28] showed that patients 
with endometriosis failed to show the expected mid-
luteal rise in HOXA10 and HOXA11 gene expressions 
suggesting that aberrant HOX gene expression also 
may contribute to the etiology of infertility in patients 
with endometriosis.
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Estrogen-receptor signaling and 
estrogen-responsive genes in female 
reproductive tracts
Estrogens exert profound effects on cell prolifer-
ation, development, differentiation, and homeostasis. 
Estrogenic effects are mediated through specific intra-
cellular receptors that act via multiple mechanisms. 
The mechanism of action of estrogen begins upon 
17β-estradiol (E2) binding to its receptors (ER-α and 
ER-β). Ligand-activated ER dimerizes and translocates 
to the nucleus where it recognizes estrogen response 
elements (ERE) located in or near promoter DNA 
regions of target organs. Estrogen (17β-estradiol, E2) 
also modulates gene expression by a second indirect 
mechanism that involves the interaction of ER with 
other transcription factors which, in turn, bind their 
cognate DNA elements. Estrogen receptor modulates 

Fig. 5.2. Models of the relationship between rapid, intermediate, and long-term actions of estrogen (17β-estradiol, E2) on target cells. 
Palmitoylation (palmitic acid, PA) allows the estrogen receptor (ER) localization at the cell membrane. E2 binding induces ER relocalization, 
association to signaling proteins, and triggers the activation of signaling cascades. The kinase activations phosphorylate ER, modulate 
transcriptional coactivator recruitment, enhance activation protein-1 (AP-1) and stimulate protein-1 (Sp-1) activation. After dimerization, 
ERs directly interact with ERE on DNA. ERs-DNA indirect association occurs through protein–protein interactions with the Sp-1 and AP-1 
 transcription factors. Newly identified membrane ER is G-protein coupled receptor 30 (GPR30) located in the plasma membrane and induces 
rapid intracellular signaling. MNAR: modulator of non-genomic activity of ER-α; SphK: sphingosine kinase. (Partly modified from a figure in 
Marino et al. [29]).

the activities of transcription factors such as the acti-
vation protein-1 (AP-1), nuclear factor-κB (NF-κB) 
and stimulating protein-1 (Sp-1), by stabilizing DNA-
protein complexes and/or recruiting co-activators. The 
E2 binding to ER may also exert rapid actions that start 
with the activation of a variety of signal transduction 
pathways (e.g. ERK/MAPK, p38/MAPK, PI3K/AKT, 
PLC/PKC) [29]. In addition to the nuclear ERs, plasma 
membrane-associated ERs mediate the non-genomic 
signaling pathway, which can lead both to cytoplasmic 
alterations and to regulation of “rapid or non-genomic” 
gene expression [29] (Fig. 5.2).

Estrogen-receptor-alpha is predominantly exp-
ressed in the reproductive tracts of mammals. In the 
ovary, both ER-α and ER-β are expressed in interstitial 
cells and granulosa cells, respectively. Estrogen receptor 
protein (possibly ER-α) begins to be expressed at 5 days 
of age in the mouse uterine epithelial cells, but ER-α 
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is already expressed in the uterine stromal cells and 
vaginal epithelial and stromal cells at the day of birth. 
Recombination studies of the epithelium and the stroma 
from ER-α knock-out mice and wild-type mice revealed 
that wild-type mouse stroma can induce proliferation 
of epithelial cells from ER-α knock-out mice, but the 
stroma from ER-α knock-out mice could not induce pro-
liferation of epithelium from knock-out mice, suggest-
ing that stromal cells induce epithelial cell proliferation 
through paracrine factors induced by estrogen stimu-
lation [30]. ER-α is dominant in the female reproduc-
tive tracts. ER-α knock-out mice are infertile and ER-β 
knock-out mice are fertile but produce less offspring 
than the wild-type mice [31]. Estrogen-responsive 
genes in the mouse uterus [32] and mouse vagina [33] 
have been identified using microarray techniques. We 

demonstrated that 299 genes are up-regulated and 317 
genes are down-regulated in mouse uterus after 6 h of 
estrogen stimulation [32]. Physiological (E2) and non-
physiological (DES) estrogens, nonylphenol (NP) as 
well as dioxin have different patterns of gene expres-
sion in the mouse uterus [34, 35] (Fig. 5.3). In the liver, 
NP and dioxin activate a set of genes that are distinct 
from estrogen-responsive genes [35, 36]. Nonylphenol 
has very similar effects to E2 on gene expression in the 
uterus but not in hepatic tissue. Organ-specific effects, 
therefore, should be considered in order to elucidate the 
distinct effects of various EDCs. Also, 1234 genes hav-
ing an ERE in the promoter region of estrogen target 
genes have been identified [37, 38]. This information is 
useful for the understanding of the molecular mecha-
nism of the physiological response to estrogen as well 

Fig. 5.3. Genes showed expression change 
in ovariectomized adult mouse uterus after 6 h  
exposure of various estrogenic chemicals. 
E2 17β-estradiol; DES diethylstilbestrol; NP 
nonylphenol; BPA: bisphenol-A; DBP, dibutyl 
phthalate. Total genes examined were 12 588.

Fig. 5.4. Endocrine-disrupting chemicals 
(EDCs) may operate by a variety of 
mechanisms. When EDCs arrive at a cell 
membrane (top left) they may bind to a 
membrane estrogen receptor (mER), or pass 
through the membrane and bind to a nuclear 
estrogen receptor (ER) in the nucleus. When 
the complex of EDC and ER binds to a gene 
containing an estrogen-responsive element 
it recruits molecules that help to cause gene 
expression by boosting gene transcription by 
the RNA polymerase complex (large ovals), and 
so may cause gene expression at inappropriate 
times. EDC/ER complexes can also bind to 
proteasomes, which can lead to a reduction of 
the normal process of degradation of ER.
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as the abnormalities induced by perinatal exposure to 
estrogens and estrogenic chemicals.

Estrogens are a critical class of steroids in vertebrate 
physiology, exerting effects both at the transcriptional 
level as well as at the level of rapid intracellular sign-
aling through second messengers. Many of estrogen’s 
transcriptional effects are mediated through classical 
nuclear ERs but recent studies also demonstrate the 
existence of a 7-transmembrane G protein-coupled 
receptor, GPR30 (membrane ER) that responds to 
estrogen with rapid cellular signaling [39]. There is 
controversy over the ability of classical ERs to recapitu-
late GPR30-mediated signaling mechanisms and vice 
versa. Further studies are needed to clarify the detailed 
function of the membrane ER.

Receptor-mediated mechanisms have received 
the most attention, but other mechanisms (e.g. hor-
mone synthesis, transport and metabolism, nuclear 
receptors, gene methylation) have been shown to be 
equally important [40] (Fig. 5.4). For most associ-
ations reported between exposure to chemicals such 
as endocrine disrupting chemicals and a variety of bio-
logical outcomes including effects on human health, 
the mechanism(s) of action are poorly understood.

Diethylstilbestrol syndrome  
and epigenetics
Perinatal exposure to an estrogen, including a syn-
thetic estrogen such as diethylstilbestrol (DES), induces 
anovulation through alterations of the hypothalamo–
hypohyseal–ovarian axis, polyovular follicles, uterine 
hypoplasia, and persistent epithelial cell proliferation 
and superficial keratinization in the vagina, even after 
ovariectomy in mice. This results in uterine lesions 
later in life, as well as smooth muscle disorganization 
and epithelial squamous metaplasia in the uterus [41, 
42]. In humans, treatment with DES during pregnancy 
because it was believed to prevent miscarriage, resulted 
in uterine hypoplasia and vaginal adenocarcinoma in 
female offspring, and prostate cancer and reduction 
of sperm count in male offspring [43]. Vaginal adeno-
carcinoma was also experimentally induced in mice by 
prenatal exposure to DES [44]. The mechanisms under-
lying these developmentally induced lesions have not 
been clarified yet. However, DES altered the normal 
differentiation of the epithelial cells of the fetal vagina 
and cervix such that they responded abnormally to 
estrogen stimulation at puberty, as evidenced by the 
postpubertal appearance of cancers, as no cancers had 

been seen in prepubescent girls or prepubertal female 
mice. Ovariectomy of developmentally DES-treated 
mice prevented the subsequent expression of uterine 
and vaginal adenocarcinomas.

The effects of DES in humans and/or mice are pre-
dominantly (1) malformation of the oviducts; (2) 
paucity of uterine glands; (3) increase of disorgan-
ized smooth muscle compartment; (4) adenosis of 
the cervix and vagina; and (5) stratified epithelium 
(vagina-like) in the uterus [43]. These phenotypes 
resemble those in HOXA10 knock-out mice, suggest-
ing that HOXA10 gene expression might be repressed 
by DES treatment during reproductive tract morpho-
genesis. Exposure of the developing female reproduc-
tive tract to DES, either in vivo or in organ culture, 
repressed the expression of HOXA10 in the uterus 
and resulted in uterine metaplasia [45]. Msx2, a 
homeodomain transcription factor, has been shown 
to function downstream of DES and is required for 
the proper expression of several genes in the uterine 
epithelium including Wnt7a, PLAP, and K2.16 in the 
mouse uterus [46]. Msx2-/- mice exhibited abnormal 
water trafficking after DES exposure [46]. Prenatal 
DES exposure produced posterior shifts in Hox gene 
expression and homeotic anterior transformations of 
the mouse reproductive tracts [47]. Diethylstilbestrol-
treated mice and Wnt7a-mutant mice also displayed 
similar malformations in female reproductive tracts 
[22]. Perinatal DES exposure down-regulated the 
Wnt7a gene and resulted in uterine metaplasia [48]. 
Diethylstilbestrol treatment significantly decreased 
uterine expression of HOXA10, HOXA11, and Wnt7a 
genes in wild-type mice but had no effect in the ER-α 
knock-out mice. In contrast, the DES effect on uterine 
expression of Wnt4 and Wnt5a was observed in both 
genotypes, suggesting a developmental role for ER-β. 
Adult ER-α knock-out mice exhibited complete resist-
ance to the chronic effects of neonatal DES exposure, 
including atrophy, decreased weight, smooth muscle 
disorganization, and epithelial squamous metaplasia 
in the uterus, proliferative lesions of the oviduct; and 
persistent vaginal cornification exhibited in treated 
wild-type animals. Therefore, the lack of DES effects 
on gene expression and tissue differentiation in the 
ER-α knock-out mice provides unequivocal evidence 
of an obligatory role for ER-α in mediating the detri-
mental actions of neonatal DES exposure in the mouse 
reproductive tract [49].

Methoxychlor (MXC), a pesticide having weak 
estrogenic activity, has adverse effects on reproductive 
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capability in mice. Methoxychlor (1 mg/kg/bw per 
day) treatment of mice produced a mild uterotropic 
response as measured by increased uterine weight and 
epithelial cell height. In vivo, MXC blocked the effect of 
E2 on HOXA10 expression. Neonatal MXC treatment 
(2 μg/kg/bw per day from day 1 to 14 of age) resulted 
in an immediate suppression of HOXA10 expression as 
well as a permanent generalized decrease in expression 
that persisted in the adult [50]. Neonatal treatment of 
female mice with a PCB mixture (Arachlor 1254) (500 
μg/g/bw per day) and low levels of DES (10 ng/g/bw per 
day) resulted in the down-regulation of Wnt7a expres-
sion and also induced changes in uterine myometrium 
and gland formation and morphologic changes became 
more pronounced during postnatal and adult life, sug-
gesting that the female reproductive tract is perma-
nently reprogrammed after exposure even to weak 
estrogenic compounds. Wnt7a heterozygous mice were 
more sensitive to PCB exposure and Wnt7a expres-
sion in the mouse uterus can be used as biomarker for 
detecting the estrogenic activity of chemicals.

Persistent expression of fos and jun genes [51, 52, 
53] and persistent phosphorylation of ER-α, erbB 
receptors and JNK1 and sustained expression of EGF-
like growth factors, interleukin-1 (IL-1)-related genes 
and IGF-1 mRNA [54, 55] contributed to persistent 
activity of these signaling pathways in the perinatally 
DES-exposed mouse vagina (Fig. 5.5). Persistent 
expression of other genes such as retinol binding 
 protein 2 [56] and trefoil factor 1, a mucin-associated 
gastrointestinal growth factor [57] were reported in 

the neonatally E2-exposed mouse vagina. Neonatal 
treatment of female rats with E2 and bisphenol-A 
(BPA), a high-production-volume chemical used in 
the manufacture of polycarbonate plastics, induces 
anovulation and persistent vaginal keratinization as a 
consequence of insufficient phasic secretion of gona-
dotropins from the hypothalamic–pituitary axis [58].

Most activities of estrogenic chemicals, described 
to date, are mediated through ER-α and/or ER-β. 
However, little is known about the relative contri-
bution of the individual ER subtypes in induction of 
abnormalities. Nakamura et al. [59] tested the effects of 
neonatal exposure to ER selective ligands, ER-α agon-
ist (propyl pyrazole triol, PPT) and the ER-β agon-
ist (diarylpropionitrile, DPN), and DES. Persistent 
estrous smears and anovulation were induced in all 
mice by DES and PPT, but not by DPN, suggesting 
that the observed anovulation was primarily medi-
ated through ER-α. Disorganization of uterine mus-
culature and ovary-independent vaginal epithelial 
cell proliferation accompanied by persistent expres-
sion of EGF-related genes and interleukin-1-related 
genes were also mediated through ER-α. In contrast, 
polyovular follicles were induced by neonatal treat-
ment with both ER-α and ER-β ligands, suggesting 
that ovarian abnormalities are mediated through 
both ER subtypes.

Transgenerational effect of DES
Prenatal or neonatal treatment with DES led to cancers 
in the female and male genital tract, and in addition, 

Fig. 5.5. Possible mechanism of persistent 
proliferation of mouse vaginal epithelial 
cells induced by perinatal exposure to 
diethylstilbestrol (DES). Auto-stimulation 
cascade has been established in the mouse 
vaginal epithelial cells exposed perinatally 
to DES: persistently expressed EGF-related 
growth factors and IGF-1 induced persistent 
phosphorylation of estrogen receptor-α, erbB, 
EGF receptor and IGF-1 receptor.
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the susceptibility to cancers was transmitted to the 
descendants through the maternal germ cell lineage 
[60]. Mice were treated with DES prenatally (2.5, 5, or 
10 μg/kg/bw per day) on days 9–16 of gestation, or neo-
natally (0.002 μg/pup per day) on days 1–5; the highest 
doses were used that did not drastically interfere with 
fertility later in life. When female mice reached sexual 
maturity, they were bred to control untreated males. 
In DES-lineage females, an increased incidence of 
uterine adenocarcinoma was observed. An increased 
incidence of proliferative lesions of the rete testis (an 
estrogen target tissue in the male) and cancers of the 
reproductive tract were observed in DES-lineage 
males at 17–24 months of age. Transgenerational 
occurrence of cancers in mice treated with DES prena-
tally was also reported [61, 62]. Tomatis [63] reviewed 
the evidence for transgenerational carcinogenesis in 
epidemiological studies and experimental studies. 
These data suggested that alterations occurred in germ 
cells and were passed to subsequent generations. The 
high risk of reproductive dysfunction seen in women 
exposed to DES in utero was not observed in their 
daughters. However, menstrual irregularity and pos-
sible infertility were reported in the third generation 
of DES-exposed women [64], suggesting transgenera-
tional transmission of DES-related epigenetic altera-
tions in humans.

Epigenetic change in the molecular program of cell 
differentiation in the affected tissues may be a com-
mon mechanism. The clear cell adenocarcinoma in 
the vagina in DES-exposed women displayed genetic 
instability consistent with epigenetic imprints in the 
absence of any expected mutation in classical onco-
genes or tumor suppressor genes. Using a mouse model 
for DES syndrome, Li et al. [65] demonstrated that one 
of the estrogen-inducible genes in the mouse uterus, 
lactotransferrin gene, that had been shown earlier to be 
persistently up-regulated by developmental DES expo-
sure, had an altered pattern of CpG methylation in the 
promoter region of the gene upstream from the ERE. 
Li et al. [53] have also shown that neonatal exposure 
to DES in mice induces a persistent increase in c-fos 
mRNA expression and hypomethylation of specific 
enhancer-binding sites. Altered DNA methylation by 
DES is probably a gene-specific phenomenon because 
the CpG methylation of the promoters of the HOXA10 
and HOXA11 genes is not altered by neonatal expo-
sure to DES, even though DES dramatically down-
regulates expression of these genes [66]. Increase in 
18S and 45S ribosomal DNA methylation in uterine 

samples exposed prenatally to low (0.1 μg/kg/bw per 
day) and high (100 μg/kg/bw per day) doses of DES  
was reported [67]. Ruden et al. [68] proposed the 
hypothesis that CpG methylation alterations in many 
of the key uterine cancer genes are stabilized by WNT 
signaling during gametogenesis and that this might 
explain the trans-generational effects of DES exposure 
on uterine development.

As mentioned above, persistently expressed genes 
were identified in the mouse reproductive tracts 
exposed perinatally to DES. Thus, DES and other 
environmental estrogens alter the program of differ-
entiation of estrogen target cells in the reproductive 
tract through an epigenetic mechanism, as suggested 
by Crews and McLachlan [69]. The transmission of 
uniquely specific changes in the program of develop-
ment in mice has implications for similarly exposed 
humans as well as for the biology of hormonally 
induced diseases.

It is likely that the trans generational epige-
netic effects seen with environmental estrogens and 
DES also occur with other endocrine-disrupting 
chemicals (EDCs). Rats treated with the estrogenic 
pesticide MXC or the anti-androgenic fungicide vin-
clozolin during pregnancy produced male offspring 
that have decreased sperm capacity and fertility 
[70]. Remarkably, compromised fertility was passed 
through the adult male germ line for four generations 
with high penetrance. The authors demonstrated 
altered patterns of DNA methylation in the germ cells 
of generations two and three. Interestingly, individu-
als initially were fertile, but with age, fertility was 
reduced. This study is an elegant demonstration of 
epigenetic alterations in genes apparently important 
to reproductive function by two kinds of EDCs in an 
age-dependent manner. However, Kawabe et al. [71] 
reported that they were unable to confirm the results 
of this experiment. Further studies are needed to clar-
ify this inconsistency.

Other examples of DNA methylation 
changes by environmental factors
There is now significant evidence that the risk of many 
chronic adult diseases and disorders results from expos-
ure to environmental factors early in development [72, 
73]. Moreover, there is a link between what we are exposed 
to in utero and disease formation in adulthood that 
involves epigenetic modifications such as DNA methyla-
tion of transposable elements and cis-acting, imprinting 
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regulatory elements [6]. Many xenobiotics, ubiquitously 
present in the environment, have estrogenic properties 
and function as endocrine disruptors [40]; however, their 
potential to modify the epigenome remains largely unex-
plored [69]. The epigenome is particularly susceptible to 
deregulation during gestation, neonatal development, 
puberty, and old age. Nevertheless, it is most vulner-
able to environmental exposures during embryogenesis 
because the elaborate DNA methylation and chromatin 
patterning required for normal tissue development is 
programmed during early development.

Most regions of the mammalian genome exhibit lit-
tle variability among individuals in tissue-specific DNA 
methylation levels. In contrast, DNA methylation is 
determined stochastically at some transposable elem-
ent insertion sites. This potentially can affect the expres-
sion of neighboring genes, resulting in the formation of 
loci with metastable epialleles [6]. Cellular epigenetic 
mosaicism and individual phenotypic variability then 
can occur even in genetically identical individuals. 
These sites are also particularly vulnerable to environ-
mentally induced epigenetic alterations [74, 75].

The hypothesis of fetal origins of adult disease pos-
its that early developmental exposures involve epige-
netic modifications, such as DNA methylation, that 
influence adult disease susceptibility. In utero expo-
sure to genistein (250 mg/kg diet), a phytoestrogen, at 
levels comparable to that of humans consuming high-
soy diets, shifted the coat color of heterozygous viable 
yellow agouti (Avy/a) offspring toward pseudoagouti. 
This phenotypic change was significantly associated 
with increased methylation of six CpG sites in a ret-
rotransposon upstream of the transcription start site 
of the Agouti gene. This genistein-induced hypermeth-
ylation persisted into adulthood, decreasing ectopic 
Agouti expression and protecting offspring from obes-
ity. This is the first evidence that in utero dietary gen-
istein affects gene expression and alters susceptibility 
to obesity in adulthood by permanently altering the 
epigenome [75]. In utero or neonatal exposure to BPA 
is associated with higher body weight, increased risk 
for breast and prostate cancer, and altered reproduc-
tive function. Dolinoy et al. [76] showed that maternal 
exposure to BPA shifted the coat color distribution of 
viable yellow agouti (Avy) mouse offspring toward yel-
low by decreasing CpG methylation in an intracister-
nal A particle retrotransposon upstream of the Agouti 
gene. CpG methylation also was decreased at another 
metastable locus, the CDK5 activator-binding protein 
(CabpIAP). DNA methylation at the Avy locus was similar 

in tissues from the three germ layers, providing evi-
dence that epigenetic patterning during early stem cell 
development is sensitive to BPA exposure. Moreover, 
maternal dietary supplementation, with either methyl 
donors like folic acid or the phytoestrogen genistein, 
negated the DNA hypomethylating effect of BPA. Thus, 
early developmental exposure to BPA can change off-
spring phenotype by stably altering the epigenome, 
an effect that can be counteracted by maternal dietary 
supplements. The metabolic phenotype of adult rats, 
including the propensity to obesity, hyperinsulinemia, 
and hyperphagia, showed plasticity in response to pre-
natal nutrition and to neonatal administration of the 
adipokine leptin. Effects of neonatal leptin on hepatic 
gene expression and epigenetic status in adulthood are 
directionally dependent on the animals’ nutritional 
status in utero [77].

Environmentally relevant doses of BPA or E2 
increase prostate gland susceptibility to adult-onset 
precancerous lesions and hormonal carcinogenesis 
[78]. To identify a molecular basis for estrogen imprint-
ing, DNA methylation changes were screened over time 
in the prostate glands exposed to BPA (10 μg/kg bw/day, 
neonatal days 1, 3, and 5) and E2 (0.1 μg/kg bw/day). 
For phosphodiesterase type 4 variant 4 (PDE4D4), an 
enzyme responsible for intracellular cyclic adenosine 
monophosphate breakdown, a specific methylation 
cluster was identified in the 5ʹ-flanking CpG island that 
gradually hypermethylated with aging in normal pros-
tates resulting in loss of gene expression. In prostates 
exposed to neonatal E2 or BPA, this region became 
hypomethylated with aging resulting in persistent and 
elevated PDE4D4 expression [79].

The fetuses exposed to 2,3,7,8-tetrachlorodibenzo-
p-dioxin (TCDD) during the preimplantation stage 
(from 1-cell stage to blastocyst stage) weighed less on 
embryonic day 14 than the fetuses in the unexposed 
control group. Also the expression levels of imprinted 
genes H19 and Igf2 (insulin-like growth factor 2) genes 
were less in the TCDD-exposed fetuses than the con-
trols. Use of the bisulfate genomic sequencing demon-
strated that the methylation level of the 430-base pair 
H19/Igf2 imprint control region was higher in TCDD-
exposed embryos and fetuses than in the controls, 
and methyltransferase activity was also higher in the 
TCDD-exposed embryos than in the controls [80].

Conclusions
We are beginning to understand the mechanisms by 
which estrogens, and environmental chemicals with 
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estrogenic activity, can alter the genetic program of 
target cells during development, without altering the 
sequence of DNA itself. It is important to determine the 
epigenetic imprints associated with hormones in nor-
mal cells and organs, and compare these with the same 
patterns in affected or dysfunctional ones. Patterns of 
imprints are the result of a network of signaling path-
ways that are often developmentally active. Endocrine 
changes underline all major life-history transitions such 
as birth, puberty, reproduction, and aging. In the con-
text of epigenetic programming and gene imprinting, 
irreversible changes in cell function that lead to disease 
as a result of exogenous hormone/chemical exposures 
can be explained in detail in the near future. During 
mammalian development, the direction of the response 
to one cue can be determined by previous exposure to 
another, indicating the potential for a discontinuous 
distribution of environmentally induced phenotypes. 
Future analyses of epigenetic imprints of genes will 
explain the developmental origins of disease.
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Chapter

6.
loops designed to maintain a balance between the 
 activity of the major endocrine organs which are 
the adrenals, hypothalamus, pituitary, thyroid, and 
gonads. While the endocrine system is extensive and 
complex, this chapter will focus on the HPG axis 
(including the thyroid, adrenals, and mammary 
glands) as it relates to the reproductive system.

The classical description of the function of the 
endocrine system is the secretion of hormone(s) by an 
endocrine organ, which then travel through the blood 
to a distant effector organ. Contact of hormone with 
cells expressing receptors for that hormone elicits a 
response in the target tissue. One of the responses of 
the target organ may be to produce another hormone, 
which feeds back to the original secretory organ to 
inhibit further hormone secretion, creating a nega-
tive feedback loop and maintaining homeostasis of the 
system.

The HPG axis is made up of three organ systems: (1) 
the hypothalamic neurons that release gonadotropin-
releasing hormone (GnRH); (2) the anterior pituitary, 
which produces luteinizing and follicle-stimulating 
hormone, LH and FSH (gonadotropes); and (3) the 
gonads, which consist of the ovary and testis, that pro-
duce steroid hormones (e.g. estrogen and testosterone) 
in response to LH and FSH. The initial signal is trig-
gered within the hypothalamus by GnRH neurons, 
which release GnRH in a pulsatile fashion into the 
blood. GnRH receptors located on the gonadotrope 
cells of the anterior pituitary bind GnRH and respond 
by releasing LH and FSH into the blood. In the gonads, 
Sertoli and Leydig (testis) and theca and granulosa 
(ovary) cells with receptors for LH or FSH, produce 
steroid hormones including estrogen and testoster-
one, as well as other factors (such as inhibin B) that 
induce direct effects on hormone-responsive tissues. 
These hormones also feed back to the hypothalamus, 

Mechanisms of endocrine 
disruption
K. Leigh Greathouse and Cheryl L. Walker

Introduction
As described in Chapter 1, chemicals that disrupt 
the endocrine system do so via several mechanisms, 
including interfering with hormone synthesis, metabo-
lism, ligand binding, and gene expression. Importantly, 
Chapter 1 highlights the fact that organogenesis is one 
of the most critical periods of susceptibility to devel-
opmental reprogramming by endocrine-disrupting 
chemicals (EDCs). The term developmental reprogram-
ming was coined by Barker et al. in 1989 [1] to explain 
the observed correlation between birthweight and car-
diovascular disease in adulthood. Barker observed that 
individuals with low birthweight (lowest quartile) and 
low weight at one year had significantly higher mortal-
ity rates from cardiovascular disease and significantly 
higher rates of diabetes than individuals in the higher 
quartiles of birthweight. From these data he hypothe-
sized that low birthweight, secondary to in utero growth 
restriction (IUGR), developmentally reprogrammed 
the response of tissues to normal physiological signals 
to promote the onset of disease in adulthood.

This chapter will focus on the mechanisms by 
which environmental exposures can induce endocrine 
disruption and highlights the mechanisms that play 
important roles in developmental programming.

Targets for endocrine disruption:  
understanding the endocrine system

Target systems of endocrine-disrupting 
chemicals
(a) The hypothalamic–pituitary–gonadal  
(HPG) axis
The endocrine system is the master regulator for meta-
bolic homeostasis. It functions as a series of feedback 
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to inhibit GnRH release, and to the pituitary, to inhibit 
LH and FSH release (Fig. 6.1).

Hormones can also have paracrine and autocrine 
activity. Paracrine activity is defined by communica-
tion between cells of different cell types (e.g. stromal 
to epithelial signaling). Paracrine signaling plays an 
important role in hormone-responsive tissues such as 
the prostate and uterus where estrogen and testoster-
one are mitogenic. For example, testosterone secreted 
from testicular Leydig cells stimulates spermatogen-
esis in the seminiferous tubules and supports stabil-
ity of the prostatic epithelium. Similarly, mammary 
epithelium in response to estrogen utilizes paracrine 
signaling via ER positive epithelial cells signaling to 
ER negative cells to induce proliferation and morpho-
genesis [2].

In contrast, autocrine signaling is defined by the 
secretion of a factor (hormone or growth factor) from 

a cell that acts on itself. Autocrine signaling mainly 
applies to cytokines of the immune system that regulate 
inflammatory responses as well as growth factors that 
control proliferation. As it relates to reproductive func-
tion, autocrine signaling has been shown to function in 
hypothalamic neurons, granulosa cells, and mammary 
epithelial cells. In the hypothalamus, GnRH secre-
tion occurs in a pulsatile fashion through positive and 
negative autocrine feedback loops in GnRH neurons. 
Additionally, granulosa cells utilize autocrine signal-
ing to regulate progesterone secretion [3]. In the mam-
mary epithelium during puberty, growth hormone 
(GH) also works in an autocrine manner to prevent 
mammary differentiation [4]. Tumor-associated auto-
crine signaling, a key component of transformation 
of breast and prostate cells into tumor cells, involves 
a transition from normal regulation via endocrine or 
paracrine hormone signaling to autocrine signaling in 

Fig. 6.1. Illustrative representation of the mammalian hypothalamic–pituitary–gonadal (HPG) axis. In the hypothalamus gonadotropin  
releasing hormone (GnRH) is secreted from GnRH neurons into the portal blood system. GnRH receptors in the pituitary bind GnRH, which 
induces the production and secretion of the gonadotropins luteinizing hormone (LH) and follicle stimulating hormone (FSH). LH and FSH 
then travel systemically to the ovary (females) or testis (males) to induce production of steroid hormones. In the ovary, LH binds LH  
receptors in the theca cells to produce progesterone and androsteindione. Androsteindione is secreted in a paracrine manner to the 
granulosa cells while progesterone feeds back negatively to the pituitary and hypothalamus to reduce secretion of GnRH, LH and prolactin. 
Prolactin secreted from the pituitary also feeds back negatively to the hypothalamus to reduce corticotrophin releasing hormone. FSH binds 
FSH receptors in granulosa cells to produce estradiol, which feeds back positively to the hypothalamus to increase GnRH secretion and  
negatively to the hypothalamus and pituitary to reduce FSH secretion. In the testis, LH binds receptors on the Leydig cells, which secrete  
testosterone in a paracrine manner to the Sertoli cells. Testosterone, dihydrotestosterone (DHT) and/or estradiol negatively feed back from 
the testis to the hypothalamus and pituitary to reduce secretion of GnRH and LH. FSH binds to receptors on the Sertoli cells stimulating them 
to produce inhibin B, which is also secreted from the granulosa cells, and feeds back negatively to the pituitary to reduce secretion of FSH. 
This illustration is representative of the HPG axis, and it should be noted that testosterone and estradiol also have other target tissues within 
the body, for example bone and muscle. (© 2008 University of Texas M. D. Anderson Cancer Center.)
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order to supplant dependence on exogenous mitogenic 
signals[5, 6].

Target mechanisms of EDCs: genomic 
modulation
One of the important mechanisms by which hor-
mones and EDCs act is via nuclear hormone receptors, 
directly activating or inhibiting these receptors or indi-
rectly modulating hormone metabolism. Determined 
generally by whether they are hydrophilic or lipophilic, 
hormones can activate cellular membrane receptors 
(i.e. hydrophilic) and initiate rapid signaling to affect 
cellular function, or freely enter cells (i.e. lipophilic) to 
activate nuclear hormone receptors (NHRs) and regu-
late gene expression [7].

Nuclear hormone receptors
One of the first mechanisms by which EDCs were 
identified to act was via their interaction with NHRs. 
Nuclear hormone receptors are a class of ligand- 
activated proteins that enter the nucleus and func-
tion as transcription factors to transactivate or repress 
gene expression. This ligand-induced gene expression 
facilitates changes in cellular function, a process that 
can be modulated by EDCs. There are three classes 
of NHRs: Type I NHRs, which are receptors for ster-
oid hormones, e.g. estrogen receptor (ER), androgen 
receptor (AR), progesterone receptor (PR); Type II, 

which are receptors for non-steroid  hormones, e.g. 
thyroid receptor (TR), retinoic acid receptor (RAR), 
retinoid X receptor (RXR); and Type III, which are 
receptors with no known ligand or orphan receptors, 
e.g. G-protein coupled receptor (GPCR), farnesoid X 
receptor (FXR), liver X receptor (LXR). The activation 
domain of the NHR binds the hormone, which induces 
a conformational change in the protein, to activate or 
inhibit its ability to function as a transcription factor, 
often via binding of co-activator or co-repressor acces-
sory proteins. The activity of NHRs is best illustrated by 
the ER. The ER has two classical forms, ER-α and ER-β, 
which can act in an antagonistic manner towards one 
another, for example with ER-β antagonizing the pro-
liferative effects of ER-α. When unbound by ligand, 
ER is maintained in an inactive state in the cytosol 
bound to large complexes of proteins including heat 
shock protein-90 (HSP90). Upon ligand binding, ER 
monomers dimerize, and the liganded ER dimer then 
binds to the DNA of specific genes that have a recogni-
tion sequence termed a hormone responsive element 
(HRE) (Fig. 6.2). In addition to promoter binding, co-
activator or co-repressor recruitment facilitates initia-
tion or repression of transcription (respectively).

Endocrine-disrupting chemicals, which mimic the 
activity of endogenous hormones and activate recep-
tors are termed agonists, whereas those that inhibit 
receptor activity are termed antagonists. For, example, 
ER-α liganded by DES can dimerize and transactivate 

Fig. 6.2. Diagram of genomic nuclear 
hormone receptor signaling and 
transcriptional activation. Hormone (H) and 
certain endocrine disrupting chemicals (EDCs) 
can enter the cell where nuclear hormone 
receptors (NHR) are kept inactive by chaperone 
proteins including heat shock protein-90 
(HSP90) until liganded by hormones (or EDCs). 
Liganded NHRs form dimers and translocate 
to the nucleus where they interact with 
co-activators (e.g. p160, p300, or CBP) and bind 
to hormone responsive elements (HRE) in the 
DNA. After gene transactivation, NHRs are 
degraded by the proteosome or recycled back 
to the cytoplasm. (© 2008 University of Texas 
M. D. Anderson Cancer Center.)
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Table 6.1. Compilation of references that exemplify molecular mechanisms utilized by endocrine disruptors to interfere with endocrine 
signaling, reproduction or fertility.

Classification Xenocompound Associated Mechanism Refs

Anti-androgens DDT Anti-androgen, Ca++ mobilization  
alteration, phosphorylation of  
c-ERB2/c-met, inhibition of p450scc

25, 87, 116, 123

DDE Anti-androgen, activates MAPK pathway, 
activates PI3K, interacts with GPR30

25, 88, 93, 111

Methoxychlor Activates ER, induce CYP2B, CYP23A and 
CAR, alters germline DNA methlylation, 
anti-androgen and transgenerational 
effects

36, 40–42, 171, 184

Vinclozolin Anti-androgen, alters DNA methylation, 
transgenerational effects

14, 171, 184–185

Atrazine Anti-androgen, PKC/cAMP modulation 27, 108–109

Xenoestrogens Genistein ER agonist/antagonist (dose-dependent), 
Ca++ mobilization alteration, interacts 
with GPR30, inhibition of sulfotransferases, 
DNA methylation alteration

9–13, 87, 112, 144, 
171

Octylphenol Ca++ mobilization alteration 87

Nonylphenol MAPK pathway activation, PKC/cAMP 
modulation, reduces CYP1A1 expression

28, 88, 112

Bisphenol A ER agonist/antagonist, increased ARHH 
expression, increased expression of ERβ/
TRAPP220, Ca++ mobilization alteration, 
PKC/cAMP modulation, aromatase 
inhibition, inhibition of sulfotransferases, 
DNA methylation alteration

28, 34–37, 51, 70, 
87, 108–109, 144, 
170

Diethylstilbestrol (DES) ER agonist, reduced AR expression, 
alteration of Ca++ mobilization, MAPK 
pathway activation, PI3K pathway 
activation, PKA/cAMP modulation, DNA 
methylation alterations

8, 30, 87, 88, 93–94, 
108–109, 169

estrogen-responsive gene promoters containing an 
estrogen responsive element (ERE) such as Hoxa9 and 
Hoxa10 [8]. However, agonism and antagonism can 
sometimes be difficult to discern. An example of an EDC 
hormone mimetic is the phytoestrogen genistein, found 
in soybeans. At low doses, genistein acts as an estrogen 
receptor agonist, to promote cell growth, while at high 
doses in vitro (9–100 μM) genistein can inhibit signal-
ing molecules (receptor tyrosine kinases, RTKs) [9, 10] 
to inhibit cell proliferation. Similarly, genistein binding 
to ER-β can antagonize ER-α activity, as ligand-bound 
ER-β can suppress the transcriptional activation of ER-α. 
Given that genistein binds with higher affinity to ER-β 
(8.4 nM vs. 145 nM) than ER-α[11], genistein-bound 
ER-β could suppress the activity of ER-α, even though 
it is an ER-β agonist [12, 13]. Endocrine-disrupting 
chemicals can also act as receptor antagonists, such as 
the antiandrogens, which act to inhibit the effects of 
androgens by interfering with ligand-AR binding. Two 

such antiandrogens are vinclozolin and DDE, which 
have both been shown to be inhibitors of AR-mediated 
gene expression (Table 6.1) [14].

Androgen receptor-mediated 
endocrine disruption
During the perinatal period programming of the endo-
crine axis occurs, making this a vulnerable period of 
exposure to endogenous and exogenous stimuli. Of 
importance during this programming is the initial feed-
back of hormones from the gonads to the hypothalamus 
and pituitary. For males, testosterone produced mainly 
by the testis around gestational day 65 (humans) [15] 
is critical in establishing sexual behaviors, male repro-
ductive tract development, and masculinization of 
other organs. Like steroid hormones produced by other 
organs, the secretion of LH from the pituitary controls 
synthesis of testosterone. The NHR for testosterone 
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and its metabolite dihydrotestosterone (DHT) is the 
AR, which is expressed in multiple organs, including 
the hypothalamus [16], pituitary, kidney, prostate, and 
adrenals (and ovary) [17, 18]. Aromatization of testo-
sterone to 17β-estradiol by an aromatase, CYP19, is also 
critical for proper brain development [19]. If testoster-
one fails to be produced in the male fetus (for example 
due to exposure to antiandrogens, a genetic mutation 
in AR or blocked metabolism of testosterone) the fetus 
will develop as a phenotypic female with testes. This 
extreme sensitivity to EDC exposure is not as pro-
nounced in the adult once the HPG axis is established, 
however, exposure of adult males to antiandrogens can 
result in alteration in sperm production and reduced 
libido [20, 21]. Therefore, exposure to EDCs during 
male reproductive tract development that disturbs the 
binding of testosterone to AR or its metabolism can 
permanently reprogram the male reproductive tract 
and its coordination with the HPG axis.

Endocrine-disrupting chemicals disrupt andro-
gen homeostasis via several different mechanisms, 
including decreasing levels of AR [22], by altering 
LH stimulation[23] or when binding of the EDC to 
the AR alters proper folding of the ligand-binding 
domain (LBD) of the AR. Misfolding of the LBD 
blocks the recruitment of co-activators, prevents 
transcriptional initiation, and leads to abrogation 
of AR activity. Antiandrogenic EDCs acting via this 
mechanism include vinclozolin (in the presence of 
testosterone) [24], DDT [25], tris-(4-chlorophenyl)-
methanol, procymidone [26], linuron, atrazine, lindane, 
dieldrin [27], methoxychlor [15], nonylphenol, octyl-
phenol, and bisphenol-A [28]. Another mechanism by 
which EDCs affect AR activity is reducing the expres-
sion of AR. Reduction in AR levels is a mechanism 
shared by multiple EDCs including PCBs [29], DES 
[30], cyproterone acetate (CPA), and hydroxyflutamide 
(OHF) [22]. Ultimately, EDCs that disrupt AR ligand 
binding, dimerization, DNA binding, or receptor levels 
reduce or eliminate expression of AR target genes, which 
affects downstream cellular responses, such as differen-
tiation and cell communication.

Estrogen receptor-mediated  
endocrine disruption
Among the EDCs, xenoestrogens have garnered a sig-
nificant amount of attention due to the well-known 
effects of the xenoestrogen DES in humans, and the 
identification of many other estrogenic anthropogenic 

chemicals [31, 32]. Analogous to testosterone, estrogen 
(E2) is a key hormone involved in development and 
maintenance of the female reproductive tract, brain, 
bone and cardiovascular system, and as mentioned 
earlier, a key component in male development. In the 
adult female, E2 plays important roles in metabolism 
and in coordinating the morphological alterations 
that occur during the menstrual cycle and pregnancy, 
and for differentiation and proliferation of hormone-
responsive tissues.

Estrogens work in part by binding to the ER to 
transactivate the expression of estrogen-responsive 
genes. Xenoestrogens that function as agonists lead 
to the expression of estrogen-responsive genes by 
binding to the ER, as has been demonstrated for 
DES, 7-methyl-benz[a]anthracene-3,9-diol (MBA), 
coumestrol, and genistein (GEN) [33] among oth-
ers. In contrast, in some cases xenoestrogens can act 
as antagonists by preventing the binding of ER to 
DNA (e.g. BPA) [34] or by inhibiting the binding of 
ER co-activators [35] to prevent transactivation of 
gene expression. Estrogen-responsive genes contain 
an estrogen-responsive element (ERE) or recogni-
tion sequences for other transcription factors such as 
those for transcription factors, SP1 and AP1, to which 
the ER binds. Until liganded by E2, or a xenoestrogen, 
ER remains bound in an inactive state by HSP90. In 
response to binding by ERs, an agonist/ER complex 
binds to DNA and coordinates transcription with the 
aid of co-activators. Important target genes of E2/
ER include the progesterone receptor (nuclear hor-
mone receptors), vascular endothelial growth factor 
(growth factors), c-fos/c-jun (proto-oncogenes) and 
cyclin D1 (cell cycle regulators). Several EDCs show 
ER-mediated effects on gene expression including 
DES, BPA, methoxychlor [36], and genistein. While 
all of these compounds act as xenoestrogens, their 
affinity for ER-α or ER-β, however, differ substantially. 
For example, DES and methoxychlor have a higher 
affinity for ER-α, while genistein and BPA bind ER-β 
with higher affinity [35]. Differential ER-α or ER-β 
mediated effects may partially account for the differ-
ential effects of EDCs on different target tissues. This 
is exemplified in the reproductive tract where studies 
have shown that the deleterious effects of EDCs are 
xenoestrogen-specific [37].

In conclusion, xenoestrogens disrupt the endocrine 
system by acting as ER agonists or antagonists due to 
differential effects on ER-α or ER-β or via differential 
binding affinity.
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Xenobiotic nuclear receptor-mediated 
endocrine disruption
In order to defend against xenobiotics, some of which 
act as EDCs, a unique system of xenobiotic sensors have 
evolved that can activate metabolic pathways to aid in 
the detoxification and elimination of these potentially 
toxic compounds. These sensors include several NHRs, 
such as steroid and xenobiotic receptor/pregnane X 
receptor (SXR/PXR), constitutive androstane recep-
tor (CAR), peroxisome proliferator-activated receptor 
(PPAR), liver X receptor (LXR), farnesol X receptor 
(FXR), and the aryl hydrocarbon receptor (AhR). 
These receptors facilitate the metabolism of xenobiot-
ics by binding to a battery of genes whose expression 
initiates Phase I (activation) and Phase II (conjugation) 
metabolism. These xenobiotic receptors, expressed in 
the brain, ovaries, testes, liver, and intestines can be 
rather promiscuous in their ligand-binding affinity, 
being activated by pesticides, pharmaceuticals, xenoes-
trogens, and steroid hormones [38, 39].

Xenobiotics can also perturb steroid hormone 
homeostasis by activating xenobiotic receptors or 
inducing the expression of CYP p450 enzymes that 
modulate production of steroidogenic metabolites. 
This mechanism was illustrated by several in vitro 
studies in rat hepatocytes [40–42] showing that both 
methoxychlor, and its estrogenic metabolites bis-OH- 
methoxychlor [1,1,1-trichloro-2,2-bis(p-hydroxyphe-
nyl)ethane] (HPTE), can induce the cytochrome p450 
enzymes CYP2B and CYP23A as well as the orphan 
nuclear receptor CAR. An alternative mechanism 
by which xenobiotics can disrupt endocrine signal-
ing is via modulating the availability of co-regulators 
that are shared between xenobiotic receptors and 
NHRs (i.e. ER). Specifically, the CAR agonist 1,4-bis-
(2-(3,5-dichloropyridoxyl)) benzene can inhibit the 
expression of estrogen-responsive genes through com-
petitive binding of p160 (GRIP1), a co-activator for ER 
[43], decreasing p160 availability and attenuating ER 
activity.

Aryl hydrocarbon receptor is one of the most 
extensively researched xenobiotic receptors, due to its 
important role in detoxification of the anthropogenic 
chemicals polycyclic aromatic hydrocarbons (PAHs), 
dioxins, alkylphenols, and polychlorinated biphenyls 
(PCBs) [44]. The AhR is a nuclear receptor bound by 
cytoplasmic chaperones such as HSP90 [45], which 
disassociate once AhR is bound by a ligand, allow-
ing the liganded receptor to be translocated to the 

nucleus. Inside the nucleus AhR heterodimerizes with 
aryl hydrocarbon nuclear translocator (ARNT), and 
binds to dioxin response elements (DRE) to induce the 
expression of genes involved in xenobiotic metabolism 
(e.g. CYP1A1 and glutathione S transferase) [46], [47] 
and to induce AhR feedback inhibition via the aryl 
hydrocarbon receptor repressor (AHRR) [48].

Xenobiotics are also modulators of the regulatory 
cross-talk between AhR and ER-α. While AhR is crucial 
for female reproductive function via its cooperation 
with other transcription factors in ovarian granulosa 
cells to induce CYP19 expression, a key aromatase 
enzyme in estrogen synthesis [49], activated AhR 
can bind ER-α and be recruited to estrogen-respon-
sive genes to induce transcription. Ohtake et al. [50] 
showed that in response to AhR agonist such as TCDD 
and 3-MC, activated AhR dimerizes with ARNT allow-
ing its association with unliganded-ER and recruit-
ment co-activators, such as p300, that transactivate 
estrogen-responsive genes [50]. Conversely, xenoes-
trogens can inhibit the activation of AhR via increasing 
the expression of the negative-feedback gene AHRR, 
as was demonstrated after in utero exposure to BPA 
[51]. These examples illustrate the importance of xeno-
biotic receptors in mediating not only metabolism of 
anthropogenic chemicals, but also via inappropriate 
activation and cross-talk with other steroid hormone 
receptor  systems.

Nuclear receptor co-regulator-
mediated endocrine disruption
An exquisite ballet is performed around chromatin to 
coordinate the process of gene transcription. In order 
for the transcription machinery to access DNA, the 
chromatin structure of genes to be transcribed must 
be de-compacted. Heterochromatin (transcriptionally 
silent) is transformed into euchromatin (transcrip-
tionally competent) through histone modifications, 
including acetylation (and additional modifications to 
be described later), which is accomplished by histone 
acetyltransferases (HATs). An agonist binding to NHRs 
induces a conformational change in the NHR to recruit 
co-activator proteins, many of which are HATs. In con-
trast, when acted upon by an antagonist, NHR either fail 
to recruit co-activators or recruit co-repressors, which 
are usually histone deactylases (HDACs). Thus far all of 
the NHRs, and many xenobiotic receptors, have been 
found to participate with co-regulators to initiate gene 
transcription (Table 6.2), [52, 53, 54–67].
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Like the NHRs themselves, the expression of co- 
regulators is also often tissue-specific, and this tissue- 
and cell-type specificity contributes to differential effects 
of steroid hormones and xenobiotics in different tissues. 
The widely used selective estrogen receptor modulators 
(SERMs), the prototype of which is tamoxifen, exhibit 
tissue-specific agonist and antagonist activity in the 
breast (antagonist) and uterus (agonist) due to the dif-
ferential expression of co-regulators in the breast and 
uterus. Tamoxifen inhibits ER activity in the breast 
where it functions as an antagonist, but not in the uterus, 
where it functions as an agonist, due in part to the higher 
concentration of steroid receptor co-activator (SRC-1) 
in the uterus compared with the breast [68].

Given the importance of co-regulators as modula-
tors for NHRs, these accessory proteins have also been 
a focus of endocrine disruptor research. Currently, 
three mechanisms for co-regulator modulation by 
EDCs have been identified. First is xenobiotic-induced 
NHR co-regulator competition. As mentioned above, 
CAR can suppress ER transcriptional activation by 
competing with ER for its shared co-activator GRIP-1 
(p160) [43]. This was one of the first examples of xeno-
biotic regulation of hormone activity via co-regulator 
squelching. Second is xenobiotic modulation of co-
regulator protein levels, which occurs via regulation 
of target gene expression. An example is modulation 
of the co-activator thyroid hormone receptor activator 
protein (TRAP220) in vivo. After exposure of uterine 
tissue to BPA, TRAP220 interaction with ER-β was 
enhanced due to increased expression of both ER-β and 
TRAP220 [69] which functions as an ER-β co-activator, 

indicating that xenoestrogens can increase the expres-
sion of both NHRs and their co-regulators. Finally, 
EDC-mediated co-regulator modulation via post-
translational modifications (PTMs) of co-regulators is 
a third mechanism. Endocrine-disrupting chemicals 
can modulate cell signaling pathways that induce rapid 
cellular changes termed non-genomic signaling (see 
below). One of the signaling pathways modulated by 
EDCs is mitogen-activated protein-kinase (MAPK). 
Font de Mora and Brown [70] demonstrated that acti-
vation of  MAPK could induce phosphorylation of the 
ER co-activators, amplified in breast cancer 1 (AIB1) 
and p300, to enhance transcription mediated by inter-
action of these co-activators with the ER.

Target mechanisms of EDCs: non-genomic 
signaling
Steroid hormones activate NHRs via two distinct path-
ways: genomic signaling, which as described above 
occurs in the nucleus via NHR-DNA binding to regu-
late expression of target genes, or via non-genomic 
signaling, which occurs in the cytoplasm, and does not 
require NHR-DNA binding. While several steroid hor-
mone receptors participate in non-genomic signaling, 
including GR, TR, MR, PR, RXR, and AR, the major-
ity of the data on activation of non-genomic signaling 
by EDCs has been obtained for the ER [71–80], which 
will be used as an example of both potential and estab-
lished pathways of hormone- and EDC-mediated non-
genomic signaling.

Losel and Wehling [73] provided the first evidence, 
suggesting a non-genomic function for hormones was 
obtained in cells lacking a “normal” nucleus (e.g. sperm-
atozoa) where genomic signaling is not possible. In 
nucleated cells, several criteria that define non- genomic 
signaling can be used to discern genomic from non-
genomic signaling as it relates to the classical steroid 
receptors or EDCs. First, non-genomic signaling is rapid 
(seconds → minutes) compared with the slower genomic 
signaling (hours → days). Second, since transcription 
and protein synthesis result from genomic signaling, 
hormone-induced events that occur in the presence of 
inhibitors of either (e.g. actinomycin D or cyclohexa-
mide, respectively) is consistent with non- genomic 
 signaling. And third, the effects of hormones or xenoes-
trogens that cannot traverse the cell membrane can also 
be inferred not to be the result of genomic signaling, 
such as those elicited by E2 bound to BSA.

Several pathways for non-genomic signaling have 
been identified including induction of ion channels 

Table 6.2. List of nuclear receptor co-regulators and nuclear 
receptors reported to interact with one another. Nuclear 
co-regulators are classified as histone acetyl transferases (HATs) 
(co-activators) or as histone deactylases (HDACs) (co-repressors), 
which regulate nuclear receptor activity.

Co-regulators Receptors

HATs

CARM1 ER [52], AR [53]

CBP/p300 ER [54], PR [55], RAR/RXR [56], 
TR [58],AR [57]

GRIP1/p160s ER [60], GR [59], AR [62],  
RAR [62], TR [61]

GCN5/TRAPP ER [63], TR [64]

pCAF/AIB1 RAR/RXR [65]

HDACs

NCoR/SMRT TR [66], ER [67], RAR/RXR [66]
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(Ca++), activation of protein kinase signal transduc-
tion pathways leading to generation of second mes-
sengers (IP3) and activation of growth factor receptors 
(GFRs) (Fig. 6.3). In the reproductive tract non- 
genomic responses to E2 include Ca++ mobilization 
[81] and increased intracellular Ca++ concentrations 
[82–85], which have multiple biological consequences 
including altered gene expression, apoptosis, cell 
 division, synaptic transmission, and muscle contrac-
tion. Endocrine-disrupting chemicals that have been 
demonstrated to perturb Ca++ mobilization or con-
centration include xenoestrogens BPA, genistein, DES, 
DDT, and octyphenol [86], indicating that like estro-
gen, xenoestrogens can induce non-genomic changes 
in Ca++ modulation.

In response to estrogens, increased levels of intra-
cellular Ca++ can activate kinases that participate in 
signal transduction of mitogenic, stress, and inflam-
matory signaling [81]. However, these same pathways 
can be activated by steroid hormone receptors and 
their endogenous ligands, including PR, AR, GR, and 
MR [72] as well as by xenoestrogens (e.g. BPA, DES, 
nonylphenol, and genistein). An ER liganded by E2, for 
example, can activate the Ras-Raf1-MEK-ERK/MAPK 
pathway in vitro independently of Ca++ [87], a mecha-
nism also utilized by several xenoestrogens (DES, cou-
mestrol, nonylphenol, DDE, endosulfan, and dieldrin). 
Downstream effects of non-genomic kinase activation 
are numerous, and include phosphorylation of effector 
proteins, including co-regulators such as SRC-1, that 
can modulate gene transcription (i.e. Elk-1, STAT3), 
and proteins that regulate cell cycle (i.e. cyclin D) and 
apoptosis (i.e. BAD). Importantly, the activation of 
kinases such as MAPKs and protein kinase C (PKC) 
by E2, growth factors [88] or xenoestrogens can induce 
phosphorylation of ER (Ser118), which has been shown 
to recruit ER co-activators to enhance ER-mediated 
transcription of estrogen-responsive genes [89–91]. 
Additionally, ER can directly bind p85, a subunit of 
phosphoinositol-3-kinase (PI3K), to enhance the acti-
vation of PI3K signaling, which induces (via its second 
messenger PIP3) phosphorylation and activation of 
AKT, resulting in pleotropic biologic effects, which cul-
minate in cell survival. Activation of the PI3K pathway 
has been demonstrated by Bulayeva and Watson [92] as 
a mechanism by which the xenoestrogens endosulfan, 
DDE, coumestrol, and DES act to regulate estrogen-
responsive gene expression [93].

Membrane-associated receptor signaling is a spe-
cific type of receptor-mediated non-genomic signaling 

utilized by hormones to activate cellular responses. For 
ER, both ER-α and ER-β have been found to reside in 
the nuclear, plasma, and mitochondrial membranes, 
as well as the cystosol [94–96]. Reports indicate that 
E2-induced signaling via a membrane-bound receptor 
can occur via G protein-coupled receptors (GPCRs) in 
several cell types including nuclear estrogen-receptor 
negative breast cancer epithelium [97, 98], hypotha-
lamic neurons [99, 100], osteoblasts [101], vascular 
endothelium [102], and renal cells [103]. Specifically, 
Razandi et al. [94] demonstrated that E2-liganded ER 
stimulates G-proteins in the membrane, resulting in 
activation of the enzyme adenylate cyclase, which uses 
ATP to produce the second messenger cyclic adeno-
sine 3’, 5’-monophosphate (cAMP) [94, 104]. In turn, 
cAMP binds to protein kinase A (PKA), which phos-
phorylates proteins that modulate steroidogenesis, 
apoptosis, differentiation, proliferation, and neuro-
nal conductivity. The cAMP-bound R subunit of PKA 
also phosphorylates cAMP response-element-binding 
protein (CREB), which is a common mediator of non-
genomic steroid hormone signaling [105]. CREB, a 
transcription factor, initiates transcription of stress-re-
sponse and estrogen-responsive target genes including 
c-fos/c-jun and lactate dehydrogenase [106]. Another 
target of cAMP is protein kinase C (PKC), which also 
regulates Ca++ flux and feeds back to enhance PKC 
activity. Xenoestrogens that have been implicated in 
modulation of cAMP and PKC in vitro include BPA, 
DES, atrazine, and nonylphenol [107, 108]. The iden-
tification of a potential G-protein coupled membrane 
estrogen receptor GPR30 has been reported to mediate 
the estrogenic effects of E2 [109, 110] and xenoestro-
gens, DDE [110, 111], BPA, genistein, nonylphenol, 
and kepone [111], however, it remains a controversial 
issue as to whether this receptor functions as a true 
mediator of estrogen signaling [112, 113].

Another mechanism by which ER-mediated  
non-genomic signaling modulates the activity of GFRs, 
including EGFR and the insulin-like growth factor 
1-receptor (IGF-1R), is via the association of E2/ER 
with scaffolding proteins such as Shc, which induces 
autophosphorylation and activation of EGFR [114]. 
Activated EGFR can then induce activation of signal 
transduction pathways including MAPK. Additionally, 
E2/ER has been shown to induced autophosphor-
ylation of IGF-1R, which also activates the MAPK 
pathway. This has been shown to occur in response 
to DDT, which increases tyrosine phosphorylation of 
growth factor receptors c-erB2 and c-met after in vitro 
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exposure [115], indicating that EDCs have the ability to 
modulate GFR activation via rapid non-genomic signal-
ing. Importantly, MAPK and PI3K signaling can in turn 
result in phosphorylation of ER, providing a positive feed-
back mechanism between GFR and ER signaling [116].

In conclusion the ability of EDCs to modulate non-
genomic signaling or activation of second messengers 
or co-factors provides another avenue by which endo-
crine function can be disrupted.

Target mechanisms of EDCs: modulation of 
hormone activity
Metabolism plays a key role in maintaining hormone 
homeostasis. As such, proteins that maintain steroid 
hormone balance are potential targets for endocrine 
disruption. As mentioned previously, xenobiotics acti-
vate receptors that induce the expression of enzymes 
that participate in activation, conjugation, and 

elimination of endogenous hormones and xenobiot-
ics. These enzymes are classified as Phase I enzymes 
(hydrolases, reductases, and oxidases) or Phase II 
enzymes (conjugation enzymes). Phase I enzymes, 
including cytochrome P450, are primarily responsible 
for activating xenobiotics, and many of these enzymes 
are up-regulated in response to ligand binding to 
xenobiotic receptors. The P450s can also participate 
in elimination of xenobiotics via hydroxylation [117].  
Importantly, P450s also participate in steroid hor-
mone metabolism, for example via aromatization of 
testosterone to 17β-estradiol, and in the conversion 
of progesterone to testosterone [118]. Other Phase I 
enzymes participate in inactivation and elimination 
of steroid hormones including steroid reductases and 
hydroxy steroid dehydrogenases. Through alteration 
of the activity of enzymes that participate in hormone 
synthesis and metabolism, xenobiotics can become 
endocrine disruptors.
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In addition, the availability of circulation hormones 
is regulated by hormone binding proteins. Production 
of sex hormone binding globulins (SHBGs), which bind 
both E2 and testosterone, by the liver is regulated by 
testosterone, (which decreases SHBG levels) and estro-
gen (which increases SHBG levels) [119]. However, 
while SHBGs can bind endogenous hormones, xenoes-
trogens are not recognized by these proteins. During 
development, for example, the critical estrogen-binding 
protein in the blood of the developing fetus is alpha-
feto protein (AFP), which is produced by the liver at 
high levels until ~postnatal day 16 (in rodents) or soon 
after birth in humans [120]. Alpha-feto protein scav-
enges maternal and fetal E2, which protects developing 
tissues from this hormone and allows the reproduc-
tive tract, for example, to differentiate in an estrogen-
independent manner. Alpha-feto protein, however, 
does not bind most xenoestrogens. Hence, exposure 
to xenoestrogens during fetal or neonatal development 
can result in endocrine disruption in a setting where 
the organism is protected from endogenous hormones, 
illustrating another possible  mechanism of actions 
for EDCs.

While the liver produces proteins that regulate hor-
mone activity (e.g. SHBG and AFP), it is the adrenals, 
ovary, and testes that produce steroid hormones  
de novo from cholesterol. In the gonads, a series of 
reac tions take place in response to signals from the 
hypothalamus and pituitary that regulates the produc-
tion of steroid hormone-metabolizing enzymes. As 
discussed earlier, cAMP is a key signal in gonads that 
activates the cholesterol side-chain cleavage enzyme 
P450scc (CYP11A) [121] to induce the production 
of steroid hormones from cholesterol in response to 
LH and FSH. This reaction produces pregnenolone, 
which is converted by 3β-hydroxysteroid dehydroge-
nase (3β-HSD) to progesterone. Both pregnenolone 
and progesterone are precursors for other steroid hor-
mones, for example in the adrenals, where aldosterone 
and cortisol are produced from these two hormones 
via CYP11B2. Xenobiotics can interfere with steroid 
synthesis by interfering with this enzymatic pathway, 
or P450scc. An example of a xenobiotic that acts via 
this mechanism is the chemical p,p’-DDT, which when 
metabolized to o,p’-DDD, can specifically inhibit the 
production of glucocorticoids in the adrenals by inhib-
iting these enzymes, leading to severe adrenal dysfunc-
tion and death [122, 123].

There are also population-based studies suggesting 
that EDCs can interfere with steroid hormone synthesis 

in exposed human populations. In a large epidemio-
logic study of several thousand individuals who apply 
pesticides as part of their profession, levels of six pesti-
cides were found to correlate with prostate cancer risk 
in men [124, 125]. These thiophosphate pesticides can 
inhibit the activity of CYP1A2 and CYP3A4, which 
metabolize estradiol and testosterone in the liver [126, 
127] and participate in metabolism of xenobiotics in 
the prostate [128, 129, 130], suggesting that xenobiot-
ics such as thiophosphate pesticides can perturb steroid 
hormone metabolism and potentially increase suscep-
tibility of the prostate to cancer [131]. Another potent 
xenobiotic, the antifungal ketoconazole, has also been 
shown to modulate multiple CYP450 enzymes includ-
ing P450scc, 11β-HSD, 17α-hydroxylase, and 17,20 
lyase, all of which participate in the metabolism of 
 steroid hormones [132, 133]. Concordant with this 
activity, ketoconazole exerts numerous effects associ-
ated with endocrine disruption including infertility, 
secondary to reduction or inhibition of hormone syn-
thesis in the ovaries, uterus, and testes[134–137].

Aromatase is another P450 enzyme that is res-
ponsible for conversion of androgens to estrogens. 
Inhibition of aromatization in females leads to repro-
ductive dysfunction, for example anovulation due 
to insufficient E2 production to trigger the LH surge 
needed for ovulation. Several xenoestrogens, including 
BPA, phytoestrogens, nonylphenol, octylphenol [28], 
and several isoflavones [137] effectively inhibit aroma-
tization. For example, Akingbemi et al. [138] demon-
strated that postnatal treatment (PND 21–35) of male 
mice with BPA (2.4 µg/kg/bw per day) resulted in the 
reduction of circulating and local 17ß-estradiol lev-
els, which correlated with the ability of BPA to inhibit 
aromatase enzyme gene expression in Leydig cells 
in vitro. The dietary fatty acids linoleic and linolenic 
acids also inhibit aromatases. Interestingly, treatment 
of nude mice injected with estrogen receptor-positive, 
aromatase-positive MCF7 breast cancer cells with 
mushroom extract containing these fatty acids resulted 
in a reduction in tumor-cell proliferation and tumor 
weight [139].

Phthalates can also inhibit aromatization of 
test osterone to estrogen in females, and in males 
they can inhibit another important enzyme, 
5α-reductase. 5α-reductase converts testosterone to 
5α-dihydrotestosterone (5α- DHT), which has a higher 
binding affinity for the AR than testosterone, and is a 
more potent androgen. 5α-DHT is required for mas-
culinization and is indispensable for normal prostate 
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development and patterning of adult reproductive 
behavior [140]. A number of pesticides including the 
organotins, dibutyltin, tributyltin, and triphenyltin also 
demonstrate 5α-DHT inhibition in vitro in prostate epi-
thelial cells [141], suggesting the possibility that devel-
opmental exposure to these pesticides could potentially 
disrupt prostate development.

The activity of sulfotransferases, phase II enzymes 
responsible for converting estradiol to the inactive 
estradiol sulfate, and steroid sulfatases, which reverse 
this process to produce more free active estradiol, and 
hence stabilize hormone balance [117], may also be 
disrupted by endocrine active compounds. Several dif-
ferent EDCs including PCBs, dioxins, dibenzofurans, 
BPA [142], as well as phytoestrogens, genistein, and 
equol [143] can inhibit sulfotransferases. Reduced 
enzymatic activity as a consequence of exposure to 
EDCs could cause an increase in estradiol availability 
in tissues such as the testis and endometrium, which 
express the estrogen sulfotransferases SULT1E1 and 
SULT1A1 [144], with the potential to disrupt hormone 
homeostasis, which has been hypothesized to increase 
the susceptibility to hormone-driven tumors.

In conclusion, the enzymes responsible for metab-
olizing xenobiotics, as well as the enzymes involved 
in synthesis and elimination of steroid hormones, 
are points at which EDCs disturb the balance of cir-
culating and local tissue concentration of hormones 
with the potential to disrupt developmental and adult 
reproductive-tract functions.

Target mechanisms of EDCs: epigenetic 
modulation
It has long been known that information beyond that 
encoded in DNA was responsible for the immense 
variations in phenotype seen in eukaryotes. One of the 
originators of the idea that differences in gene expres-
sion, and subsequently phenotype, were established by 
“canalization” of the genome in the undifferentiated 
cell was Conrad Waddington, a phenomenon he later 
termed epigenetics [145]. Epigenetics is a term used 
to describe heritable changes in gene expression and 
phenotype that are not a result of alterations in DNA 
sequence. The importance of epigenetics is most evi-
dent during development, where all cells of an organ-
ism start out with the same DNA, yet differentiate 
into a multitude of specialized cell types in the body. 
Accordingly, the fetal epigenome is particularly sus-
ceptible to environmental influence, as evidenced by 

studies of monozygotic twins, which demonstrate that 
even given identical DNA, two developing fetuses can 
present with non-identical epigenomes [146].

While we are still in the beginning stages of under-
standing the molecular mechanisms that regulate the 
epigenome, many studies already support the import-
ance of the cellular environment in faithfully copying 
and transmitting epigenetic information, an environ-
ment that can be perturbed by EDCs. It is the purpose 
of this section to introduce the epigenetic processes of 
DNA methylation and histone modification, and the 
effects of endocrine disruptors on these processes.

DNA methylation
DNA methylation was the first identified epigenetic 
alteration [147, 148]. It occurs at the 5’ carbon of cyto-
sine bases adjacent to guanine (CpG dinucleotides) in 
DNA. Clusters of CpG dinucleotides (DNA with > 60% 
CG content) are termed CpG islands (CGIs), which are 
located mainly in the 5’ promoter region of genes [149]. 
While 70% of mammalian CpG sites are methylated, 
CGIs are usually unmethylated. Methylation of CGIs 
controls gene transcription, with promoter CGI methy-
lation inhibiting gene expression, and this methylation 
is associated with gene silencing. This mechanism of 
gene silencing occurs normally in specific genes, such 
as those located in the X chromosome, and can also be 
associated with pathologies, such as tumor suppressor 
gene silencing in cancer cells [150].

The enzymes responsible for methylating cytosines 
at CpG sites are called DNA methyltransferases 
(DNMTs). Four DNMTs exist in mammals, DNMT1, 
DNMT2, DNMT3a, and DNMT3b, all of which are 
embryonic lethal when knocked out in mice except 
DNMT2 [151–156], indicating the critical role these 
enzymes play in normal development. Specifically, 
DNMT1 is considered a maintenance methylase 
because it has an affinity for hemimethylated DNA, 
and participates in faithful copying of cytosine meth-
ylation after normal cell division [150]. Conversely, 
DNMT3a and 3b are de novo DNA methylases, and are 
critical for establishing patterns of methylation during 
embryonic development [157].

Methylated DNA is recognized by specific pro-
teins, methyl-CpG-binding proteins (MBDs), which 
bind methylated CpGs and recruit other factors 
that  regulate transcription, including HDACs and his-
tone methyltransferases (HMTs), to induce the com-
paction of chromatin into a transcriptionally silent or 
inactive unit.
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Histone modification
Histone proteins bind to DNA to form the nucleosome, 
which binds to DNA to compact it and form chromatin. 
There are four core histone proteins, H2A, H2B, H3, 
and H4, and a linker histone protein, H1. In addition 
to formation of chromatin, one of the other functions 
of histone proteins is to receive signals from the envi-
ronment via post-translational modifications (PTM) 
of the histone “tails.” The histone proteins assembled 
in the nucleosome have tail-like extensions protrud-
ing outward that can undergo multiple modifications 
including methylation, phosphorylation, sumoyla-
tion, ubiquitination, and acetylation, and the enzymes 
responsible for these PTMs of histones are themselves 
regulated by upstream signaling pathways [158]. The 
combination of PTMs or “marks” acquired by histones 
creates specific binding motifs that are recognized by 
other proteins, for example those containing bromo- 
and chromodomains, which then recognize and bind to 
the modified chromatin, to regulate chromatin struc-
ture and gene transcription [159]. In general, acetyla-
tion of histones is characteristic of active chromatin. 
Methylation of histones (H3 and H4) can be associated 
with either activation or repression of gene expression, 
which differs from DNA methylation, which is always 
associated with repression or silencing [160].

Histone methylation is stable and participates in 
epigenetic inheritance [161]. Enzymes responsible for 
histone methylation are called histone methyltrans-
ferases (HMTs). Currently, two classes of HMTs are 
known to exist, protein arginine histone methyltrans-
ferases (PRMTs) and histone lysine methyltransferases 
(HKMTs), both of which, similar to DNMTs, utilize 
S-adenosyl-methionine (SAM) as the methyl donor 
[162] Conversely, another family of enzymes exists to 
induce demethylation of methylated histones, called 
demethylases. An example of a histone demethylase 
is lysine specific demethylase 1 (LSD1), which partici-
pates in expression of hormone-responsive genes when 
associated with either AR or ER [163].

Endocrine disruptor-induced epigenetic modulation
Perturbation of epigenetic regulation is beginning to 
emerge as an important mode of endocrine disruption, 
especially as a result of exposure to EDCs during devel-
opment. Given that environmental cues trigger epige-
netic changes during normal development and sexual 
reproduction, as illustrated in Arabidopsis thaliana 
which responds to temperature and time cues to regu-
late flowering [164], and honeybees which develop into 

queens from royal jelly feeding [165], it is perhaps not 
surprising that exposure to EDCs during development 
can induce aberrant epigenetic modifications.

Several windows of susceptibility exist during 
development when the epigenome is susceptible to 
reprogramming by EDCs. The earliest window of 
susceptibility to be identified is prior to conception, 
during gamete maturation. A period of de novo methy-
lation occurs during oogenesis in females and during 
spermatogenesis in males [166]. The second window 
is the time that spans the period between fertilization 
and implantation, during which the zygote undergoes 
active demethylation of the paternal genome followed 
by a more gradual demethylation of the maternal 
genome and de novo methylation during implantation 
[157] . The third window includes the stage of lineage-
specific cellular differentiation of pluripotent cells, 
which harbor bivalent chromatin awaiting signals 
from developmentally expressed proteins that con-
trol tissue-specific imprinting [167]. Importantly, it is 
thought that epigenetic alterations that occur in gam-
etes can be inherited in the germline, with the result-
ing phenotypic alterations transmitted to subsequent 
generations. However, if epigenetic alterations occur 
in somatic cells, deleterious effects associated with 
these alterations of the epigenetic changes would not 
be passed to subsequent generations.

There are several lines of evidence that exposure 
to EDCs can reprogram the epigenome. Endocrine-
disrupting chemicals, such as DES [168] , BPA, genis-
tein [169], methoxychlor, vinclozolin [170], and arsenic 
[171] have all been shown to alter patterns of DNA 
methylation. The initial demonstration that EDCs can 
reprogram the epigenome came from studies [172, 
173] that showed that developmental exposure to DES 
could induce hypomethylation of the uterine-specific 
genes lactoferrin and c-fos, which correlated with ele-
vated expression of these genes in the mature uterus. 
However, alterations in DNA methylation were not 
identified that correlated with changes in expression of 
HOX family genes (i.e. HOXA10 and HOXA11), essen-
tial in proper uterine development, which also occurred 
after exposure to DES or BPA [174, 175]. More recently, 
Ho et al. [176] demonstrated in the prostate that the 
gene phosphodiesterase type 4 variant 4 (PDE4D4) 
was differentially methylated after neonatal exposure 
to BPA. Increased phosphodiesterase activity leads to 
persistent elevation of cAMP, and was associated with 
increased incidence of prostate intraepithelial neopla-
sia (PIN) lesions in exposed animals, suggesting that 
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DNA methylation changes associated with BPA expo-
sure contributed to the development of PIN lesions in 
the prostate. Additionally, inorganic arsenic exposure 
in utero was shown by Waalkes et al. [171] to signifi-
cantly decrease promoter methylation of ER in the liver, 
resulting in increased ER expression, which correlated 
with increased incidence of hepatocellular carcinoma 
in exposed animals.

Recently, collaborative work between the laborato-
ries of Newbold [177, 178] and Tang [179] has explored 
DNA methylation changes induced by developmental 
exposure to EDCs, specifically DES. Initial studies 
in CD-1 mice indicated that in addition to neonatal 
exposure to DES, steroid hormones were required to 
induce uterine neoplasias in post-pubertal animals 
(DES-exposed ovariectomized mice did not develop 
uterine neoplasias). Tang et al. demonstrated that 
promoter DNA methylation of nucleosomal binding 
protein 1 (Nsbp1) occurred after neonatal exposure to 
either DES or genistein. After puberty, in control ani-
mals Nsbp1 became hypermethylated (silenced), how-
ever, in neonatally DES- or genistein-exposed mice, 
Nsbp1 remained hypomethylated, resulting in persist-
ent elevated expression that correlated with increased 
incidence of uterine neoplasias in adulthood [179].

EDC-induced transgenerational inheritance
Phenotypic alterations inherited over multiple genera-
tions (i.e. transgenerational) can be induced by both 
chemical and behavioral exposures [180, 181], and are 
postulated to be transmissible via germline alterations. 
In addition to the transgenerational effects of DES (see 
above), other EDCs including PCBs, vinclozolin and 
methoxychlor have also been shown to induce pheno-
typic alterations in rodents through multiple genera-
tions [182, 183].

One of the first examples of transgenerational, 
epigenetic inheritance was described by Anway et al.
[184], who demonstrated the transgenerational effects 
of vinclozolin and methoxychlor on spermatogen-
esis and fertility in males after gestational exposure 
to these EDCs. They showed that gestational expo-
sure to vinclozolin or methoxychlor could alter DNA 
methylation patterns and affect spermatogenesis of 
offspring from F1 through F4 generations. Subsequent 
studies from this group have identified transgenera-
tional effects of vinclozolin in both males [183] and 
females[185], though no epigenetic analyses were 
incorporated into these studies. For females ges-
tationally exposed to vinclozolin, F1–F3 offspring 

demonstrated pregnancy abnormalities in addition to 
increased tumor incidence as compared with control 
offspring (6.5% vs. 2%). Other studies have not yet cor-
roborated the transgenerational effects observed with 
vinclozolin or methoxychlor, however they provide 
an intriguing theory whereby changes in DNA meth-
ylation contribute to transgenerational inheritance of 
EDC-induced phenotypic alterations associated with 
exposure to  EDCs.

Conclusions and future directions
Endocrine-disrupting chemicals can disturb normal 
hormone homeostasis, which can have both direct and 
indirect effects on the reproductive function of both 
wildlife and human populations. The molecular mech-
anisms by which EDCs exert their effects are varied. 
Primary pathways of endocrine disruption are associ-
ated with: (1) nuclear hormone receptor activity, (2) 
non-genomic hormone receptor signaling, (3) xeno-
biotic and hormone metabolism, and (4) epigenetic 
modifications. Perturbation of any of these pathways 
can induce endocrine disruption, leading to disease 
and impaired reproductive function, and perhaps most 
importantly, can induce lasting effects in adults and her-
itable alterations in subsequent generations following 
even brief developmental exposures. Continued eluci-
dation of these mechanisms is key to the understanding 
of how to manage and prevent the deleterious effects of 
EDCs on exposed individuals and populations.
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7.
complex patterns of cell signaling contributed to its 
unique sensitivity. Further, fetuses and neonates have 
a high metabolic rate as compared with adults, and 
liver metabolism is not completely developed; fetuses 
also have an under-developed immune system, lack 
many detoxifying enzymes, and the blood–brain bar-
rier is not fully functional, making them prone to 
chemical insult. Exposure to environmental chemi-
cals during development can result in fetal death in 
the most severe cases, or structural malformations 
and/or functional alterations in the embryo or fetus. 
Unlike adult exposures that can result in reversible – 
activational – alterations, developmental exposure 
to environmental chemicals or other factors during 
critical windows of differentiation can cause irrevers-
ible – organizational – consequences. Some of these 
consequences, like birth defects, can be seen immedi-
ately: prenatal exposure to thalidomide, a drug used 
to treat maternal anxiety and depression, resulted in 
limb deformities in the exposed offspring; this chem-
ical is probably the best-known example of a prenatal  
teratogen. Other consequences of developmental 
exposure may not be seen until much later in life 
[3]: prenatal exposure to the potent synthetic estro-
gen diethylstilbestrol (DES) which was prescribed to 
prevent miscarriage, is a well-known example where 
a multitude of adverse consequences were not seen 
until later in life [4]. In fact, the full extent of the con-
sequences of this chemical exposure is still unfolding 
as the DES population ages.

The realization that developmental exposure to 
drugs and chemicals like DES can cause permanent 
functional changes that are not overtly toxic like ioniz-
ing radiation or teratogenic like thalidomide, yet result 
in increased susceptibility to disease/dysfunction later 
in life, has led to a new field of toxicology called “the 
developmental origins of disease.”

Developmental exposures and 
implications for early and latent disease
Retha R. Newbold and Jerrold J. Heindel

Introduction
A complex series of events is involved in the develop-
ment of the mammalian fetus and neonate; in order 
to go from a single cell to a fully developed organism 
containing over one trillion cells composed of over 
300 different cell types at birth, a number of well-
orchestrated events are required. Processes includ-
ing cell division, proliferation, differentiation, and 
migration are all involved and are closely regulated 
by hormones that communicate information between 
specializing cells, tissues, and organs. Over the past 
50-plus years, embryonic and fetal development was 
thought to occur by the “unfolding of a rigid genetic 
program” where environmental factors played no sig-
nificant role (for review see Soto et al. [1]). However, 
this strict interpretation of developmental events 
has been challenged because numerous experimen-
tal and epidemiologic studies point out the develop-
mental plasticity of the fetus and neonate. In fact, it 
is becoming increasingly apparent that environmen-
tal factors such as nutrition, and external stressors 
and toxicants can dramatically alter developmental 
programming signals. This represents a major para-
digm shift in developmental biology/toxicology and 
focuses attention on the role of environmental factors 
in fetal growth and development. It is now clear that 
the placenta is not a completely impenetrable barrier 
protecting and insulating the fetus from the outside 
world and that, in many cases, the fetus and neonate 
are more sensitive than the adult to the same environ-
mental insults.

In 1992, Professor Howard Bern coined the term 
“the fragile fetus” to denote the extreme vulner-
ability of a developing organism to perturbation by 
environmental chemicals, in particular those with 
hormone-like activity [2]. He pointed out that rapid 
cell proliferation and cell differentiation coupled with 
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The developmental origins of disease/
dysfunction
This concept was first used in the field of nutrition, 
where epidemiologic studies found that “low birth 
weight” babies resulting from poor nutrition of their 
mothers had latent appearance of disease in adult 
life which included increased susceptibility to non-
communicable diseases, coronary heart disease, obes-
ity/overweight, type 2 diabetes, osteoporosis, and 
metabolic dysfunction [5]. Subsequently, chronic stress 
during development was also associated with similar 
latent responses; for example, experimental studies 
using macaque monkeys demonstrated that early life 
stress resulted in obesity and increased incidences of 
metabolic diseases later in life [6]. Maternal smoking, 
another fetal stressor, was also linked to the develop-
ment of obesity and disease later in life [7]. These stud-
ies represent some examples in the literature that have 
led to a substantial research effort focusing on perinatal 
influences and subsequent chronic disease [8].

Supporting evidence for this concept independ-
ently developed in the field of environmental chemi-
cal exposure, specifically developmental toxicology, 
where it was recognized that between 2 and 5% of all 
live births have major developmental abnormalities. 
Up to 40% of these defects have been estimated to result 
from maternal exposures to harmful environmental 
agents that impact the intrauterine environment [9,10]. 
Although a spectrum of adverse effects can occur rang-
ing from fetal death or frank structural malforma-
tions, to functional defects which may not be readily 
apparent, the latter may be the most common and 
those that result in increased susceptibility to disease/
dysfunction later in life. These defects are the most dif-
ficult to detect because the length of time may be years 
between exposure and detection of the abnormality. 
However, numerous examples in experimental ani-
mals and wildlife populations document that perinatal 
exposure to endocrine-disrupting chemicals (EDCs)  
can alter the developing organism and cause long-term 
effects including infertility/subfertility, retained testes, 
altered puberty, premature menopause, and increased 
cancer rates (for reviews, see Colborn et al. and Crain  
et al. [11,12]). Taken together, nutritional studies 
describing an association of restricted fetal growth 
with the subsequent development of obesity and meta-
bolic diseases, and experimental toxicology studies 
showing a correlation of prenatal exposure to EDCs 
with multiple  long-term adverse effects, provide an 

attractive framework to understand delayed effects of 
toxicant exposures.

For example, the “developmental origins of dis-
ease and dysfunction” paradigm now incorporates 
features that are common to both nutritional and envi-
ronmental exposure studies; these features are further 
outlined:

Time-specific (vulnerable window) and tissue-•	
specific effects can occur with both nutritional and 
environmental chemical exposures.
The initiating in utero environmental insult •	
(nutritional or environmental chemical) 
can act alone or in concert with other 
environmental stressors. That is, there could be 
an in utero exposure that would lead by itself 
to pathophysiology later in life or there could 
be in utero exposure combined with a neonatal 
exposure (same or different environmental 
stressor(s)) or adult exposure that would trigger or 
exacerbate the pathophysiology.
The pathophysiology can manifest as: the •	
occurrence of a disease that otherwise would not 
have happened; an increase in risk for a disease 
that would normally be of lower prevalence; either 
an earlier onset of a disease that would normally 
have occurred or an exacerbation of the disease.
The pathophysiology can have a variable latent •	
period from onset in the neonatal period, to early 
childhood, to puberty, to early adulthood to late 
adulthood depending on the environmental 
stressor, time of exposure, and tissue/organ 
affected.
Either altered nutrition and/or exposure to •	
environmental chemicals can lead to aberrant 
developmental programming that permanently 
alters gland, organ, or system potential. These 
states of altered potential or compromised 
function (regardless of the stressor – nutritional 
or chemical exposure) are likely to result from 
epigenetic changes e.g. altered gene expression 
due to effects on imprinting, and the underlying 
methylation-related protein-DNA relationships 
associated with chromatin remodeling. The end 
result is an individual that is sensitized such that 
it will be more susceptible to certain diseases later 
in life.
The effect of either developmental nutrition •	
or environmental chemical exposures can be 
transgenerational, affecting future generations.
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While the focus of nutritional changes during •	
development has been on low birthweight, effects 
of in utero exposure to toxic environmental 
chemicals or nutritional changes can occur in 
the absence of reduced birthweight. The lack 
of a specific easily measurable biomarker like 
birthweight makes it more difficult to assess 
developmental effects. Thus, for both exposures, 
new more sensitive biomarkers of exposure are 
needed.
Extrapolation of risk from both nutritional studies •	
and environmental exposures can be difficult 
because effects need not follow a monotonic dose–
response relationship. Nutritional effects which 
result in low birthweight are different from those 
that result in high birthweight. Similarly, low-dose 
effects of environmental chemicals may not be the 
same as the effects that occur at higher doses. Also, 
the environmental chemical and/or nutritional 
effects may have an entirely different effect on the 
embryo, fetus, or perinatal organism, compared 
with the adult.
Exposure of one individual to an environmental •	
stressor (environmental chemical or nutritional 
or combinations) may have little effect, whereas 
another individual will develop overt disease 
or dysfunctions due to differences in genetic 
background including genetic polymorphisms.
The toxicant (or nutritional)-induced pathogenic •	
responses are most likely the result of altered gene 
expression or altered protein regulation associated 
with altered cell production and differentiation 
that are involved in the interactions between cell 
types and the establishment of cell lineages. These 
changes can lead to abnormal morphological 
and/or functional characteristics of the tissues, 
organs, and systems. These alterations could be 
due, at least in part, to altered epigenetics and 
the underlining methylation-related protein-
DNA relationships associated with chromatin 
remodeling. Effects can occur in a time-specific 
(i.e. vulnerable window) and/or tissue-specific 
manner and the changes might not be reversible. 
The end result is an animal that is sensitized such 
that it will be more susceptible to specific diseases 
later in life.

These key concepts are important aspects of the “devel-
opmental origins of disease and dysfunction” paradigm. 
To further examine and to provide additional support 
for the concept, a well-known example of perinatal 

chemical exposure which causes latent adverse health 
effects is described.

Prenatal exposure to diethylstilbestrol 
as an example of the developmental 
origin of disease/dysfunction
Diethylstilbestrol (DES), a synthetic non-steroidal 
pharmaceutical with estrogenic activity, was heav-
ily prescribed from the late 1940s through the 1970s 
to women with high-risk pregnancies with the mis-
taken belief that it would prevent miscarriage and 
other complications of pregnancy. In 1971, a hallmark 
report associated prenatal DES treatment with a rare 
form of reproductive tract cancer, “vaginal clear cell 
adenocarcinoma,” which was detected in a small num-
ber (< 0.1%) of adolescent daughters of women who 
had taken the drug while pregnant [13]. Subsequently, 
DES was linked to more frequent benign reproductive 
tract problems in more than 95% of the DES-exposed 
daughters; reproductive tract malformation and dys-
function, poor pregnancy outcome, and immune sys-
tem disorders were also some of the reported effects. 
Likewise, prenatally DES-exposed men experienced 
a range of reproductive tract abnormalities includ-
ing hypospadias, microphallus, retained testes, and 
increased genital-urinary inflammation [4,14,15]. 
Although increased incidence in prostatic and tes-
ticular cancers was proposed, so far the DES-exposed 
population has not experienced a documented rise in 
these diseases as compared with unexposed men but 
rigorous studies await a definitive conclusion.

Thus, DES became a well-documented example of 
the developmental origin of disease/dysfunction. In fact, 
it had the dubious distinction of being the first example 
of a transplacental carcinogen in humans; it was shown 
to cross the placenta and to induce a direct carcinogenic 
effect on the developing fetus. Unlike thalidomide which 
caused immediate observable limb defects, many of the 
abnormalities caused by DES could not be detected until 
later in life. Diethylstilbestrol resulted in a major medi-
cal catastrophe that continues to unfold today. Although 
it is no longer prescribed to prevent miscarriage, a major 
concern remains that, as DES-exposed individuals age 
and reach the time when the incidence of reproductive 
organ tumors normally increase, they will show a much 
higher incidence of lesions than unexposed individuals. 
An example can be seen in the reports of DES-exposed 
women who are showing a higher incidence of breast 
cancer as they age as compared with unexposed indi-
viduals [16]. Another concern is that additional organ 



95

Chapter 7: Developmental exposures and implications for disease

systems (urinary, immune, cardiovascular, brain/ner-
vous, gastrointestinal, bone, adipocytes) may be affected. 
Further, the possibility of multigenerational effects is 
suggested by experimental animal studies [17] and a 
case report of an ovarian carcinoma in a DES-exposed  
granddaughter [18] which suggests that another gen-
eration may be at risk for developing health problems 
associated with DES treatment of their grandmothers. 
The DES episode is a salient reminder of the potential 
toxicity and carcinogenicity that may be caused by hor-
monally active chemicals if exposure occurs during crit-
ical windows of susceptibility.

Questions about the mechanisms involved in DES-
induced abnormalities prompted the development of 
numerous experimental animal models to study the 
adverse effects of estrogens and other EDCs on genital 
tract differentiation. Since the murine model has been 
particularly successful in duplicating and predicting 
many adverse effects observed in humans with similar 
DES-exposure (for review see Newbold [3]), detailed 
findings in the animal model follow.

Diethylstilbestrol murine model to 
study human disease: critical windows 
of susceptibility

Prenatal exposure
Timed pregnant outbred CD-1 mice were treated with 
DES on days 9–16 of gestation, the major period of 
organogenesis in the mouse. After birth, the offspring 
were followed for up to 24 months of age. The doses 

of DES range from 0.01–100 µg/kg maternal body 
weight. The highest dose of DES is equal to or less than 
that given therapeutically to pregnant women, and 
the lower DES doses are comparable with exposure 
to weak estrogenic compounds found in the environ-
ment. Diethylstilbestrol exposure during this critical 
prenatal period of sex differentiation resulted in sig-
nificant alterations in both female and male offspring 
[3]. A summary and comparison of the abnormalities 
observed in prenatally DES-exposed humans and mice 
are shown in Table 7.1.

In the prenatally DES-exposed females, the fre-
quency of vaginal adenocarcinoma was rare in mice as 
it was in humans (< 0.1%). However, other regions of the 
murine reproductive tract were also a target for DES; 
the cervix was often enlarged and there was a low preva-
lence of benign (leiomyomas) and malignant (stromal 
cell sarcomas, leiomyosarcomas) tumors in this area. In 
the uterus, cystic endometrial hyperplasia was a com-
mon finding and, as in the cervix, there was a low inci-
dence of benign (leiomyomas) and malignant (stromal 
cell sarcomas, leiomyosarcomas) uterine tumors. The 
ovaries of prenatal DES-treated mice were often cystic 
and had an enhanced tumor incidence compared with 
age-matched controls. In addition to cellular changes 
in reproductive tissues, these DES females had a high 
incidence of reproductive tract malformations in the 
oviduct, uterus, and cervix; these malformations were 
subsequently found in DES humans. Further, they had 
functional defects including early puberty, subfertil-
ity/infertility, and premature reproductive senescence 
(early menopause) [19].

Table 7.1. Comparative effects of prenatal diethylstilbestrol (DES) exposure in mice and humans: an example of the developmental 
origins of reproductive disease and dysfunction.

Abnormality Male offspring Female offspring

Reproductive tract dysfunction Subfertility/infertility  
Decreased sperm counts

Subfertility/infertility  
Poor reproductive outcome  
Early puberty  
Menstrual (estrous) cycle irregularities 
Premature menopause/early 
reproductive senescence

Structural malformations Microphallus and hypospadias  
Retained hypoplastic testes  
Retained müllerian remnants (anatomical 
feminization)

Oviduct, uterus, cervix, and vagina 
Paraovarian cysts of mesonephric 
origin  
Retained mesonephric remnants

Cellular abnormalities Testicular tumors  
Tumors in retained müllerian remnants 
Epididymal cysts  
Prostatic lesions and inflammation 
Multigenerational effects (? Humans)

Oviductal proliferative lesions  
Vaginal adenomyosis and 
adenocarcinoma  
Uterine fibroids  
Uterine cancer (? in humans)  
Breast cancer (? mice) 
Multigenerational effects
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In the prenatally DES-exposed male mice, 1% of the 
animals had benign interstitial cell tumors of the tes-
tes while 2% had interstitial cell tumors. Interstitial cell 
tumors have been produced experimentally in certain 
strains of mice after prolonged treatment with various 
estrogenic compounds [20] but not after short-term 
prenatal exposure. Further, the significance of our find-
ing in the prenatal DES model was that there were so 
many malignant interstitial cell tumors in proportion 
to the number of benign tumors. In addition, interstitial 
cell tumors were not common in this strain of mouse.

Since testicular seminoma was reported in pre-
natally DES-exposed men [4,15], we specifically 
screened for this lesion in prenatally DES-exposed 
mice. Seminomas have been experimentally induced 
in dogs but such germ cell tumors in rodents are very 
rare. Cryptorchidism is considered to be a predispos-
ing factor for seminoma in dogs and men, but in spite 
of the high incidence of retained testis in our mouse 
model (91%), we were not able to demonstrate this par-
ticular testicular lesion except in one case of all our his-
torical DES-treated mice. However, a more common 
lesion resembling adenocarcinoma of the rete testis 
was observed in 5% mice after in utero DES exposure. 
To date, no reports of rete adenocarcinoma in humans 
have been attributed to prenatal DES exposure, but 
three cases of seminoma reported in DES-exposed  
men could have been misdiagnosed since seminoma 
has to be ruled out before a diagnosis of rete adenocar-
cinoma can be made. This requires further study.

The association of prenatal DES exposure and the 
development of testicular tumors in men has become 
a subject of much controversy over the last few years; 
some reports, specifically addressing factors for cancer 
of the testis, list prenatal DES exposure as a risk factor, 
whereas other studies show no relationship to hormo-
nal treatment during pregnancy. However, the data in 
our experimental mouse model support the idea that 
DES-treated males are at a greater risk for testicular 
tumors than unexposed males.

In addition to the testes, tumors were observed in 
retained embryonic structures (müllerian remnants) 
in 8% of the DES-exposed mice; tumors in embryonic-
derived wolffian tissue were rare other than in the rete 
testis. Inflammation and squamous metaplasia of the 
prostate were seen in our DES-exposed mice and have 
been reported in similarly exposed humans.

Taken together, these data in female and male mice 
suggest that in utero exposure to DES caused a multi-
tude of reproductive tract abnormalities including 

a low, but significant, increase in reproductive tract 
tumors; structural (malformations) and functional 
(subfertility/infertility) effects were also commonly 
observed depending on the dose.

Neonatal exposure
Since experimental studies from a number of laborator-
ies suggested developmental exposure to DES during 
only neonatal life resulted in a high incidence of vagi-
nal abnormalities [21,22], the effects of DES in females 
were compared following prenatal and neonatal treat-
ment. Using the same animal model, newborn CD-1 
mice were treated with DES (2 μg/pup per day) on days 
1–5. Neonatal exposure resulted in a high incidence 
(90–95%) of uterine cancer at 18 months [23]. Other 
species including rats [24] and hamsters [25] also have 
a high incidence of uterine tumors following neonatal 
treatment with DES. Thus, the neonatal mouse model 
replicates tumors seen in other experimental animal 
models and is possibly predictive of the carcinogenic 
potential of estrogenic chemicals in the uterus of women 
as they age because many of the developmental proc-
esses that occur neonatally in mice actually occur pre-
natally in women. This points out an important maxim 
in developmental studies: the stage of tissue differenti-
ation is more important in predicting adverse effects of 
environmental insults than the chronological age of the 
organism. This is further verified by our study compar-
ing sensitive windows of DES exposure in experimental 
animals and humans; for two endpoints, retained tes-
tes and vaginal neoplasia, the best fit for incidence of 
lesions in the two species occurred when stage of tissue 
differentiation at the time of treatment was compared 
rather than specific age [26].

Thus, developmental exposure (prenatal or neo-
natal) to DES resulted in increased incidences of repro-
ductive tract abnormalities including tumors (benign 
and malignant). In general, prenatal treatment caused 
a high incidence of malformation and a low, but signifi-
cant, increase in reproductive tract tumors; whereas 
neonatal treatment caused a low incidence of malfor-
mation, but a high incidence of reproductive tract neo-
plasia. Predictably, this supports the developmental 
maximum described where it is apparent that the tim-
ing of exposure and the stage of tissue differentiation 
determine the subsequent resulting abnormalities. 
Further, since many developmental events that occur 
in the mouse during prenatal and neonatal life happen 
entirely prenatally in humans, the prenatal plus neo-
natal mouse model can be useful in predicting what 
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happens prenatally in humans. In humans, the timing 
of exposure during gestation was also shown to be an  
important factor for cancer risk in DES-exposed daugh-
ters; research showed that exposure early in pregnancy 
was associated with a greater risk for vaginal adenocarci-
noma than exposure later in pregnancy [4,15].

Early effects: childhood disease/
dysfunction following developmental 
exposure

Reproductive tract malformations
Cryptorchid (retained) testes were common problems 
observed in both experimental animal models and boys 
following prenatal exposure to DES [14]. Likewise, 
hypospadias and microphallus were reported. These 
findings have been used as a guide to look for similar 
changes following exposure to other environmental 
chemicals and numerous examples now suggest these 
birth defects are not limited to DES. In fact, a whole 
body of literature has developed describing studies of 
EDC effects on the developing male genital tract and 
these effects are referred to as “the testicular dysgen-
esis syndrome” to denote the effects on multiple tissues 
and reproductive endpoints. Early life exposures and 
these particular abnormalities are covered in detail in 
Chapter 11.

Recently, another study showed for the first time 
a statistical link between prenatal exposure to phtha-
lates and ano-genital distance (AGD) in boys [27]. 
Ano-genital distance is considered a sensitive marker 
of anti androgen activity in the development of the 
rodent genital tract. This marker is sexually dimor-
phic and androgen dependent in both humans and 
rodents. Swan and colleagues observed that boys born 
to mothers with phthalate metabolites present in their 
urine were at higher risk of impaired testicular descent 
and shorter AGD. A similar effect has been observed 
in experimental animals and a “phthalate syndrome” 
which includes testicular, epididymal, and gubernacu-
lar cord agenesis has been described [28]. Although the 
mechanisms of phthalate disruption of male sex differ-
entiation are different from those caused by the estro-
gen DES, many resulting abnormalities are similar 
because DES dampens the effects of androgens which 
masculinize the male genital tract during development 
and differentiation. This idea points out the multiple 
routes and mechanisms that can be involved in abnor-
mal differentiation of reproductive tract tissues.

Altered puberty (early or delayed)
Puberty is marked by the development of secondary 
sex characteristics, accelerated growth, behavioral 
changes, and finally attainment of the ability to repro-
duce. There is general agreement that the age of puberty 
is getting earlier for both boys and girls, and this has 
been attributed to exposure to environmental chemi-
cals especially EDCs during prenatal and/or early child-
hood life [29]. Many of these chemicals can mimic the 
effects of DES. Although DES is a potent estrogen, low 
doses have been successfully used to study the effects 
of other environmental estrogens. In addition to DES 
[14], studies using experimental animals and wildlife 
point to numerous examples of chemicals such as pesti-
cides [30], PCBs [30], polybrominated biphenols [31], 
and bisphenol-A [32] which are associated with early 
puberty; many of these same chemicals have been asso-
ciated with signs of early puberty in girls. Interestingly, 
some chemicals have been reported to have opposite 
effects; examples include lead [33] and endosulfan 
[34], which have been associated with delayed puberty. 
Multiple mechanisms, many involving alterations 
in the hypothalamic–pituitary–gonadal axis, can be 
responsible for altered timing of pubertal events. For 
a more in-depth discussion of environmental chemical 
effects on puberty, see Chapter 9. The timing of puberty 
is important for numerous societal issues but also a risk 
factor for diseases later in life especially those that are 
influenced by hormones. For example, the total dura-
tion of estrogen exposure during a woman’s life has 
been linked with her chance of developing breast can-
cer; thus early puberty combined with late menopause 
causes the highest risk.

Obesity
Another example of developmental exposure being 
associated with childhood health and disease can be 
seen with the link of EDCs and obesity. Obesity and 
overweight have increased in prevalence dramatically 
over the past two to three decades. It is now reaching 
epidemic proportions in the USA. Common causes 
have usually been attributed to high calorie/fat diets 
and lack of exercise combined with a genetic predis-
position for the disease. However, the alarming rise in 
obesity can not be solely explained by these factors; 
an environmental component must be involved. A 
recent hypothesis by Baillie-Hamilton [35] suggests 
that exposure to environmental chemicals during crit-
ical stages of adipogenesis (neonatal life) is contrib-
uting to the obesity epidemic. Experimental animal 
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studies support her theory; developmental exposure 
to numerous chemicals including DES and other 
estrogens [36], tributyl tin [37], and bisphenol-A 
[32] have shown increases in weight and adipocity. 
The term “obesogens” has been coined for environ-
mental chemicals that stimulate fat accumulation 
[37]. Childhood obesity is a significant human health 
problem because most obese children grow up to be 
obese adults; and further, it is such a difficult disease 
to treat.

Obesity and overweight are known to have adverse 
health effects, and to impact the risk and prognosis for 
a number of serious medical conditions such as type 2 
diabetes, hyperinsulinemia, insulin resistance, coron-
ary heart disease, high blood pressure, stroke, gout, 
liver disease, asthma and pulmonary problems, gall 
bladder disease, kidney disease, reproductive prob-
lems, osteoarthritis, and some forms of cancer [38,39]. 
Unfortunately, these illnesses are starting to be more 
frequently reported in obese and overweight children 
whereas in the past, these were diseases of older adults. 
Health professionals warn that the current generation 
of children may be the first in history to experience a 
shorter life expectancy than their parents due to the 
impact of obesity-related diseases.

Latent effects: adult disease/
dysfunction following developmental 
exposure

Menstrual cycle irregularities
Alterations in the menstrual cycle such as shortened or 
prolonged length, abnormal bleeding between cycles, 
lack of ovulation, absence of menstruation, etc. can 
result in subfertility and/or infertility. It may also be 
involved in multiple other health problems since the 
controlling endocrine system is responsible for com-
municating cellular signals throughout the body. 
Exposures to numerous chemicals such as lead, diox-
ins, and PCBs have been linked to menstrual cycle 
irregularities in women; however, most of the data 
involve exposure as adults, not developmental expo-
sures. Investigators are just now starting to evaluate the 
effects of fetal and early neonatal exposure to chemi-
cals, especially some EDCs, to determine if menstrual 
cycle irregularity is a reproductive endpoint that may 
be affected. However, we know from experimental ani-
mals where estrous cycle irregularities have been docu-
mented and from prenatally DES-exposed women that 

the menstrual cycle is a likely targeted process that will 
be adversely affected.

Endometriosis
Endometriosis is a disease of menstruating species and 
is characterized by ectopic sites of endometrial growth 
following retrograde menstruation. While estrogen is 
a risk factor for endometriosis, progesterone may play 
a role in protecting women from the development and 
progression of the disease. In addition, endometriosis 
is an invasive process that requires degradation of the 
extracellular matrix, a process that has been reported to 
be associated with expression and action of members of 
the matrix metalloproteinase family [40]. As discussed 
by these investigators [40], since some degree of retro-
grade menstruation occurs in nearly all normally cycling 
women, genetic and/or environmental factors must  
play a role in the etiology of the disease. This laboratory  
has developed an animal model of endometriosis and  
has shown that female mice exposed to 2,3,7,8-tetra-
chlorodibenzo-p-dioxin (TCDD) in utero and again 
during the development of reproductive potential 
show a progressive loss of progesterone receptor (PR-A 
and PR-B) expression. Further, they report the ability 
of TCDD exposure to reduce PR expression in stromal 
cells and increase matrix metalloproteinases by both 
stromal and epithelial cells, which could explain the 
development of endometriosis. This work is not only 
an example of developmental exposure leading to dis-
ease later in life but also highlights the fact that devel-
opmental exposure “sets the stage” for subsequent 
exposures to be more effective (a two-hit model of the 
developmental basis of disease).

Fibroids (leiomyomata)
Uterine leiomyomas, commonly called fibroids, are 
tumors of smooth muscle origin which cause pain, 
bleeding, infertility, and pregnancy complications; they 
are the leading indication for hysterectomy. Fibroids 
are the most common type of tumor in women over 30 
years of age and estimated incidence rates are that as 
many as 77% of women of reproductive age are afflicted 
with the disease. In mice, early life exposure to DES has 
been reported to cause fibroid development in adult 
animals [19]. Data from our DES mouse model have 
shown that these tumors occur in approximately 9% of 
the DES-treated mice as compared to < 1% incidence in 
unexposed animals. Interestingly, we have also shown 
an association of fibroids with prenatal DES treatment 
in humans [41]. Our data with both DES-exposed 
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mice and humans indicate a role for prenatal estrogen 
exposure in the etiology of uterine fibroids. This is a 
relatively new area of research that awaits information 
from effects of other EDCs in both human and other 
experimental animal models.

There is, however, another animal model relevant 
to developmental estrogen exposure and fibroid devel-
opment. Studies using the Eker rat which contains a 
defective tumor suppressor gene have shown increased 
susceptibility to uterine fibroids following early life 
exposure to DES [42]. The defective gene resulted in 
reprogramming of the myometrium leading to an 
increase in expression of estrogen-responsive genes. 
Later in life, these neonatal DES-exposed rats have 
increased tumor suppressor gene penetrance that cor-
relates with increased tumor size and multiplicity. This 
is discussed in detail in Chapter 6. This effect of DES in 
the Eker rat is an example of gene–environment inter-
actions during development.

Together these data suggest that uterine fibroids 
observed in women of reproductive age may origin-
ate during development and early life, and that altered 
uterine programming due to exposure to environmen-
tal estrogens may play a role in their etiology.

Prostatic and breast cancer
The increase in cancer rates especially the two hor-
monally related diseases prostatic and breast cancer 
has been a central premise in the endocrine disruptor 
hypothesis for years [11,43]. Since estrogens are 
known risk factors for the development of breast can-
cer, it is likely that exposures to EDCs with estrogenic 
activity can adversely affect the developing mam-
mary gland. Evidence to support a link between EDC 
exposure and subsequent mammary cancer comes 
from numerous animal studies including develop-
mental exposure to bisphenol-A [1], dioxin [44], and 
DES [45]. Epidemiologic studies also support a link 
since women exposed to DES during prenatal devel-
opment have a statistically significant increase in 
breast cancer rates [16]. This increase was detected 
only as the women aged (40 years plus) and reached a 
time at which breast cancer is usually diagnosed; thus, 
fetal exposure can have long-term latent effects in the 
adult.

Similar associations have been proposed for pros-
tate cancer. Prostate development and differentiation is 
known to be under the control of androgens and is sen-
sitive to perturbation by estrogenic chemicals. Again, 
developmental exposure to DES provides an excellent 

example in experimental animal models [46]. However, 
studies with other environmental chemicals such as 
BPA and dioxin also show that the developing prostate 
can be disrupted if exposure occurs during prenatal life 
[47]. Further, a recent study shows that developmen-
tal exposure to BPA can alter the programming of the 
prostate so that it is more sensitive to environmental 
insult later in life and result in increased prostate dis-
ease and tumors [48]. This increase in susceptibility is 
attributed to epigenetic mechanisms and is further dis-
cussed in Chapter 14.

Together these data are consistent with the hypoth-
esis that developmental exposure to chemicals with 
hormone-like activity may increase the risks of breast 
and prostate cancer.

Multigenerational effects
Perhaps the most compelling data for an association 
of developmental exposure and multigenerational 
effects comes from experimental studies of meth-
oxychlor (an estrogenic pesticide) and vinclozolin 
(an antiandrogenic fungicide given by intra-perito-
neal injection at high doses) in male mice exposed 
on gestational days 8–15 [49]. In utero exposure to 
these chemicals caused infertility in a small per-
cent of the exposed animals after 90 days of age and 
reduced sperm counts in 90% of the animals along 
with immune abnormalities, kidney disease, prostate 
lesions, and cancer; however, most importantly, these 
effects were transmitted through the male germ line 
for at least four generations. The transgenerational 
effects were only seen when exposure correlated with 
critical developmental processes such as germ cell 
methylation in the differentiating testes. In addition, 
the effect was not seen with flutamide, another andro-
gen receptor antagonist indicating some chemical 
specificity for the effect [50].

Other experimental studies have previously 
reported effects that persisted through two genera-
tions including dioxin in the mammary gland, and 
DES in male and female reproductive tract tissues and 
gonads [17]. Interestingly, there has been a case report 
of ovarian neoplasia in a young girl whose grand-
mother was exposed to DES during development [18] 
and several other transgenerational epidemiology 
studies with DES [51–53]. These transgenerational 
exposures if proven to extend to other environmental 
toxicants could have a major impact on public health. 
This area of scientific investigation definitely needs 
further study.
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Mechanisms involved in the adverse 
effects of developmental exposure
It is easy to understand how an environmental chem-
ical like DES with estrogenic activity, for example, can 
stimulate estrogen-sensitive gene expression at the 
wrong time if the cells are exposed to the agent when 
estrogen levels are usually low and estrogen-sensitive 
genes are not active. However, it is not clear why some 
of these activated genes remain active long after the 
estrogenic stimulus is removed. This is the situation 
that occurs during the developmental basis of disease 
paradigm. Environmental agents are present only for 
a specific time during development (in utero or neo-
natally) but their effects are felt throughout life. The 
mechanisms that are responsible for this phenom-
enon are termed “programming or epigenetic regula-
tion of gene activity”. Epigenetics literally means “on 
top of  genetics” and deals with chemical modifications 
of DNA and chromatin that affect genome function 
(transcription, replication, recombination, etc.). The 
epigenetic code comprises several interconnected, 
interdependent codes that orchestrate genome activity 
together with RNA interference [54]. At the DNA level, 
DNA can be methylated at CpG islands (areas of con-
centrated CpG repeats) due to DNA methyltransferases. 
Methyl-binding protein-binding proteins then bind to 
these sites and attract other proteins, with the result 
that there is a change in chromatin structure, leading to 
a silencing of the methylated gene. On the other hand, 
hypomethylation of genes can generate increased and 
inappropriate gene expression [55]. At the chromatin 
level, nucleosomal proteins, histones, can be covalently 
modified via acetylation, phosphorylation, methyla-
tion, ubiquination, or adenosine diphosphate ribosyla-
tion or combinations. These modifications encompass 
what is termed the histone code and they control gene 
expression by controlling DNA availability [56, 57]. 
Hyperacetylation of chromatin proteins leads to open 
DNA and transcriptional activation. DNA methy-
lation of histones can lead to either compaction and 
gene silencing or activation depending on the site of 
methylation. These epigenetic marking systems work 
synergistically and cooperatively to remodel chroma-
tin, thereby determining whether a gene is active or 
silenced. DNA methylation, histone deacetylation, and 
histone methylation all lead to gene silencing.

These epigenetic marks are laid down during devel-
opment and are responsible for the genetic program-
ming that leads to the development of different types 

of cells and tissues. During development, the loss and  
subsequent re-establishment of the epigenetic marks 
in the fetus and embryo comprise a critically sensitive  
period during which the system is subject to perturb-
ation. Thus, development is a sensitive time for altera-
tions due to environmental exposures. Indeed it is 
proposed that developmental exposures to environ-
mental chemicals may have long-term effects on the 
expression of various genes by interacting with epigen-
etic mechanisms and altering chromatin conformation 
and transcription factor accessibility. While exposure 
to environmental agents may not result in any physical 
signs of toxicity, at the genome level, these exposures 
can alter the genetic programming of cells (alter the 
gene expression pattern controlled by the epigenetic 
code) leading to tissues with functional changes that 
are then sensitive to disease or dysfunction later in life. 
The exact mechanism whereby environmental agents 
can alter the epigenome is still under investigation but 
some possibilities include alteration of DNA methyl-
transferases and alteration of gene expression during 
the time of epigenetic programming. There are now a 
significant number of environmental agents that can 
alter epigenetic programming when exposure occurs 
during development [55, 58].

Summary
The data included in this review support the idea that 
brief exposure early in development to environ-
mental chemicals, in particular those with hormone-
like activity, are contributing to childhood disease and 
dysfunction such as birth defects and malformations, 
altered timing of puberty, and non-reproductive prob-
lems like obesity. Further, exposure to these chemicals 
during critical stages of development may also have 
long-term latent effects that are not observed until 
much later in life such as menstrual irregularities, sub-
fertility/infertility, uterine fibroids, early reproductive 
senescence, and some types of cancer including breast 
and prostate cancer. Of utmost importance, new stud-
ies suggest multigenerational effects may also be seen 
which would indicate our grandchildren would be 
affected by chemical exposure of their grandparents. 
Together these data show the extreme sensitivity of the 
developing organism and point out the need for identi-
fication and avoidance of EDCs, and additional studies 
on the mechanisms involved in their adverse effects so 
that future generations may look forward to a healthy 
future.
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Chapter

8
In this chapter we will provide examples of how 

environmental chemicals have impacted wildlife pop-
ulations and the implications these studies have for 
human reproductive disorders.

Lessons from wildlife: past, present 
and future

The Great Lakes wildlife sentinels
Since the 1950s, 16 top predator species including 
birds, mammals, fish, and reptiles in the Laurentian 
Great Lakes have exhibited reproductive impairments. 
Health assessments showed these animals to have a suite 
of developmental and reproductive effects including 
thyroid dysfunction, decreased fertility, birth deform-
ities, feminization of males, defeminization of females, 
and behavioral abnormalities [5]. These effects were 
attributed to high concentrations of organochlorine 
pesticides and industrial chemicals found in these ani-
mals’ tissues. These observations led to the gathering of 
a multidisciplinary group of scientists in 1991, which 
came to the conclusion that contaminants measured 
in humans were well within the range at which devel-
opmental and reproductive effects were seen in wild-
life populations. Since many of the effects observed in 
the affected animals were directed by the endocrine 
system, the group termed the phenomenon endocrine 
disruption, and recommended that chemical testing 
should begin to include hormonal activity in vivo [5].

Because wildlife are often highly mobile and widely 
dispersed, health assessments are often limited to 
stages of the life cycle that are less mobile. Unlike mam-
malian embryos, the eggs of birds, reptiles, and other 
oviparous vertebrates are independent metabolic sys-
tems whereby persistent lipophilic contaminants such 

Wildlife as sentinels of 
environmental impacts on 
reproductive health and fertility
Heather J. Hamlin and Louis J. Guillette Jr.

Animals have long served as sentinels of environmen-
tal hazards. As early as 1962, Rachel Carson wrote 
“our fate is connected with the animals” foreshadow-
ing the dual fates of wildlife and humans exposed to 
synthetic pesticides [1]. The twentieth century marked 
a turning point in the ability of humans to chemically 
modify the landscape, and there is a growing body of 
epidemiologic data linking exposure to environmental 
contaminants with an array of reproductive maladies 
in humans including infertility, reduced sperm quality, 
early puberty onset, reproductive tract abnormalities, 
and cancer [2, 3].

Animal sentinels have been described as any non-
human organism that can react to an environmen-
tal contaminant before the contaminant can impact 
humans [4]. Despite predictions offered by wildlife, 
many contaminants take significant tolls on human 
populations either because warning signs were ignored, 
or regulatory intervention did not effectuate a timely 
response. Although sentinel species data is not expected 
to be the sole determinative factor in assessing human 
health concerns, these data can be particularly useful 
as an additional weight of evidence in risk assessment, 
as well as to highlight suspect environmental contami-
nants. Indeed, humans and wildlife share common  
environments and food chains, and the physiologic 
and molecular responses to toxic chemicals are often 
highly conserved among vertebrate species.

While laboratory studies in controlled environments 
assist in providing causal links and dose–response rela-
tionships, laboratory animals are often genetically simi-
lar and responses under these conditions do not reflect 
the genetic and environmental diversity more reflect-
ive of human exposure conditions. In addition, wildlife 
studies provide information on the interactive effects 
of chemical mixtures and reflect “real-world” data. 

Environmental Impacts on Reproductive Health and Fertility, ed. T. J. Woodruff, S. J. Janssen, L. J. Guillette, and L. C. Giudice. Published by 
Cambridge University Press. © Cambridge University Press 2010.
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as PCBs, DDE and polychlorinated dibenzo-furans 
(PCDFs) can be bioconcentrated in the egg yolk, often 
at levels far exceeding circulating maternal concentra-
tions [6]. Although concentrations of many persistent 
organochlorines declined rapidly after the use of these 
compounds was restricted, levels in many species’ eggs 
have not changed significantly in the last two decades 
(Fig. 8.1). The bald eagle was one of the first North 
American species widely affected by environmental 
DDT, paralleling effects seen in raptor species in the 
UK [7]. Within one year of the widespread application 
of DDT, wildlife biologists noted considerable repro-
ductive anomalies including failure to return to nest-
ing sites, failure to lay eggs, egg shell thinning, and an 
inability of many of the eggs to hatch. Even today, bald 
eagle populations in the Great Lakes region which con-
tain elevated concentrations of DDE and PCBs have 
lower productivity (total number of fledged young) and 
success (percent of nests producing at least one fledg-
ling) than less contaminated eagle populations [8].

Other disorders in fish-eating birds of the Great 
Lakes include embryo mortality, thyroid malfunc-
tion, and immunosuppression. In the 1980s, Great 
Lakes herring gulls had significantly enlarged thyroid 
glands, and although a direct link could not be made, 

incidences of goiter decreased at the same time that 
organochlorine contamination decreased.

Although wildlife biologists were documenting 
crashes of top predator fish populations in the Great 
Lakes as early as the 1940s [9], it was not until 1995 
that the EPA discovered that dioxin concentrations in 
Lakes Ontario and Michigan were at levels that eggs 
and hatchlings of certain fish species could not survive 
[10]. As a result of regulatory action, concentrations 
of DDT, dieldrin, PCBs and mirex in the Great Lakes 
declined significantly in the late 1970s. Chemical con-
centrations in fish tissues and bird eggs, however, have 
been decreasing at a much slower rate [11] (Fig. 8.1).

The behavioral and reproductive failures initially 
noted in Great Lakes wildlife have predicted many of 
the organochlorine-induced disorders that have now 
been seen in humans. An accidental contamination of 
PCBs and PCDFs in cooking oil occurred in Japan in 
1968 and Taiwan in 1979. These episodes caused nearly 
4000 people to develop symptoms of intoxication, and 
this population now serves as a human toxicology ref-
erence of organochlorine exposure. Boys exposed in 
utero showed abnormal sperm morphology, reduced 
sperm motility, and a decreased capacity of sperm to 
penetrate oocytes. Exposed men also experienced 

Fig. 8.1. Changes in dichlordiophenyl-
dichloroethylene (DDE) concentration 
in herring gull eggs from 1974–2004 in 
the US Great Lakes. (Redrawn from data 
collected by Canadian Wildlife Service – 
http://www.epa.gov/med/grosseile_
site/indicators/gulleggs.html.)
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similar changes in sperm function [12, 13]. In females, 
organochlorine exposure has been associated with 
endometriosis, a decreased conception rate, spontan-
eous abortion, and low birthweight [3, 14].

Similar to the Great Lakes herring gulls, humans 
exposed to organochlorines also experience alterations 
in thyroid function. Women exposed to PCBs during 
pregnancy have been shown to experience reduced 
free thyroxine concentrations [15, 16]. Because thyroid 
hormones are essential for normal brain function, dis-
ruptions in this hormone axis have been proposed as 
a potential mechanism for neurodevelopmental effects 
of several organic pollutants [17]. Humans exposed to 
organochlorine pesticides have been shown to experi-
ence reduced intelligence quotients (IQ) and studies 
have shown that children whose mothers consumed 
2–3 meals/month of PCB-contaminated fish from the 
Great Lakes were more than a year behind their peers 
in word and reading comprehension [18].

Lake Apopka, Florida and alligators
The fourth largest lake in Florida, Lake Apopka was 
once one of central Florida’s main attractions, attract-
ing boaters, swimmers, and fishermen alike. Fishing 
enthusiasts from across the USA came to the lake to 
fish for large-mouth bass and numerous fishing camps 
lined the lake’s shore. The 1940s marked the beginning 
of the lake’s decline, as muck farming, the repeated 
draining of thousands of acres of farmland into the 
lake, filled its waters with nutrients and agricultural 
chemicals. These nutrients caused algal blooms that 
prevented sunlight from reaching plant life, which 
indirectly reduced fish populations. After an ill-fated 
attempt to restore fish populations in the 1950s, muck 
farming supplanted recreation, and the nutrient load-
ing continued [19].

About a mile from the lake’s southern shore, the 
Tower Chemical Company produced dicofol, which 
contained synthesis by-products such as the pesti-
cide DDT and its degradation product DDE. In 1980, 
a chemical spill caused large quantities of dicofol and 
sulfuric acid to run into the lake from an adjoining 
stream. The site of the Tower Chemical disaster is now 
listed as one of the US EPA Superfund sites, which are 
contaminated sites in the USA that are identified as 
being harmful to human health and the environment. 
This chemical spill, in concert with agricultural runoff 
and a sewage treatment facility associated with the city 
of Winter Garden, has made Lake Apopka one of the 
most contaminated lakes in Florida [19].

In the 1990s, studies of the lake’s alligator popu-
lations began to reveal juvenile male alligators with 
abnormal gonads, abnormally small phallus size, and 
depressed plasma testosterone concentrations which 
were comparable to those of females from an uncon-
taminated reference lake. Juvenile females had abnor-
mal ovarian morphology, large numbers of polyovular 
(multioocytic) follicles, and plasma 17β-estradiol con-
centrations nearly two times greater than females from 
a reference site [20]. Additionally, gonadal steroidogen-
esis was unresponsive to stimulation with luteinizing 
hormone, suggesting that the gonads of the juveniles 
had been permanently modified in ovo, and that nor-
mal steroidogenesis was no longer possible.

When alligator eggs were brought back to the lab-
oratory for incubation and viability studies, embryos 
and neonates exhibited much higher mortality rates 
than those from reference lakes [21]. Although several 
hypotheses were raised to explain the notable differ-
ences seen at Apopka, such as a poor nesting environ-
ment or age structure of the breeding population, none 
of these parameters contributed significantly to the 
poor egg viability observed. These observations, com-
bined with studies showing elevated concentrations of 
many organochlorines, including DDE, in Apopka alli-
gator eggs [6], suggested that contaminants could be the 
major contributing factor for low egg viability [22].

The evidence provided by Lake Apopka alligators 
strongly suggests that environmental contaminants are 
responsible for the adverse reproductive effects. But 
alligators and humans are decidedly different animals. 
Could alligators and humans share the same physi-
ologic fate when exposed to similar environmental 
contaminants? After all, alligators and humans, like 
most vertebrates, share similar molecular, biochemical, 
and cellular processes, and the steroidogenic pathways 
leading to an appropriately functioning reproductive 
system share many common pathways. Could humans 
exposed to pesticides and other chemicals that can alter 
endocrine function also experience alterations in cir-
culating hormone concentrations, reduced phallus size, 
and other feminizing conditions? It appears so. More 
than a decade after the discoveries in alligators, human 
researchers discovered that the sons of women who 
were occupationally exposed to greenhouse pesticides 
during pregnancy showed significant reductions in 
serum testosterone concentrations, testicular volume, 
and penile length [23]. In addition, these children had 
lower concentrations of inhibin B, a hormone secreted 
by the Sertoli cells which inhibits FSH production, and  

Fig. 8.1. Changes in dichlordiophenyl-
dichloroethylene (DDE) concentration 
in herring gull eggs from 1974–2004 in 
the US Great Lakes. (Redrawn from data 
collected by Canadian Wildlife Service – 
http://www.epa.gov/med/grosseile_
site/indicators/gulleggs.html.)
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a corresponding increase in circulating FSH versus 
that of boys whose mothers were not occupationally 
exposed to pesticides. Similar to the alligator stud-
ies, these results suggest that the gonadal cells were 
adversely affected during embryonic development, 
permanently altering normal steroidogenesis. Further, 
a study examining neonatal sons of mothers that came 
to a “well baby clinic” observed that boys of mothers 
with elevated, but envir onmentally relevant, phthalate 
levels had reduced ano-genital distances and smaller 
penis volumes [24]. These studies support the biology 
that demonstrates that much of the underlying molec-
ular and cellular endocrinology related to genital 
development and growth is similar among vertebrate 
species, including humans [25].

Tributyltin and marine mollusks
Research examining the effectiveness of tributyltin 
(TBT) as a wood preservative began in the late 1950s 
and followed with its extensive use as an antifouling 
and biocide agent in marine paints and aquatic wood 
[26, 27] and as a pesticide on high-value food crops 
[28]. As early as 1970, wildlife studies were emerging 
describing shell thinning and reproductive impair-
ments in mollusks exposed to TBT [29, 30].

A significant body of literature now exists linking 
TBT  exposure with an irreversible reproductive abnor-
mality in marine mollusks termed imposex – the impo-
sition of sex characteristics from one sex to the other. 
Female mollusks exposed to low concentrations of 
 environmental TBT can develop a penis, vas deferens, 
and seminiferous tubules. Many marine gastropods 
located in organotin-polluted areas are unable to repro-
duce due to a blockage of the oviduct by vas deferens, 
and in some species oogenesis has been supplanted  
with spermatogenesis [31]. Approximately 150 species 
of gastropods affected with imposex have been identi-
fied throughout the world [32]. These reproductive 
maladies have led to population declines and in some 
cases mass extinction [33, 34].

Although the use of TBT, as well as other organotins, 
has been banned or severely restricted for some uses 
(e.g. anti fouling paint) in several countries, including 
the USA, these regulations have not prevented TBT 
from moving rapidly up the food chain, affecting both 
fish and marine mammals [35, 36, 37]. Many fish spe-
cies contaminated with TBT are routinely consumed 
by humans, including tuna, salmon, mackerel, and cod, 
contributing to nearly 38% of the total organotin expo-
sure by humans [35].

In certain species of fish such as medaka, studies 
have shown that TBT exposure leads to concentration-
dependent mortality and impaired embryonic devel-
opment including tail deformities, hemorrhage, and 
abnormal eye development [38]. Salmon exposed to 
TBT showed alterations to multiple genes critical to 
hormone signaling, gamete formation, and liver clear-
ance including estrogen receptors, androgen receptor 
β, vitellogenin, CYP1A1, and CYP3A [39].

Tributyltin’s negative affects on reproduction are 
not limited to aquatic animals and studies with rats 
exposed to TBT have shown decreased testes weights, 
prostate atrophy, and reduced sperm counts. More 
importantly, the effects of TBT in the F2 generation can 
be greater than that in the F1 generation [40], which has 
been attributed to the ability of TBT to be transferred 
via the placenta to the fetus.

Tributyltin exposure in humans has been implicated 
in a number of physiologic impairments. Although the 
rising world wide incidence of obesity is due in large 
part to high-calorie modern diets coupled with reduced 
activity, it is certain that genetic variation affects the 
degree of individual weight gain [41, 42]. In animal 
models, prenatal exposure to TBT leads to being 15% 
heavier later in life [41].

Although humans are routinely exposed to TBT 
through both aquatic and terrestrial sources, interest 
in TBT as a potential human toxicant was the result of 
a culmination of wildlife sentinels, signaling a milieu 
of reproductive and developmental abnormalities. 
A study examining butyltin compounds in central 
Michigan residents found 70% of participants to pos-
sess detectable plasma concentrations of TBT, with 
reported plasma concentrations as high as 85 ng/ml 
[43]. Because TBT is persistent in the environment and 
accumulates through the food chain, reservoir sources 
may contribute substantially to human exposure for 
some time to come.

Nitrate: a global contaminant
Groundwater provides the drinking water for more 
than half of US residents, and is the sole source of drink-
ing water for many rural communities [44]. The chem-
icals in groundwater often reflect regional sources, 
although many chemicals can travel great distances 
affecting locales far removed from the original source. 
The groundwater in areas of heavy agricultural activity 
often has a distinct water quality signature composed of 
nitrate, potassium, calcium, magnesium, and chloride 
[45]. Nitrate in particular can persist in groundwater for 
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decades and can reach very high concentrations from 
the yearly accumulation of non-point sources such 
as the seasonal application of fertilizers, manure, and 
lime. Although fertilizers often contain nitrate directly, 
the nitrogen from manure and other sources can be 
converted to nitrate in the soil where it then leaches 
into the water table (see Fig. 8.2). Urban areas are also 
susceptible to nitrate contamination through the appli-
cation of fertilizers to lawns and golf courses, as well  
as airborne nitrogen from coal- and oil-burning elec-
tric utilities and automobiles. World wide, humans 
fix 160 million tons of nitrogen per year, of which 83 
million tons is used as agricultural fertilizer (see Fig. 
8.3). This nitrogen loading has dramatically increased 
the nitrogen burden on rivers, lakes, shallow seas, and 
human water supplies. Studies have shown that parts of 
the western, midwestern and northeastern USA are at 
high risk of nitrate groundwater contamination [46].

The US drinking water standard is currently 10 mg/L 
NO3-N. This limit was originally established solely 
based on prevention of methemoglobinemia in infants 
(blue baby syndrome) [47]. New studies are emerging, 

however, which show physiological responses to nitrate 
other than methemoglobinemia [48]. A study of male 
mosquitofish living in nitrate-contaminated springs in 
Florida showed that increasing nitrate (up to 5 mg/L 
NO3-N) was negatively correlated with total sperm 
count and positively correlated with testicular weight 
and gonopodium length (a modified anal fin used to 
transfer sperm to the female) [49]. The increased tes-
ticular weight was attributed to a long-term compensa-
tory response of the testis to nitrate, which resulted in 
testicular hypertrophy. Female mosquitofish showed 
a significant negative association between nitrate and 
embryo weight and rate of reproductive activity [50]. 
The nitrate concentrations associated with the altered 
reproductive effects seen in these studies were half that 
of the current US drinking water standard.

Nitrate has been shown to elicit its effects through 
several documented mechanisms (see review by 
Guillette and Edwards [51]). Some of these mecha-
nisms are suggested to interfere with steroid clearance 
in the liver. Thus, if nitrates are reducing steroid clear-
ance, they are likely modifying the clearance of many 

Fig. 8.2. Nitrogen cycle. Fertilizers and 
human fixation of nitrogen (e.g. fossil fuel 
use, large animal production facilities) are 
a major contributor to increasing nitrate 
levels in surface waters that serve as major 
sources of drinking water and aquatic 
environments for wildlife.
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drugs and other chemicals that are metabolized by this 
enzyme system.

A retrospective analysis of Florida’s alligators 
reveals that nitrate could also have played a role in the 
observed reproductive dysfunctions [51]. Results of 
regression analysis indicate that lake water nitrogen 
was inversely correlated with plasma testosterone in 
both male and female alligators. Conversely, plasma 
17β-estradiol concentrations showed a positive rela-
tionship with lake water nitrogen in males, although 
this relationship was not as strong in females.

Nitrate reacts with other chemicals (amines and 
amides) to form carcinogenic compounds (N-nitroso 
compounds), of which over 80 have been found to be 
carcinogens and associated with at least 15 cancers 
including stomach, lung, esophageal, bone, skin, thy-
roid, liver, kidney, and brain.

Each year humans consume approximately 25 mil-
lion tons of protein nitrogen, a figure expected to reach 
40–45 million tons by 2025. There is increasing evi-
dence that agricultural non-point source pollution is 
the leading source of water quality impact to freshwa-
ter systems, including drinking water sources. Given 
the emerging reproductive effects shown in wildlife, 
and the increasing epidemiologic evidence for human 
reproductive disorders, increased efforts should be 
made to limit the nitrate burden on our land and water 

systems, and ensure that the effects of nitrate contami-
nation do not worsen.

Amphibians and agricultural 
pesticides
In recent decades, amphibian populations have suf-
fered alarming population declines and there is a grow-
ing body of evidence that environmental pesticides are 
contributing to this decline [52], which has been expe-
rienced by more than 40% of the world’s 5743 amphib-
ian species [53]. Pesticide application often occurs in 
spring and early summer, a time that coincides with 
the breeding season of many amphibian species. Field 
studies examining amphibians exposed to pesticides 
have had mixed findings. While some field studies have 
found limited effects [54], other studies have found 
considerable developmental and reproductive disor-
ders associated with pesticide exposure.

The San Joaquin Valley of California is heavily 
exposed to pesticides, receiving about 60% of the total 
pesticide usage in the state. A study of Pacific treefrogs 
(Hyla regilla) residing in this area concluded that agri-
cultural pesticides reduced cholinesterase activity in 
treefrog tadpoles [55]. Cholinesterase is an enzyme that 
catalyzes the hydrolysis of an important neurotransmit-
ter, acetylcholine, which is necessary to allow a cholin-
ergic neuron to return to its resting state. Because of its 
essential functions in brain and other tissues, chemi-
cals that interfere with cholinesterase action have the 
potential to be potent neurotoxins. A high occurrence 
of hind limb deformities were recorded in frog and toad 
species residing in agricultural areas exposed to pesti-
cide runoff in Quebec, Canada [56]. A study of habitats 
in Florida characterized by differing degrees of agricul-
tural activity showed resident toads (Bufo marinus) to  
have dose-dependent gonadal and morphological fem-
inization [57] (Fig. 8.4). Male toads living in the agri-
cultural areas possessed varying degrees of intersex 
gonads, feminized coloration, demasculinized forearm 
widths, and reduced testosterone concentrations. Since 
plasma steroid concentrations and secondary sexual 
traits are likely to correlate with reproductive success, 
the toads exposed to agricultural areas, and presum-
ably associated pesticides, are also likely to have altered 
reproductive success.

The adverse reproductive responses to agricultural 
pesticides likely extends far beyond that of amphib-
ian and other wildlife populations. Much of the food 
that is grown in these agricultural areas eventually 
ends up on the tables of humans, and people working 

12
NHNO3

NaNO3
19

65

19
71

19
77

19
83

19
89

19
95

20
01

Year

NHNO3

NaNO3

Nitrogen soluble
10

8

6

4To
ns

 u
se

d 
(m

ill
io

ns
)

2

0

Fig. 8.3. Changes in use of selective forms of nitrogen-based 
 fertilizer in the USA from 1965–2006. Data from USDA (http://www.
ers.usda.gov/data/fertilizeruse/).



109

Chapter 8: Wildlife as sentinels of environmental impacts

in agricultural fields are exposed further still. A study 
assessing the geographic variation in semen quality 
among US citizens found residents of Missouri to have 
significantly reduced sperm concentrations [58] versus 
residents of other US regions. This prompted further 
assessments to determine a possible root cause. Stored 
urine samples from the Missouri males were used to 
provide estimates of the men’s exposure to pesticides 
used in the region. The study found that men with 
higher concentrations of certain pesticides, includ-
ing alachlor, diazinon, and atrazine were more likely 
to have poor semen quality [59]. Later studies in other 
countries have supported these findings [60].

While correlations such as these cannot definitively 
determine the cause of the poor semen quality, labora-
tory studies support an association with pesticides and 
reduced semen quality as well as other reproductive 
dysfunctions. The pesticide chlorpyrifos causes reduced 
testes weight, sperm count, and serum testosterone  
concentration in male rats [61]. The pesticide meth-
oxychlor (MXC) is an insecticide that was developed to 
replace DDT. Methoxychlor has been shown to stimu-
late estrogen-like responses in the liver and increase 
the regulation of genes responsible for liver clearance 
in fish. In the testes, MXC down-regulates steroidog-
enic acute regulatory protein (StAR) expression, which 
is considered the rate- limiting step in steroidogenesis 
[62]. Methoxychlor has been shown to inhibit follicu-
lar development in female rats as well as directly stimu-
late anti-müllerian hormone in the ovary [63]. Other 
organochlorine-induced reproductive dysfunctions in 
females include reduced ovulation rate, increased ges-
tation length, estrogenic stimulation of the vagina, and 
reduced ovarian cyclicity (see review by Tiemann [64]).

The adverse effects of some pesticides, like the 
fungicide vinclozolin, can be transmitted through the 
male germ line. Studies with female rats exposed to 
vinclozolin during pregnancy showed prostate inflam-
mation in the sons which was evident only after the 
sons reached puberty. Since the effects seen in the male 

pups occurred long after vinclozolin should have been 
cleared from their bodies, this indicates that vinclozo-
lin could have epigenetic effects that could transcend 
multiple generations. In humans, prostate inflamma-
tion affects approximately 9% of men and for 90% of 
those men, the cause of the inflammation is unknown.

A study of peripubertal girls from Mexico revealed 
that girls living in areas that used modern agricultural 
practices, including the use of pesticides, exhibited 
larger breasts than those of girls living in areas free of 
modern agricultural activity. In addition, girls from the 
modern agricultural areas did not display a well-defined 
relationship between breast size and mammary gland 
development, whereas girls from traditional ranching 
areas showed a positive relationship [65].

Polar bears, penguins, and pesticides
Ratios of DDT to DDE in Adélie penguins have decreased 
significantly since the 1960s. This indicates that the pes-
ticide burden seen in the penguins is likely due to old, 
rather than new, contaminant sources. However, DDT 
in Adélie penguins from the Western Antarctic region 
has not decreased for more than 30 years, indicating the 
possibility of a current reservoir source of DDT [66]. 
Measurable amounts of DDT have been reported in gla-
cier meltwater [67] and both Arctic and Antarctic water 
bodies that receive glacial runoff exhibit elevated pesticide 
levels. Measurements of the glaciers themselves reveals a 
considerable DDT burden, implicating glacier runoff as a 
likely reservoir source of DDT. These studies reveal a new 
and compelling consequence of global warming.

During a 1996 polar bear research expedition, 
researchers discovered two yearling cubs traveling with 
their mother [68]. The cubs had a normal vaginal open-
ing, which was accompanied by a 20 mm penis contain-
ing a baculum (a penis bone found in many mammalian 
species). DNA results revealed no  evidence of a Y 
chromosome, and because the researchers could not 
observe their internal gonads and could therefore not 
determine if the cubs were true hermaphrodites, they 

Fig. 8.4. Abnormalities in secondary 
sexual traits of male Bufo marinus from 
agricultural sites. Normal female (A), 
normal male (B), and intersex toad from 
an agricultural site (C). (Photographs 
courtesy of Krista McCoy.)
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were classified as pseudohermaphrodites, individuals 
with genital, but not gonadal, ambiguity. In 1990, and 
again in 1997, female polar bears were discovered with 
abnormal genital morphology in the form of exces-
sive clitoral hypertrophy with a glans-like distal end. 
Researchers theorized that the most likely explanation 
for the genital malformations and pseudohermaphro-
ditism was ingestion of androgenic compounds by the 
mother during pregnancy. Laboratory experiments 
have confirmed that exposure of the fetus to organo-
chlorine pesticides can alter organ differentiation [69] 
and organs with receptors for gonadal hormones, such 
as the external genitalia, are especially at risk [70].

Wildlife biomarkers of contaminant 
exposure
The notion that wildlife could have suffered adverse 
reproductive health effects from exposure to endocrine 
disruptors has led to a surge in the development of in 
vitro assays to screen for endocrine disruptors. However, 
in vivo systems have more direct application to wildlife, 
and arguably human populations, since they reflect the 
multiplicity of mechanistic pathways, and a wide range 
of physiological responses. In this regard, they are more 
predictive of real-life exposure. Wildlife biomarkers com-
monly used include vitellogenesis, amniote egg assays, 
and several others (see review by Tyler et al. [71]).

Vitellogenesis is the process by which vitellogenin 
(VTG) is produced by the liver and is sequestered in the 
yolk of amniote eggs (Fig. 8.5). It is a major precursor 
of egg yolk proteins and acts as a nutrient to support 
embryonic development. Vitellogenins are considered 
to have similar characteristics among both vertebrates 
and invertebrates. Since the production of VTG is estro-
gen dependent, it is usually restricted to females. Under 
normal circumstances little, if any, VTG is detected in 
the plasma of males. However, males are capable of VTG 
production, and exposure to estrogens, both natural 
and synthetic, can trigger its expression. Vitellogenin 
production in males is now one of the most widely used 
biomarkers to establish estrogenic exposure in fish and 
shellfish (see review by Matozzo et al. [72]).

Other markers such as gonadal intersex, altered sex 
ratios, and sensitivity of sex differentiation have also 
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Fig. 8.5. Vitellogenesis has been used as a biomarker of estrogen 
exposure in male and female fish. Females will normally make vitello-
genin (VTG), a yolk precursor protein, in the liver following stimulation 
by ovarian estrogens. In contrast, males do not synthesize VTG unless 
they are exposed to an exogenous estrogenic chemical.

Fig. 8.6. Exposure of male fish (roach: Rutilus rutilus) to estrogenic 
and anti androgenic sewage effluents leads to the development 
of ovotestes in a large number of individuals. Ovotestes can be 
composed of large regions of oocytes (A) or regions with just a few 
oocytes lying among the seminepherous tubules (B). T, testicular 
tissues; O, oocytes (Photographs courtesy of Sue Jobling.)



111

Chapter 8: Wildlife as sentinels of environmental impacts

been used to assess the effects of hormone mimics. 
There is increasing evidence for endocrine disruption 
in fish populations, including gonadal intersex, altered 
sex ratios, reduced gonad size, abnormal gonadal cells, 
and male vitellogenin induction, living downstream of 
sewage treatment effluent across the world (see review 
by Jobling and Tyler [73]). Most of the effluents tested 
in the USA, and almost all effluents in the UK, have 
been shown to be estrogenic and anti androgenic, and 
capable of inducing a host of adverse reproductive 
effects. The lack of estrogenicity in a few sewage treat-
ment effluents in the USA has been attributed to heavy 
dilution or extensive sewage treatment processes at 
those sites.

The presence of intersex, gonadal characteristics of 
both ovary and testes in the same individual, has also 
served as a common marker of contaminant exposure 
(Fig. 8.6). Although intersex has been documented in 
numerous fish and shellfish species, the roach, a cyp-
rinid fish found throughout the UK and Europe, is one  
of the most extensively studied. At several sites down-
stream from sewage discharges in the UK, virtually all of 
the male roach populations were reported to have some 
degree of intersex [74], as well as oocytes within a pre-
dominantly male testes, and altered plasma sex steroid 
concentrations. Small groups of wild roach in UK rivers 
have been found that are not able to produce gametes at 
all due to the severity of the disruption [75].

An emerging model system which is gaining popu-
larity as a biomarker of environmental exposure is the 
development of multioocytic (polyovular) follicles 
(MOFs) [76]. Normally one oocyte is found in each fol-
licle, however, abnormal follicles may contain multiple 
oocytes (Fig. 8.7) and this condition can be induced by 
exposure to estrogenic contaminants. Wildlife studies 
reveal that MOFs have been shown to occur at a very 
high frequency in female alligators exposed to envi-
ronmental contaminants [3, 20].Given the conserved 

nature of folliculogenesis, similar responses could be 
observed in human populations as well.

In mammals, the effects of environmental contami-
nants have largely focused on disruptions of the gonad. 
In females, some of the most common indices of xenoes-
trogen exposure include reductions in ovary and follicle 
size, epithelial height of uterine cells, lordosis behavior, 
serum gonadotropin patterns, and ovulation frequency. 
In males the most common endpoints involve testicular 
endpoints including number and morphology of Sertoli 
cells, sperm number and motility, and the ability of the 
sperm to penetrate oocytes. Gonadal aromatase activ-
ity has often been used as a marker for both males and 
females. Behavioral changes and ano-genital distance 
have also been used to assess exposure to estrogens and 
anti-androgens, respectively.

Are we listening?
Over 9000 birds were reportedly “dropping from the sky” 
in a seaside community in Australia, and the diagnosis 
was lead poisoning from a uniquely toxic form of lead 
[77]. The source was traced back to lead transport activi-
ties at a local port, which had begun less than two years 
earlier. Researchers then found lead carbonate in local 
drinking water supplies and in the residents themselves. 
The effects of lead toxicity are well known, and include 
neurological, cardiovascular, and reproductive damage. 
Had it not been for the birds acting as the “canaries in the 
coal mine” the presence of the lead would likely not have 
been discovered, leading to a potentially tragic outcome.

The clues provided by wildlife have heralded 
many of the reproductive dysfunctions later seen in 
humans. Often these parallels were drawn decades 
after the reproductive anomalies were evident in wild-
life. Typical laboratory protocols for assessing chemi-
cal safety generally involve high-dose exposures, an 
approach which has been argued will efficiently iden-
tify as many adverse responses as possible.

Fig. 8.7. Mammalian (mouse) 
ovarian follicles displaying a  
normal morphology (A) 
or  abnormal multioocytic 
 morphology (B) induced by 
 neonatal DES exposure. O, 
oocyte; ac, antral cavity; g, 
 granulosa; t, theca.



112

Chapter 8: Wildlife as sentinels of environmental impacts

Wildlife and laboratory studies involving endo-
crine-disrupting chemicals, however, have shown us 
that many adverse effects have a tendency to be cryptic 
at birth, for example, and low-dose, environmentally 
relevant exposures can have long-lasting, latent (not  
appearing until years or life stages later) and/or genera-
tional effects. It is clear that many of the effects shown 
in wildlife populations mirror those in human popu-
lations. New data are emerging in wildlife that could 
indicate the need for closer investigation into the reti-
cent effects human populations could be facing. The 
question is: “Will we listen – and respond – to what the 
wildlife sentinels are telling us?”

Summary
Wildlife studies provide a critical link for the vast 
array of epidemiologic evidence of contaminant-
induced reproductive dysfunction. Wildlife popu-
lations exposed to environmental contaminants are 
showing signs of behavioral, developmental, and 
reproductive dysfunction. Wildlife sentinels con-
tinue to predict that decades of environmental abuse 
could be contributing to the dramatic increase in 
human reproductive disorders including infertil-
ity, reduced semen quality, early puberty onset, and 
gonadal abnormalities.

The information we gain from wildlife assessments 
is often a gross underestimate of the occurrence or 
severity of health effects of a given population, because 
the individuals observed are the survivors. Therefore, 
the information offered by wildlife sentinels highlights 
a chronic and compelling need for scientists, health-
care professionals, legislators, and the public at large 
to mobilize to identify links between contaminant-
induced reproductive dysfunction in wildlife and its 
implications for human reproductive disorders.
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stimulates the pituitary release of the gonadotropins, 
FSH and LH.

In girls, secretion of gonadotropins stimulates 
ovarian estradiol (E2) production, which in turn initi-
ates breast development (thelarche) and, subsequently, 
uterine/endometrial maturation. Simultaneous with 
the pituitary–gonadal activation, the adrenal glands 
increase the secretion of androgens (adrenarche), 
which results in pubic hair growth (pubarche) approxi-
mately 6 months after breast budding. Development of 
pubic hair is an effect of androgen stimulation; initially 
from the adrenal gland and subsequently also from the 
ovaries. The raised level of adrenal androgens is seen 
already at approximately 6 years of age and continues 
to increase until menarche, after which a levelling off is 
observed. The adrenarche is responsible for the initia-
tion of pubic hair development and growth of the axil-
lary hair. Development of pubic hair therefore does not 
reflect activation of the HPG axis, although pubic hair 
may never be fully completed in subjects who lack in 
ovarian function.

The first menstruation (menarche) occurs as a late 
pubertal event, approximately 2 years after the onset 
of puberty. The three notable characteristics that 
have been used to indicate puberty in human females 
(which are different from pubertal markers in non- 
human animals) are thelarche, pubarche, and 
menarche. Evaluation of pubertal onset and progres-
sion in girls include the use of Tanner stages [3] for 
breast (stages B1–B5) and pubic hair (stages PH1–PH5) 
development. The female Tanner stages are specified  
in Fig. 9.1a and 9.1b. Thus, while menarche is clinically 
easier to determine, early breast development is a more 
sensitive and earlier pubertal index.

In boys, the first clinical evidence of pubertal devel-
opment, caused by release of gonadotropins, is an 

Environmental contaminants and 
effects on timing and progression of 
human pubertal development
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Normal puberty
Puberty is defined as the transition from childhood to 
adolescence and is associated with the development of 
secondary sexual characteristics, accelerated growth, 
behavioral changes, and finally the attainment of adult 
reproductive capacity.

Pubertal development is initiated by activation 
of the hypothalamic–pituitary–gonadal (HPG) axis. 
Activation of the HPG axis is caused by changes in levels 
of neurotransmitters such as an increase in glutamate 
stimulation and a decrease in GABA inhibition of these 
groups of neurons. It is still not known whether or not 
it is the increase of the stimulation or the decrease of 
the inhibition that is the main event leading to the acti-
vation of the HPG axis. The level of the neuropeptide 
kisspeptin is also increased and directly activates the 
gonadotropin-releasing hormone (GnRH) neurons. 
Kisspeptin has an important role in the initiation of 
GnRH secretion in puberty.

At 3 months of postnatal life, the pituitary–gonadal 
axis is activated for the first time. Thus, infant boys and 
girls have high follicle-stimulating hormone (FSH) 
and luteinizing hormone (LH) levels which stimulate 
gonadal hormone production [1]. At 6 months of age 
the HPG axis is silenced again, and remains in a qui-
escent stage until puberty when the HPG axis is reacti-
vated. The reason for this first activation of the HPG axis 
(also termed mini-puberty) remains unknown. During 
childhood the HPG axis appears to have a high sensitiv-
ity for negative feedback of estrogen, meaning that very 
low levels of estrogen (or other factors/hormones) are 
capable of suppressing the gonadotropins until puberty, 
where this restraint of the hypothalamic–pituitary axis 
is removed (for review see Aksglaede et al. [2]).

The hypothalamic GnRH pulse generator is stimu-
lated by central and peripheral factors (like leptin), and 
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increase in testicular volume above 3 ml, consistent 
with genital stage 2 according to Tanner’s criteria. This 
change can only be observed by thorough evaluation at 
physical examination including the assessment of tes-
ticular volume by orchidometry or ultrasound (alterna-
tively testicular length can be measured using a ruler), 
and the use of Tanner stages [4] for genital (stages 
G1–G5) and pubic hair (stages PH1–PH6) develop-
ment. The male Tanner stages are specified in Fig. 9.1c.

As for girls, developmental increase in adrenal 
androgen secretion (adrenarche) occurs independ-
ently of the pituitary–gonadal activation. In contrast 
to menarche in girls, no specific event can reliably be 
recalled to time male pubertal development when tak-
ing a medical history in boys. Age at first ejaculation is 
a very unprecise estimate, but can be estimated by ana-
lysis of morning urine for the presence of spermatozoa 
(spermaturia).

Fig. 9.1a. Tanner stages [3]. Breast stage in girls:  
B1: Pre-adolescent; elevation of papilla only.  
B2: Breast bud stage; elevation of breast and papilla as a small mound, enlargement of areola diameter.  
B3: Further enlargement of breast and areola, with no separation of their contours.  
B4: Projection of areola and papilla to form a secondary mound above the level of the breast.  
B5: Mature stage; projection of papilla only, due to recession of the areola to the general contour of the breast.

Fig. 9.1b. Tanner stages [3]. Pubic hair stage in girls:  
PH1: Pre-adolescent; the vellus over the pubes is not further developed than that over the anterior abdominal wall, i.e. no pubic hair.  
PH2: Sparse growth of long, slightly pigmented, downy hair, straight or only slightly curled, appearing chiefly along the labia. 
PH3: Considerably darker, coarser, and more curled. The hair spreads sparsely over the junction of the pubes.  
PH4: Hair is now adult in type, but the area covered by it is still considerably smaller than in most adults. There is no spread to the medial 
surface of the thighs.  
PH5: Adult in quantity and type, distributed as an inverse triangle of the classically feminine pattern. Spread to the medial surface of the thighs.

Fig. 9.1c. Tanner stages [4]. Genitalia and pubic hair stage in boys:  
G1: Pre-adolescent; testes, scrotum, and penis are about the same size and proportion as in early childhood.  
G2: The scrotum and testes have enlarged and there is a change in the texture of the scrotal skin. There is also some reddening of the scrotal skin.  
G3: Growth of the penis has occurred, at first mainly in length but with some increase in breadth.  
G4: Penis further enlarged in length and breadth with development of glans. Testes and scrotum further enlarged. There is also further 
darkening of the scrotal skin.  
G5: Genitalia adult in size and shape. No further enlargement takes place after Stage 5 is reached. Pubic hair stage: 
PH1 Pre-adolescent. The velus over the pubes is no further developed than that over the abdominal wall, i.e. no pubic hair.  
PH2: Sparse growth of long, slightly pigmented, downy hair, straight or only slightly curled, appearing chiefly at the base of the penis. 
PH3: Considerably darker, coarser, and more curled. The hair spreads sparsely over the junction of the pubes.  
PH4: Hair is now adult in type, but the area covered by it is still considerably smaller than in most adults. There is no spread to the medial 
surface of the thighs.  
PH5: Adult in quantity and type, and is described in the inverse triangle. There can be spread to the medial surface of the thighs. 
PH6: Pubic hair spreads further beyond the triangular pattern.
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Late pubertal phenomena in boys include the 
pubertal growth spurt (especially determination of age 
at peak height velocity; PHV) and age at voice break. 
Voice break and PHV occur at a mean age of 14 years, 
thus several years after puberty is initiated.

In both sexes, E2 stimulates longitudinal bone 
growth directly at the level of the growth plate and 
indirectly via stimulation of increased growth hor-
mone and insulin-like growth factor secretion (for 
review see Parent et al. [5]).

In humans, a striking variability in the timing of 
puberty is observed among children despite relatively 
similar life conditions. This variability is dependent on 
environmental as well as genetic factors.

Environmental aspects of puberty
Certainly fat mass plays an important role for timing 
of puberty. Many human studies have shown a posi-
tive relation between prepubertal body fat, primarily 
measured by body mass index (BMI) or skinfold thick-
ness, and onset of puberty as determined by the onset 
of the growth spurt or in girls by breast development 
or menarche, or in boys the age at voice break [6–10]. 
Taken together, these studies suggest that pubertal 
onset in both sexes may depend on fat mass, although 
to a higher degree in girls. Other factors, in addition 
to body fatness, may theoretically be involved in the 
changes towards earlier sexual maturation, which 
we are currently witnessing. Less physical activity, 
insulin-resistance, and changed dietary habits could 
be involved. Furthermore, exposure to endocrine-
disrupting chemicals (EDCs) from the environment 
could be a candidate factor.

Genetic aspects of puberty
Several studies have evaluated age at menarche in mono- 
and dizygotic twins and unanimously found a very high 
degree of heritability. Kirk et al. [11] found a heritabil-
ity estimate (h2) of 0.50 based on 1373 monozygotic 
and 1310 dizygotic twin sister pairs. Altogether these 
studies imply a strong genetic influence on the tim-
ing and progression of puberty. Isolated cases of point 
mutations in selected genes have illustrated such genes 
are important for puberty. As an example, mutations 
in GPR54, a G protein-coupled receptor gene, cause 
autosomal recessive idiopathic hypogonadotropic 
hypogonadism in humans and mice [12]. Conversely, 
an activating mutation in GPR54 was recently demon-
strated in a girl with precocious puberty [13]. Despite 
the fact that the kisspeptin–GPR54 system is essential 

for normal GnRH physiology and for puberty, com-
mon genetic polymorphisms in the GPR54-kisspeptin 
system do not seem to explain the large variation in 
pubertal timing [14]. Several genetic studies using 
association or linkage approaches have suggested 
several candidate genes associated with variations 
in age at menarche. These genes include the estrogen 
receptor gene (ER-α), sex hormone binding globulin 
(SHBG) gene, androgen receptor gene (AR), and in the 
estrogen-metabolizing genes – the CYP family genes 
(CYP450). Such association studies suggested associa-
tions between age at menarche and loci related to genes 
encoding SHBG (17q13), CYP 17 (10q24) and GPR54 
(19p13). Nevertheless, a recent genome-wide linkage 
scan study for quantitative trait loci associated with age 
at menarche in 2462 women from 402 pedigrees did 
not support this [15, 16]. Thus, so far no single “puberty 
gene” has been identified.

Secular trend in onset and progression 
of puberty
Most data on timing of sexual maturation depend on 
studies of girls and age at menarche. These studies 
suggest a decline in the average age of menarche in 
the USA over the period from the 1850s to the 1950s 
[17, 18], which was attributed to improvements in gen-
eral health, nutrition, and other living conditions over 
this time frame.

Two large epidemiological studies (PROS and 
NHANES III) indicate that American girls enter 
puberty much earlier than what was previously seen. 
The Pediatric Research in Office Settings (PROS) 
study was a cross-sectional study on the timing 
of sexual maturation in girls (assessed pubic hair, 
breast development, and menarche) on a large (n = 
17 077), racially diverse population aged 3–12 years 
from 1992–93 [19]. The PROS study reported aver-
age age at B2 as 9.96 years for Whites and 8.87 years 
for Blacks, PH2 as 10.51 years for Whites and 8.78 
years for Blacks, and menarche as 12.88 years for 
Whites and 12.16 years for Blacks. These values are 
lower than any of the studies of preceding years. The 
average B2 in PROS was approximately 0.6–1.2 years 
lower and the average PH2 was ~0.5–1.4 years lower 
than the values from older US studies [15, 20, 21]. 
In 2002 and 2003, several papers based on puber-
tal timing in girls from the third National Health 
and Examination Survey (NHANES III) collected 
from 1988 to 1994 on children ages 8–19 years were 
published [10, 22–24]. In this study, age at pubertal 
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maturation was slightly higher compared with what 
was found in PROS, but the majority of authors have 
interpreted the NHANES III and PROS findings on 
early puberty as corroborative. In conclusion, the 
PROS and the NHANES III findings clearly suggest an 
earlier age of onset of breast and pubic hair develop-
ment in the US girls in the 1980–90s compared with US 
data from the 1930–40s, whereas age at first menstrual 
bleeding occurred only 0.4 years earlier compared 
with previous studies. Thus, the duration of pubertal 
development seems to have increased [25–27].

In Europe, a similar decline in age at pubertal mat-
uration has been observed during the last two centur-
ies. As an example, in Denmark the mean menarcheal  
age has declined from approximately 17 years during 
the nineteenth century to approximately 13 years today 
(Fig. 9.2). Examination of menarcheal age in the same 
region of Denmark in 1965–66 and 1982–83 found a 
decrease from 13.4 to 13.0 years [28]. A subsequent 
study from 1996 from the same region demonstrated a 
halt in the secular trend towards earlier menarche [29]. 
However, Olesen and coworkers [30] found a renewed 
decline in mean menarcheal age in a group of Danish 
textile workers, suggesting that age at menarche could 
fall even further in Denmark. There are fewer studies 
that have been able to study the possible secular trend on 
pubertal onset, as breast palpation is rarely carried out 
in such studies. A clinical study from the Copenhagen 
area (carried out in 1991–92) [31] revealed that age at 
breast development was similar to that reported from 
Denmark in 1962 [32]. Thus, no apparent secular trend 
in pubertal onset or progression could be detected from 
1962 to 1991–92. Importantly, age at sexual maturation 
was much later in Denmark compared with what was 
reported in the American studies (PROS and NHANES 
III) carried out at the same time.

Genes cannot account for the secular changes in 
timing of puberty due to the fact that the reported 
changes in timing of puberty are detected over a few 
decades. It is therefore more likely that environmental 
factors play a role in the secular trend.

Precocious puberty
Traditionally, precocious puberty (PP) is defined as 
the occurrence of glandular breast tissue or pubic hair 
before the age of 8–9 years in girls. Menarche is also an 
important marker used for assessing puberty in girls, 
although it represents a relatively late pubertal phe-
nomenon (mean age at menarche is 13 years).

Compared with a national study from 1961 [33], 
a recent nationwide register-based study detected a 
much higher incidence and prevalence (10–15 times 
higher) of girls diagnosed with precocious puberty in 
Denmark in 1994–2001 [34] compared with the data 
from 1961. The incidence of PP subdivided by gender 
and age at diagnosis was approximately 0.5 per 10 000 
in girls who were younger than 2 years, decreasing to 
levels below 0.05 per 10 000 in girls aged 2–4 years, 
thereafter gradually rising to 8 per 10 000 for girls aged 
5–9 years. For boys who were younger than 8 years, the 
incidence was very low (< 1 per 10 000) and increased 
only slightly to 1–2 per 10 000 in boys aged 8–10 years. 
The prevalence of PP was approximately 20–23 per 
10 000 in girls [34].

Most commonly precocious puberty is of central 
origin and without known etiology in most girls. By 
contrast, a significant proportion of boys with central 
precocious puberty have an underlying pathology. Girls 
with precocious puberty present with clinical signs of 
puberty (breast, pubic hair, body odor), growth accel-
eration, advanced bone age (from X-ray of hand and 
wrist), and a pubertal LH response (> 6 IU/I) during a 
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Fig. 9.2. Age at menarche in different studies from Denmark according to calendar year. A significant decrease in menarcheal age occurs 
until the 1960s. Hereafter an apparent halt in the trend towards earlier menarche is seen. (Data are derived from Olesen et al. [30])
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GnRH test. Ultrasonography of ovaries may assist the 
diagnosis, and in cases of central precocious puberty, 
a brain MR is performed to rule out CNS pathology. 
Treatment with a GnRH agonist in such children can, 
when initiated before 8 years of age in girls, successfully 
arrest pubertal maturation and increase final height, 
which may otherwise be compromised.

The demonstrated secular trend towards earlier 
pubertal onset in US girls has prompted some clini-
cians to suggest a lowering of the age by which preco-
cious puberty should be defined. Thus, some authors 
suggest that the limit from which additional diagnostic 
workup should take place should be lowered to 7 years 
in White girls, and to 6 years in Black girls. However, 
controversy exists, as others have claimed that CNS 
pathologies will be overlooked in 6–8-year-old girls 
with precocious puberty who would no longer be eval-
uated properly if revised diagnostic criteria were used.

Endocrine disrupters and timing  
of puberty
The possible environmental influences on premature 
sexual maturation have primarily been studied in 
populations in which increased incidence of preco-
cious breast development was reported, or by link-
ing exposure data to recorded ages at menarche in 
exposed populations. These studies are referenced in 
Table 9.1.

An epidemic of premature thelarche was reported 
from an Italian school in 1977. Breast enlargement were 
detected in approximately one third of 3–5-year-old 
boys and girls, and in 62% of the 6–17-year-old girls  
from the Via Folli school in the Milan area [35, 36]. 
Although no estrogen contamination was detected 
when samples of school meals were tested, an uncon-
trolled supply of poultry and beef was suspected as the 
most likely case of this outbreak. Subsequent studies 
of estrogenic activities in meat products revealed that 
150 out of 450 tested food samples had estrogenic activ-
ity and detectable DES levels in all samples [37]. Eight 
children developed gynecomastia in a small village in 
Bahrain in 1981 [38]. It turned out that all children 
drank milk from a cow, which had been treated with 
estrinyl 6 months prior to the first case report. The gyne-
comastia resolved spontaneously upon slaughter of the 
cow. Isolated cases of gynecomastia in children have 
been reported upon accidental exposures to maternal 
estrogen gels, oral contraceptives, as well as to repeated 
topical exposure to lavender and tea tree oils [39].

A cross-sectional study of peripubertal girls from 
Taqui valley of Sonora in Mexico demonstrated that 
girls from valley towns, areas using modern agricul-
tural practices including the use of pesticides, exhib-
ited more breast tissue compared with girls from Yaqui 
foothills, where traditional ranching occurs [40]. 
Likewise, a high incidence of precocious puberty was 
reported from the Viareggio area in Tuscany with a 
high density of small industries, navy yards and green-
houses, as compared with surrounding major cities 
(Livorno, Lucca, Massa, and Pisa) [41]. Both studies 
represent marked regional variability in the prevalence 
of precocious puberty within small geographical areas, 
suggesting differences in exposure to environmental 
toxins to play a role. However, direct exposure meas-
ures were not included in these two studies. In a smaller 
follow-up study from Tuscany, Massart and coworkers 
found detectable serum levels of the mycotoxin, zea-
ralenone and its congener, in 6 out of 32 girls with pre-
cocious puberty but in none of the 31 controls [42].

The first study to report an association between tim-
ing of puberty and developmental exposure to persist-
ent organic pollutants was conducted among a cohort 
of individuals exposed to brominated flame retardants 
[43]. An industrial accident resulted in the contami-
nation of cattle feed with polybrominated biphenyls 
(PBBs) and widespread human exposure through con-
sumption of meat and dairy products. The daughters of 
women who consumed contaminated farm products 
were evaluated. Interestingly, girls who were exposed 
in utero to high concentrations (> 7 ppb) and who were 
breastfed reported menarche a full year earlier than 
unexposed girls (< 1 ppb) or girls who were exposed in 
utero but not breastfed [43].

Increased exposure to persistent PCB congeners has 
been reported in fishing populations, especially popu-
lations whose diet include marine species high in the 
food chain such as subjects living in the Faroe Islands, 
where pilot whale is part of the traditional diet. Prenatal 
exposure to PCBs and its association to spermaturia 
and reproductive hormones was evaluated in Faroese 
boys. Despite a wide range of exposure to PCBs, no 
definite associations with the timing of puberty in boys 
were reported [44]. Prenatal dioxin exposure was asso-
ciated with delayed breast development and delayed 
age at first ejaculation in a small longitudinal cohort  
(n = 33; 18 girls) [45] .

Exposure to lead has been associated with delayed 
puberty in girls. In a population-based study of 2186 girls 
(NHANES III), blood lead concentrations of 3 μg/dL 
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were associated with significant delays in  development 
of breast and pubic hair and menarche compared to 
 concentrations of 1 μg/dL [46]. Similar results were 
reported by Wu et al. [24]. Furthermore, blood lead 
concentrations were associated with pubertal delay in a 
cross-sectional study of 489 Russian boys [47].

Some studies have evaluated pubertal development 
in children who were exposed to DDT and its metab-
olite DDE. Gladen and coworkers [48] conducted a 
prospective cohort study of boys and girls residing in 
North Carolina in relation to DDE concentrations pre-
viously measured in the mothers’ serum as well as in 
cord serum. There was no association between mater-
nal DDE concentrations with age at menarche in their 
daughters, but an association of higher in utero or lac-
tational exposure to DDT/DDE and earlier breast and 
pubic hair development was suggested (although not 
statistically significant). In 2004 Vasiliu and colleagues 
reported on significantly earlier menarche among girls 
with an increased in utero exposure to DDT/DDE in a 
Michigan angler cohort [49].

Krstevska-Konstantinova et al. [50] measured DDE 
concentration among girls with precocious puberty 
who were born in Belgium compared with those who 
were foreign born, and found that the foreign-born 
girls had significantly higher levels of DDE than native-
born girls with precocious puberty. However, a proper 
control group was not included in that study (i.e. DDE 
levels in foreign-born girls without precocious puberty). 
Recently, Ouyang and colleagues [51] reported on a sig-
nificant dose–response relation between serum DDT/
DDE concentrations and earlier menarche in Chinese 
textile workers. However, some controversy exists as 
others failed to demonstrate any association between 
DDT exposure and age at sexual maturation [52].

Colon et al. [53] studied premature thelarche in 
girls exposed to phthalate esters. Significantly higher 
phthalate serum levels were found among the 44 girls 
with premature thelarche compared with 35 prepuber-
tal control girls. The authors concluded that the find-
ings were suggestive of a possible association between 
phthalate exposure and premature breast development 
in girls. Interpretation of these findings may be limited 
by concerns about the analytical method of measuring 
the phthalate parent compound instead of its metabo-
lites [54]. A recent study from China found increased 
serum levels of DBP and DEHP in 110 girls with preco-
cious puberty compared with 100 prepubertal controls 
[55]. Thus, more studies are needed to conclude on the 
possible association between phthalate exposure and 
risk of precocious puberty.

Possible mechanisms of action
Experimental data from animal models of human 
puberty have shown that numerous ubiquitous envi-
ronmental chemicals such as DES, DDT, and PCBs, as 
well as contemporary-use chemicals such as bisphe-
nol-A and phthalates have detrimental effects on female 
reproduction (for review see Crain et al. [56]). The 
mechanisms for EDC-induced puberty can theoretic-
ally be (1) a central maturation of the hypothalamus/
pituitary or (2) a peripheral action directly at the levels 
of the ovary or breast. Numerous laboratory animal 
studies indicate that prenatal exposure to natural and 
synthetic estrogens can accelerate puberty. In rodents, 
vaginal opening is the earliest visible sign of puberty 
occurring in response to elevated estrogens. Early vagi-
nal opening (VO) or reduced number of days between 
VO and estrus is seen in rodents prenatally exposed to 
estradiol, the synthetic estrogen DES, phytoestrogens, 
many plasticizers, or bisphenol-A.

Prepubertal exposure to estrogens may induce early 
breast development, and conversely exposure to com-
pounds that block estrogen action may delay breast 
development. Dioxin has an antiestrogenic effect on 
breast development, and exposure of girls to PCBs with 
dioxin-like activity results in retarded breast develop-
ment [57].

Despite numerous experimental studies showing  
the influence of endocrine disrupters on pubertal 
maturation, limited data exist in humans. However, a 
number of human studies clearly support findings in 
animals. Delineating the role of particular endocrine 
disrupters in promoting early puberty is complicated 
by the fact that humans are exposed to a cocktail of dif-
ferent EDCs, each of which could have a different effect 
on puberty and its timing.
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Chapter

 10
(Fig. 10.1). We will refer to unintentional fetal losses 
as early fetal losses (or spontaneous abortions) if these 
occur within 20 weeks after the date of the last men-
strual period and as stillbirths after 20 gestational 
weeks. Preterm birth is defined as a birth before 37 ges-
tational weeks. Fetal growth is usually assessed from 
birthweight, combined with information on gesta-
tional duration in order to distinguish it from preterm 
delivery; it is either treated as a continuous outcome (in 
which case changes in mean gestational age-adjusted 
birthweight in association with exposure are consid-
ered), or dichotomized by comparing birthweight to 
gestational age- and sex-specific birthweight distribu-
tion in a reference population, which allows identify-
ing small-for-gestational age (SGA) births. Congenital 
malformations and secondary sex ratio (the propor-
tion of male offspring among all births, a value usually 
close to 0.51) are other considered outcomes. Relevant 
exposures of either parent-to-be can occur over a 
larger time period, from the preconceptional period 
until birth. Effects of prenatal exposures on health in 
childhood or adulthood (e.g. cancer occurrence) will 
not be considered here.

In assessing the evidence for environmental effects 
on healthy and successful pregnancies, our primary 
focus will be on epidemiologic studies. Considering 
the support from animal experiments is an import-
ant criterion to judge the plausibility of epidemiologic 
results, but a systematic review of the toxicological evi-
dence is beyond the scope of this chapter.

Adapting a hierarchy already proposed [4], the level 
of evidence regarding the effect of each given envi-
ronmental factor on each outcome will be classified 
as sufficient (several good quality studies by different 
groups, or an expert panel already considered the level 
of proof as sufficient), limited (evidence is suggestive of 

Environmental contaminants and 
impacts on healthy and successful 
pregnancies
Rémy Slama and Sylvaine Cordier

Introduction

Public health relevance of healthy  
and successful pregnancies
While there have been important declines in perina-
tal and maternal death rates over the last decades in 
some countries, rates remain manifold higher in non-
 industrialized compared with industrialized countries 
[1]. Moreover, other adverse pregnancy outcomes carry 
an important public health burden. This is in particular 
the case for preterm delivery, which is associated with 
increased neonatal morbidity and mortality; it also car-
ries long-term consequences, as preterm and very pre-
term births are associated with increased frequencies of 
neurodevelopmental and behavioral adverse events such 
as cerebral palsy, cognitive and school difficulties, or altered 
pulmonary function in childhood and adolescence [2]. 
According to the developmental origins of health and disease 
(DOHaD) hypothesis, environmental exposures during 
development may increase the risk of chronic disease in 
childhood and adulthood, such as metabolic syndrome or 
cardiovascular disease [3]. Altered fetal growth is probably 
one marker of these environmental or nutritional aggres-
sions, and birthweight has been shown to be associated with 
adult illness [3]. Because of the methodological challenges 
and the length of follow-up necessary to efficiently assess 
environmental exposures during pregnancy and their 
long-term consequences in humans, current knowledge 
presumably only represents a small part of the long-term 
burden of disease entailed by pregnancy exposures and the 
associated adverse pregnancy outcomes.

Scope of this chapter
We will focus on adverse events occurring between 
fertilization (excluding fecundity troubles) and birth 
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an association, e.g. based on one good quality study), or 
inadequate (available studies are of insufficient quality, 
consistency or statistical power to permit a conclusion 
regarding the presence or absence of an association). If 
the reported effect sizes were imprecise, as can be judged 
from their confidence intervals, “negative” studies (i.e. 
not showing statistically significant associations) have 
not been viewed as contradicting reports in favor of an 
association [5].

Some challenges in the study  
of environmental effects on pregnancy
The application of environmental epidemiology to 
human reproduction can be seen as the attempt to study 
the effect of silent exposures on events that often remain 
hidden. Indeed, most of what occurs to the embryo or 
the fetus is hidden during pregnancy, and will usually 
only become visible at delivery. Specific techniques 
(such as ultrasonography) can allow unveiling of part 
of the ongoing events. A consequence of these tech-
niques is that medical interventions are performed on 
some of the pregnancies with a poor diagnosis, which 
will distort the “normal” course of the pregnancy. For 
example, some pregnancies are ended by a cesarian 
section, which are difficult to  handle in studies with 
gestational duration as an outcome. In addition, the 
start of the period at risk (the pregnancy) can usually 
only be detected retrospectively, several weeks after it 
occurred; the recruitment of couples right before or 
right after the start of the pregnancy remains an excep-
tion, and most studies rely on women recruited during 
the second half of pregnancy, or after delivery.

The challenges related to exposure assessment 
include handling efficiently exposures to co-pollutants 
(mixture issue, identification of a relevant proxy meas-
ure), defining exposure during the right exposure win-
dow, handling possible temporal changes in exposure 
during pregnancy, and trying to disentangle effects of 
paternal and maternal exposures. For many environ-
mental contaminants, exposure levels (and possibly 
internal doses for the many contaminants with a short 
biological half-life) fluctuate over time, and assess-
ing exposure only once during the pregnancy gener-
ally yields a poor picture of the biologically relevant 
exposure. This is all the more complex since the time 
window of susceptibility is generally not known, and 
can in theory be a short period during pregnancy, or 
even before conception, which implies having to be 
able to recruit couples when the pregnancy is only a 
project. Biomarkers of exposure have allowed impor-
tant  progress, but they cannot completely address the 
above-mentioned issues related to contaminants with 
strong temporal variability, unless the time-window of 
sensitivity is short and identified or repeated biological 
samples are collected. Their use in a population of preg-
nant women requires specific consideration linked to 
the fact that pregnancy can accelerate or decelerate the 
metabolism of some xenobiotics. Contrary to labora-
tory animals, human populations are rarely exposed to 
one single pollutant at a time. Epidemiologic research 
often relies on the “old” toxicologic approach of consid-
ering environmental pollutants one at a time (ignoring 
co-exposures), or treating co-exposures as nuisance 
terms (e.g. as adjustment factors whose effect needs to 
be removed). This fits well with the approach currently 

Fig. 10.1. Overview of the pregnancy out-
comes considered (health of offspring after 
birth not covered here).
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used to regulate pollutants, but might not be as  efficient 
as treating mixtures as a whole to identify causes of 
adverse health outcomes [6].

A historical example: effects of maternal 
smoking on the course of pregnancy
Maternal smoking increases the risk of subclinical 
fetal loss, ectopic pregnancy, fetal loss [7], stillbirth, 
sudden infant death syndrome [8], and preterm and 
very preterm birth not mediated by gestational hyper-
tension [9]; it induces a decrease of about 10–20 g in 
term birthweight for each cigarette smoked daily; it 
probably induces an increase in the risk of congenital 
malformations such as oral clefts or digestive system 
anomalies [10] and a reduction in the risk of pre- 
eclampsia [11]. Maternal smoking level has little day-
to-day variations, can be efficiently assessed by a simple 
retrospective questionnaire to the mother (this may be 
less true today, at a time when many women are aware 
of its dangers) and has large effects. The situation is by 
far more challenging in terms of exposure assessment 
for most of the environmental contaminants that we 
will now consider.

Air pollutants
Air pollution is a mixture of thousands of compounds, 
which vary in nature and concentration with season 
and location. Epidemiologic studies only assess a few of  
these compounds (usually those for which a regulatory 
level exists, which may not correspond to those really 
affecting health), which may be correlated with the other 
constituents of the air pollution mixture differently in 
each season and location. This may limit between-study 
consistency in associations with health outcomes.

In this section, we will focus on pollutants whose 
sources are mainly in the outdoor air. The primary focus 
will be on “criteria” air pollutants such as particulate mat-
ter (PM), carbon monoxide (CO), ozone, nitrogen dioxide 
(NO2), etc., but studies using a “source-oriented” approach 
(e.g. those about the health of subjects in relation to the 
vicinity of traffic or specific industrial sources) will also be 
mentioned. Some air pollutants with specifically indoor 
sources are discussed in the sections on ETS and solvents, 
and the particular case of nuclear waste reprocessing plants 
is treated in the section on ionizing radiation.

Fetal loss
A time-series study has reported increased rates of still-
birth (after 28 gestational weeks) in São Paulo (Brazil) 

in relation to the NO2 levels averaged over the five pre-
vious days [12]. In another study in São Paulo relying 
on a case–control design, exposure to traffic-related 
air pollution (as assessed by distance-weighted traffic 
intensity) tended to be associated with an increased 
risk of stillbirth [13]. A study on association between 
vicinity to traffic and fetal loss in California has been 
recently published (Green S et al., Env. Health Perspect, 
in press). An experiment reported an increased rate 
of implantation failures in mice in relation to traffic-
 related air pollution, and a non-significant trend 
towards an increase in fetal losses [14]. Another exper-
iment in rats showed decreases in the number of pups 
per litter and in fetal survival in relation to increasing 
exposure to inhaled benzo-[a]-pyrene, a compound of 
the PAH (polycyclic aromatic hydrocarbons) family.

Fetal growth
Many studies reported decrements in mean birthweight 
adjusted for gestational duration, or increases in the pro-
portion of SGA births in association with air pollution lev-
els during pregnancy [15, 16–18]. The first studies often 
relied on the air quality monitoring station closest to the 
home address to estimate air  pollution levels, but some 
studies have also relied on environmental models with 
finer spatial resolution [19], personal monitoring of fine 
PM (PM2.5, those with an aerodynamical diameter below 
2.5 μm) [20], or PAH exposure [21]. In a study in California 
relying on the network of air quality monitoring stations, 
an increase by 10 μg/m3 in the mean PM2.5 pregnancy 
average was associated with an adjusted decrease by 38 
g (95% confidence interval, 22–55 g) in birthweight [22]. 
Studies taking account of either spatial or temporal con-
trasts in exposure (or both) have been conducted, yield-
ing, again, rather consistent findings [23]. Associations 
have been reported for birthweight, SGA births, but also 
head circumference and birth length. A study relying on 
fetal ultrasound measurements suggest that air pollution 
effects might already be manifest in the first half of preg-
nancy [24], which does not preclude effects of exposures 
at the end of pregnancy. These reported effects have some 
experimental support, in particular from a study in which 
mice were maintained during gestation in an exposure 
chamber located at an intersection with heavy traffic in a 
major Brazilian city [25].

Carbon monoxide, NO2, PM2.5 and soot are markers 
of combustion-related (and in particular traffic-related) 
air pollutants and are quite consistently associated with 
altered fetal growth. Therefore, road traffic and other com-
bustion sources appear as the first suspects likely to explain 
a detrimental effect of air pollution on fetal growth.
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Gestational duration
An increased risk of preterm birth has been reported in 
association with air pollution levels during pregnancy. 
In retrospective cohort studies relying on air quality 
monitoring stations, markers of traffic-related air pol-
lution such as CO [26] and PM2.5 have been associated 
with an increased risk of preterm delivery [27]. A time-
series analysis in Pennsylvania also suggested that short-
term exposures to PM10 (particulate matter with an 
aerodynamical diameter below 10 μm) and SO2 might 
increase the risk of preterm birth [28]. An ecologic study 
took advantage of a natural experiment during the clo-
sure of a steel mill, which was accompanied by decreases 
in PM10 levels in the air, as well as PM content in met-
als. Authors reported decreased rates of preterm births 
during the closure of the mill in the Utah Valley (USA) 
followed by an increase after the mill started operating 
again [29]. No similar temporal trend was observed 
outside the Utah Valley, further away from the plant. 
This finding is of importance because the quasi-experi-
mental design of this study makes confounding by spa-
tially varying  factors unlikely. Effects of traffic-related 
air pollutants on preeclampsia risk have been reported 
(Wu et al., Env. Health Perspect, 2009).

Congenital malformations
A few studies based on registers of congenital malfor-
mations or births in California [30], Texas [31], France 
[32], the UK [33], and Taiwan [34] have been per-
formed. Ritz et al. [30] reported increased risks of car-
diac ventricular septal defects in association with CO 
levels during the second month of pregnancy, which 
corresponds to a period of rapid fetal heart formation. 
No monotonous adverse association with CO levels 
during the first and third months of pregnancy were 
observed. Ozone second month averages were also 
associated with aortic artery and valve defects, pulmo-
nary artery and valve anomalies. In a study in Texas, 
the highest category of average ozone levels during the 
weeks 3–8 of pregnancy was also associated with odds-
ratios of aortic artery and valve defects and odds-ratio 
of pulmonary artery and valve defects above unity, 
with large confidence intervals [31]. Results for CO 
were difficult to compare with the Californian study 
because average levels were lower in the Texas study 
and exposure categories differed between studies [31]. 
Ozone levels during the first or second gestational 
months were reported to be associated with the risk of 
cleft lip with or without cleft palate, in a case–control 
study conducted in Taiwan [34]. The odds-ratio for 

this malformation reported by the Californian study 
was consistent with a deleterious effect of ozone lev-
els during the second month of gestation, with broad 
 confidence intervals [30]. A study conducted around 
solid waste incinerators in the Rhône-Alpes region 
(France) and relying on a dispersion modeling of the 
incinerator emissions highlighted an increasing trend 
of congenital obstructive uropathies with exposure 
[32]. In Cumbria (north-west England), proximity at 
birth to an incinerator was associated with increasing 
risks of heart defects and lethal congenital anomaly, in 
particular spina bifida [33].

Sex ratio
So far, one ecologic study in humans in São Paulo 
reported a decrease in the proportion of male births in 
association with the PM10 levels assessed by the air qual-
ity monitoring network [35]. An experiment in which 
mice were maintained during gestation in an exposure 
chamber located at an intersection with heavy traffic 
showed a decrease in the proportion of male pups, com-
pared with mice maintained in filtered chambers [35].

Environmental tobacco smoke
Tobacco smoke is a mixture of thousands of compounds 
present in gaseous form or as particulate matter (in the 
size range between 0.1 and 1 μm). As for many other 
non-persistent compounds or mixtures, assessment of 
exposure to environmental tobacco smoke (ETS) is par-
ticularly challenging; questionnaires have limitations, 
and biomarkers such as cotinine (a metabolite of nico-
tine) are limited by the short half-life of cotinine in the 
bodies of pregnant women, which is probably around 9 
hours [36], compared with about 19 hours in male adults. 
Overall, the evidence of an effect of ETS is limited for all 
outcomes but fetal growth and preterm delivery, for which 
the evidence of an effect can be considered sufficient [37].

Fetal loss
In a prospective study of newly married couples in 
which a biomarker of pregnancy was assayed, paternal 
smoking was associated with an increase in the risk 
of early pregnancy loss [38]. Such an association may 
be due to an effect of maternal exposure to ETS or of 
paternal exposure to tobacco smoke on spermatozoa.

A prospective study reported no increased risk of 
spontaneous abortion in association with exposure to 
ETS assessed by questionnaire among non-smokers 
[39]. One case–control study relying on cotinine assays 
reported an increased risk of clinical spontaneous 
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abortions in association with cotinine levels among 
non-smoking women [40]; in spite of a strong study 
design, several types of rather complex biases might 
explain such an association [41], so that studies with 
alternative approaches are warranted.

Fetal growth
Environmental tobacco smoke exposure, as assessed by 
a cotinine assay from blood specimens collected during 
pregnancy, is associated with monotonous decreases in 
birthweight [37, 42].

Gestational duration
Several studies relying on biomarkers of exposure 
reported increased risks of preterm delivery in associa-
tion with maternal exposure to ETS [37, 42]. No clearly 
monotonous associations were observed. It must be 
noted that effects reported for active smoking are rela-
tively small, and differ according to the etiology of pre-
term birth [9].

Congenital malformations
Environmental tobacco smoke may be associated with 
congenital malformations such as non-syndromic oral 
cleft [43], in line with findings concerning maternal 
smoking. An increased risk of neural tube defects has 
also been reported in association with ETS exposure 
[44]. Studies on the association with the risk of male 
genital anomalies have shown conflicting results.

Sex ratio
Smoking of either parent at the time of conception has 
been reported to entail a decrease in the proportion of 
male births [45]. Later studies failed to replicate the 
finding [46].

Drinking-water pollutants
As for air pollutants, exposure to drinking-water con-
taminants is widespread and a low increase in risk may 
contribute to a sizeable proportion of cases of adverse 
pregnancy outcomes. A number of chemicals are con-
veyed via drinking water, to which the population is 
exposed through ingestion, but also through dermal 
contact or inhalation, when volatile chemicals are 
released from hot water, during showering for instance. 
Chemical mixtures likely to be present in public water 
supplies are those derived from the disinfection step of 
water treatment (disinfection by-products, or DBPs). In 
many regions, raw water is also particularly vulnerable to 
agricultural run offs of fertilizers or pesticides. Presence 
of these chemicals is not always adequately controlled 

during the water treatment process, especially among 
populations served by private water systems. Microbial 
contamination will not be considered here.

Disinfection by-products
While chlorination of public water supplies is a means 
of controlling infectious diseases, the interaction of 
chlorine with the organic content of water can gener-
ate up to 600 chemical by-products identified to date 
[47]. The most prevalent classes of compounds are tri-
halomethanes (THMs) and haloacetic acids. In most 
countries, surveillance of public water supplies is based 
on periodic measurement of THMs, considered as 
markers of the whole mixture. In recent epidemiologic 
studies, these measurements combined with knowl-
edge of maternal residence during pregnancy and, in 
some instances, of water uses, are the basis for building 
exposure indexes. As for atmospheric pollutants, the 
comparison of the results from various areas is made 
difficult by the fact that the relative concentrations of 
DBPs vary between areas, and that the concentration 
of a very small number of these inter-related pollutants 
are usually assessed.

Fetal loss
A prospective study conducted in California suggested 
an increased risk of spontaneous abortions among 
women who consumed five or more glasses of cold 
tap water per day containing ≥ 75 µg/L of total THMs; 
the risk was highest for bromodichloromethane, one 
of the constituents of the THMs group [48]. These 
results based on good-quality exposure and outcome 
assessment were not confirmed by a subsequent study 
conducted in three USA communities with contrasted 
exposure using refined exposure characterization 
[49]. Case–control studies in Canada have reported an 
increased risk for stillbirths in areas where THMs level 
was >80 µg/L [50]. No such association was highlighted 
in a large registry-based study covering three regions 
in the UK without individual information on drinking, 
showering, and bathing habits [51].

Fetal growth
Sixteen studies have been published to date on fetal 
growth and DBPs [52–54]. Five of these studies used 
only information on the type of water treatment for 
exposure characterization, three case–control stud-
ies had individual data on water uses [55–57]. Most 
assessed exposure during the third  trimester of preg-
nancy. Statistically significant associations with low 
birthweight have been reported in earlier studies while 
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the more recent studies did not confirm this associa-
tion. Studies on SGA showed more consistent results, 
the majority reporting increased risks overall. One 
study showed evidence of an effect measure modifica-
tion with a genetic variant of the CYP2E1 gene [56]. 
Results of the study conducted in three US commu-
nities concluded to an elevated risk of SGA babies 
when maternal exposure to THMs in drinking water 
exceeded 80 µg/L during the third trimester [58].

Gestational duration
Studies have quite consistently reported no association 
between maternal DBP exposure and preterm delivery.

Congenital malformations
In a meta-analysis of five case–control studies on 
congenital malformations, Hwang and Jaakkola [59] 
concluded that their analysis provides evidence for an 
association with the risk of any birth defect and of neu-
ral tube and urinary system defects, whereas evidence 
regarding cardiac, respiratory defects and oral clefts 
was heterogeneous and inconclusive. These conclu-
sions were not supported by a registry-based, subse-
quently published study in England and Wales covering 
2.6 million births and using a modeling of THMs data 
at the place of birth [60].

Nitrates
Concern regarding impact of exposure to nitrates in 
drinking water came after the report of cases of methe-
moglobinemia among infants drinking formula prepa-
ration prepared with well water in 1945, an observation 
that is the basis for the current US standard of 45 mg/L. 
Nitrate and its metabolite nitrite are precursors in the 
in vivo formation of N-nitroso compounds, which are 
potent animal carcinogens.

Overall, the evidence for an impact of high nitrate 
levels in drinking water on pregnancy outcomes is 
limited.

Pregnancy complications
An Australian record-based study reported an asso-
ciation between the risk of prelabor rupture of 
 membranes and increased level of nitrate in water [61].

Fetal loss
Spontaneous abortions are the main adverse preg-
nancy outcomes observed among domestic or experi-
mental animals in relation to nitrate exposure. Early 
case reports in humans supported such an association 

but these initial observations were not confirmed by 
subsequent studies [62].

Fetal growth, gestational duration
A registry-based study in Prince Edward Island 
(Canada) reported increased risks of prematurity and 
intrauterine growth restriction in association with 
nitrate-nitrogen levels above 3.1 mg/L [63].

Congenital malformations
Six studies have assessed the association between high 
nitrate exposure and congenital malformations. Non-
significantly increased risks of neural tube defects  
and cardiac defects have been observed among users 
of private wells or drinkers of water with higher nitrate 
levels [64].

Metals

Lead
Fetal loss
In a large study conducted in Mexico City, a doubling 
in the risk of late fetal death was observed for maternal 
blood lead levels as low as 5–9 µg/dL [65]. There is also 
suggestive evidence for high paternal lead exposures 
(>30 µg/dL blood) to be associated with an increased 
risk of spontaneous abortions [66].

Pregnancy complications
There have been several concordant observations that 
the risk of pregnancy hypertension might be increased 
among women with blood levels in the order of 10 µg/L. 
This was confirmed in a study using bone lead as a 
marker of exposure [67].

Fetal growth, gestational duration
Findings of recent studies are generally consistent with 
the hypothesis that maternal lead exposure during 
pregnancy is inversely related to fetal growth, includ-
ing infant size at birth, as well as to gestational duration 
[68]. Similarly, paternal exposures above 25 µg/dL for 
at least 5 years appear to increase the risks of preterm 
birth and low birthweight.

Congenital malformations
There is currently no consistent evidence that parental 
exposure to lead might lead to an increased risk of con-
genital malformations.
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Sex ratio
Paternal inorganic lead levels have been reported to 
entail a dose-related decrease in sex ratio [69].

Cadmium
Early reports of an impact of maternal cadmium expos-
ure during pregnancy on fetal growth may have been 
confounded by maternal smoking. More recent studies 
among non-smoking women found inconsistent asso-
ciations between maternal exposure to cadmium and 
markers of fetal growth (birth height or weight) or ges-
tational duration but their conclusions are limited by 
their small sample size [4].

Mercury
Fetal loss
Paternal exposure to inorganic mercury has been 
associated with an increased risk of spontaneous abor-
tions [70]. Early studies have been conducted among 
female occupational groups exposed to inorganic mer-
cury but did not reveal an increased risk of spontan-
eous abortions or congenital malformations associated 
with mercury exposure at the levels present in these 
workplaces.

Gestational duration
An increased risk of very preterm births (< 35 weeks) 
was reported for mercury levels in maternal hair above 
0.55 µg/g [71].

Health of the newborn
Severe disruption of the developing central nervous 
system (palsy and retardation) has been observed at 
birth among children exposed prenatally to poisoning 
episodes of methylmercury in Minamata, Japan or in 
Iraq. These effects were observed for maternal hair con-
centrations of at least 400 µg/g [72]. Insults to the devel-
oping central nervous system resulting from prenatal 
exposure to methylmercury at lower levels are mainly 
observed during child psychomotor development.

Arsenic
Exposure to arsenic-contaminated drinking water 
affects tens of millions of people worldwide and a num-
ber of health studies have been conducted, particularly in 
Bangladesh and West Bengal. Two large cohort studies 
have shown a small but statistically significant increased 
risk of fetal death and of congenital malformations among 
pregnant women who had been exposed from drinking 
water containing more than 50 µg/L of arsenic [73].

Pesticides
Pesticides encompass a wide variety of compounds 
with different targets (insecticides, herbicides, fungi-
cides …) and different chemical compositions. They 
are largely used worldwide to protect crops and land-
scape or to control pest populations. Potential expos-
ure of human populations occurs during professional 
use and from environmental contamination of air, 
food, and water. Persistence in the environment and 
bioaccumulation of pesticides used decades ago, such 
as DDT, are two factors responsible for chronic expo-
sure, which has led to a shift towards use of compounds 
with shorter half-life.

We will limit our review to studies focused on 
specific chemical classes of pesticides, disregarding 
studies in which chemical classes of pesticides have 
not been assessed. Several pesticides have been iden-
tified as likely causes of the alterations of the repro-
ductive process observed in wild animals, and these 
alterations have been attributed to the action of pes-
ticides on the endocrine system. Compounds such as 
vinclozolin, linuron, DDT, and DDE (a metabolite 
of DDT) are known androgen receptor antagonists 
[74]. These compounds, and others with xenohormo-
nal activity, are suspected of being responsible for a 
number of disorders of human reproductive health 
such as altered sex ratio, or adverse outcomes among 
males such as congenital anomalies of the reproduc-
tive tract [75].

Organochlorine pesticides and TCDD-
contaminated chlorophenoxy herbicides 
(2,4,5-T)
Fetal loss
A prospective study conducted among textile workers 
in China [76] avoided most limitations of previous stud-
ies since it associated preconception serum total DDT 
with biological detection of early conceptions. Authors 
found a positive, monotonic, association between early 
pregnancy losses and DDT exposure. A number of 
small studies looking at the impact of maternal serum 
hexachlorobenzene (HCB) level on the risk of fetal loss 
have shown mostly negative (i.e. null) results [4].

Retrospective studies using indirect exposure 
assessment have suggested a role of preconceptional 
exposure to chlorophenoxy herbicides [77], mostly of 
paternal origin, on the risk of spontaneous abortion, 
but their results are not consistent.
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Fetal growth, gestational duration
Using data collected in an early pregnancy cohort set up 
in the USA in the 1960s, a dose–response relationship 
was demonstrated between maternal serum concentra-
tion of DDE (median, 25 µg/L), preterm birth and SGA 
[78]. An association with decreased birthweight was 
found in the Great Lakes studies (median DDE mater-
nal serum, 2.2 µg/L) [79] and an increasing trend in 
the risk of preterm birth in a study in Mexico (median 
maternal serum DDE, 150 ng/g lipid) [80] and in Spain 
(median maternal serum DDE, 0.89 µg/L) [81]. Such 
associations were not reported in studies conducted in 
Ukraine (median DDE, 2457 ng/g milk fat) [82] or in a 
highly exposed agricultural community in California, 
mostly from Mexico (median maternal serum DDE, 
1000 ng/g lipid) [83]. These discordant findings may be 
attributable to differences in the mixtures of persistent 
pesticides present in different settings.

In several of the studies previously mentioned, 
other organochlorine pesticide residues were meas-
ured such as hexachlorobenzene (HCB), β- or 
γ-hexachlorocyclohexane (HCH), dieldrin, heptachlor 
epoxide, oxychlordane, trans-nonachlor, or mirex. No 
consistent associations were found between maternal 
exposure to any of these compounds and fetal growth 
or gestational duration, except for a suggestion of a 
decreased gestational length in relation with β-HCH 
levels in Mexico [80], and with HCB in a Californian 
study [83].

Congenital malformations
A study conducted in Granada (Spain) has found 
an increased risk of male genital anomalies (crypt-
orchidism, hypospadias) associated with a measure of 
xenoestrogenic activity in placenta called total effect-
ive xenoestrogen burden (TEXB). This TEXB index 
was correlated with presence of DDT, lindane, mirex, 
and endosulfan [84]. This result is in agreement with 
a report from Denmark in which combined exposure 
to eight persistent pesticides measured in breast milk 
was associated with the risk of cryptorchidism [85]. 
Within the US Collaborative Perinatal Project, a birth 
cohort study begun in 1959–1966, maternal levels of 
DDE were associated with slightly elevated odds-ratios 
of cryptorchidism, hypospadias, and polythelia (extra-
nipples); the results were consistent with a modest to 
moderate association, but the estimates were not very 
precise [86]. In the same population, the serum levels of 
heptachlor epoxide (HCE), hexachlorobenzene (HCB), 
and β-hexachlorocyclohexane (β-HCH) tended to be 
higher among the mothers of cryptorchidism cases, 

but, again, estimates were imprecise [87]. In a study of 
malaria control workers in Mexico, paternal exposure 
to DDT was associated with an increased risk of con-
genital malformations (all considered simultaneously) 
in the offspring [88]. In a cohort from Chiapas (Mexico), 
where DDT had been previously used for malaria con-
trol, DDE levels were not associated with ano-genital 
distance or penile dimension in newborns [89].

Organophosphate insecticides
Fetal loss
The Ontario Farm Family Health Study (FFHS) did 
not show any association between fetal loss and indir-
ect assessment of pre- or post-conceptual exposure to 
organophosphates [77]. This does not confirm find-
ings of studies conducted in California suggesting an 
increased risk of fetal deaths due to congenital anom-
alies following organophosphate applications near the 
family residence around the time of pregnancy [90].

Fetal growth, gestational duration
A number of studies using biomarkers of exposure 
to organophosphate pesticides used indoors (chlo-
rpyrifos, diazinon) or for agricultural purposes have 
been published. Several of them showed associations 
between prenatal maternal exposure and decreased 
birthweight, gestational age, or increased risk of intra-
uterine growth retardation [52,91]. It has been sug-
gested that low genetic expression of paraoxonase 1 
(PON1), an enzyme acting in the detoxifying system  
of organophosphate pesticides, may modify the effect 
of chlorpyrifos exposure of the mother on the child’s 
head circumference at birth [92].

Other insecticides
In California, an association between stillbirths and 
neonatal deaths from birth defects and agricultural 
pyrethroid insecticide application in early pregnancy 
near maternal residence has been reported [90]. Other 
publications have suggested an impact of indoor use of 
insecticides on the risk of stillbirth [4].

Few studies have evaluated the impact on fetal 
growth of exposure to pyrethroids [92] or carbamates [91]. 
One study suggested an impact of exposure to pro-
poxur on birth length [91].

Miscellaneous herbicides
Fetal loss
In the Ontario FFHS, no association was found 
between first-trimester exposure to atrazine or 
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glyphosate and fetal death, whereas risks were slightly 
increased when preconception exposure was consid-
ered. Preconception exposure to thiocarbamates was 
associated with an increased risk of late spontaneous 
abortions (occurring between 12 and 19 gestational 
weeks) whereas there was no indication of excess 
risk with postconception exposure [77]. A study in 
Minnesota reported a modification of spraying sea-
son on the effect measure of paternal use of herbicides 
(including sulfonylurea and imidizolinone) on the 
risk of fetal loss [93].

Fetal growth
Ecological studies linking birth certificate informa-
tion with measurements of herbicides such as atrazine, 
cyanazine, and metolachlor in drinking water at the 
place of residence at birth have suggested an associa-
tion with SGA births [4].

Fungicides
Weak associations have been found between exposure 
to pentachlorophenol and duration of gestation or 
birthweight [4].

Pesticides and successful 
pregnancies: conclusion
Availability of biomarkers of exposure to pesticides has 
considerably improved exposure assessment of studies 
conducted in recent years. Despite that, evidence con-
cerning the developmental impact of prenatal or pre-
conceptional exposure to various pesticides remains 
equivocal. There is limited evidence that prenatal expo-
sure to organochlorine pesticides might be responsi-
ble for an increased risk of fetal loss and that prenatal 
exposure to organophosphate results in alterations in 
fetal growth. Evidence concerning other developmen-
tal outcomes should at this point be considered inade-
quate [94]. Only a limited number of studies have been 
conducted on pesticides other than these two chemi-
cal classes. There are also suggestions of effects of pre-
conceptional exposure, mainly of paternal origin, that 
need to be elucidated.

Polychlorinated biphenyls, PCDDs 
(dioxin), and PCDFs
Polychlorinated biphenyls (PCBs), polychlorinated 
dibenzo-dioxin (PCDD, a family including 2,3,7,8 
TCDD) and polychlorinated dibenzofurans (PCDFs) 
are three related classes of aromatic heterocyclic com-
pounds. The PCBs consist of two benzene (phenyl) 

rings connected by a single carbon-to-carbon bond, 
in which one or several chlorine atoms are bound to 
the carbon backbone. In PCDFs, there is an additional 
oxygen atom linking the two phenyl rings; for PCDDs, 
the number of oxygen atoms is two (see Chapter 2).

Fetal growth
Follow-up of women pregnant during the episodes 
of contamination of rice oil (Yu-Cheng in Taiwan, or 
Yu-Cho in Japan, for “oil disease”) by PCBs and their 
heat-degradation products such as PCDFs indicated 
that these compounds could alter birthweight not 
adjusted for gestational age [95]. Such an effect might 
also exist at lower internal doses, such as those encoun-
tered among pregnant women in Western countries in 
the 1990s [96]. Head circumference may also be altered 
by PCBs, as indicated by a study of Californian women 
pregnant in the 1960s before the end of the production 
of PCBs [97]. In this study, an effect of PCBs on birth-
weight adjusted for gestational age was only observed 
for male newborns.

Gestational duration
The above-mentioned Californian study suggested that 
maternal PCB levels may entail a decrease in gestational 
duration (considered as a continuous outcome); the 
effect size tended to be slightly greater for female than 
for male births, but sex-specific confidence intervals 
largely overlapped [97].

Sex ratio
In the Italian population exposed after the Seveso 
accident in 1976, paternal exposure to 2,3,7,8-TCDD 
before the age of 19 years, as assayed from a blood 
sample drawn shortly after the explosion of the plant, 
has been associated with a decrease in the proportion 
of male births [98]. A study based on the California 
child health and development cohort, conducted in 
the 1960s, reported a decreased proportion of male 
births, this time in association with maternal PCB lev-
els assayed during pregnancy [99].

Congenital malformations
The concentrations of PCBs assayed after birth in colos-
trum of lactating women have been associated with an 
increased risk of cryptorchidism at birth in a case–con-
trol study in Côte d’Azur, France. PCB levels assessed 
in cord blood were not significantly different between 
cases and controls [100]. Children exposed to PCBs in 
utero during the Yu-Cheng episode have been reported 
to have increased frequencies of hyperpigmentation 
and dystrophic nails, compared with  controls [101].
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Brominated flame retardants
Brominated flame retardants (BFR) have been routinely 
added to consumer products for decades to reduce fire-
related damage. The major BFRs are tetrabromobisphe-
nol-A (TBBPA), hexabromocyclododecane (HBCD), and 
mixtures of polybrominated diphenyl ethers (PBDEs). 
Like PCDFs, PBDEs consist of two benzene (phenyl) 
rings connected by an oxygen atom, but bromine (and 
not chlorine) atoms are bound to the carbon backbones. 
There is strong evidence of increasing contamination of 
the environment and people by these chemicals due to 
their persistence and bioaccumulation.

Congenital malformations
Most BFRs are characterized by their potential for 
 disrupting thyroid homeostasis and for endocrine 
 disruption. Experimental data showed adverse effects on 
reproductive outcome in rats after gestational exposure 
to PBDE-99, including reduced ano-genital distance 
among male offspring [102]. One prospective Danish–
Finnish study recently reported an association between 
prenatal exposure to PBDEs (as assessed from breast 
milk samples) and the risk of cryptorchidism [103].

Perfluorinated compounds (PFOS, 
PFOA)
Perfluorinated compounds are used as industrial sur-
factants and emulsifiers and are present in consumer 
products such as non-stick pans, carpets, furniture, 
household cleaners, shampoos, clothing, and food 
packaging. They are persistent compounds. Within 
this family, perfluorooctanesulfonate (PFOS) and per-
fluorooctanoic acid (PFOA) have been investigated in 
relation with pregnancy outcomes.

Fei et al. [104] highlighted a decrease in mean 
birthweight in relation with maternal plasma levels of 
PFOA, and did not highlight an association between 
birthweight and PFOS. Within this population of 1400 
mother–child pairs from the Danish birth cohort, 
biomarkers of exposure were assessed from maternal 
blood samples collected between gestational weeks 
4 and 14. The PFOA levels were also associated with 
smaller abdominal circumference at birth and birth 
length, and a non-statistically significant trend was 
observed with head circumference, at birth [105]. 
Within a population of 293 newborns from Maryland, 
PFOS and PFOA were assessed at birth in cord blood 
and were both associated with gestational age-adjusted 
birthweight, head circumference, and ponderal index, 

which corresponds to the ratio between weight and 
the cubic value of height at birth [106]. A similar asso-
ciation was highlighted between PFOS and PFOA 
assessed from maternal serum taken during the third 
trimester of pregnancy and birthweight in a Japanese 
cohort including 447 newborns [107]. Associations 
between PFOS and head circumference did not reach 
the significance level chosen by the authors, but effect 
sizes were coherent with those reported by Apelberg 
et al. [106]. There is experimental support for an effect 
of PFOS and PFOA on fetal development (quoted for 
example in [104]).

Diethylstilbestrol (DES)
Diethylstilbestrol (DES), a synthetic estrogen, was pre-
scribed for pregnant women between 1947 and at least 
the end of the 1970s in some countries, under the wrong 
assumption that it would help to prevent abortions.

Fetal loss and gestational duration in the first 
generation exposed in utero
Among the daughters of women who were prescribed 
DES as they were pregnant, in addition to an increased 
frequency of vaginal clear-cell adenocarcinoma, 
increases in the risk of adverse reproductive outcomes 
(ectopic pregnancy, fetal loss, premature delivery) have 
been reported [108].

Congenital malformations in the first  
and second generations
Among the daughters of the women who were pre-
scribed DES, an increased frequency of cervical 
and uterine abnormalities (including hypoplastic 
or “T-shaped” uterus) has been shown [108]. More 
recently, concerns have been raised about a possibly 
increased risk of a congenital malformation of the 
male genitalia, hypospadias, in the offspring of women 
exposed to DES in utero – that is, the grandsons of the 
women who were prescribed DES [109–112]. Such 
transgenerational studies faced numerous methodo-
logical challenges, both in terms of assessment of 
exposure to DES, which was retrospective in all but 
one study [111], and also in terms of assessment of 
hypospadias, which has minor forms that sometimes 
remain undetected. Figure 10.2 provides a summary 
of the published results, showing that the confidence 
intervals of most published studies overlap and that 
the meta-analytical odds-ratio of hypospadias asso-
ciated with exposure to DES is in favor of an excess 
risk. There is evidence for heterogeneity among the 
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published studies, which is in line with the fact that 
the study that reported the highest odds-ratio [109] 
was conducted among a cohort of women undergoing 
in vitro fertilization. Other congenital malformations, 
and in particular esophageal anomalies [113], might 
also be more frequent in association with maternal 
intrauterine exposure to DES.

Phthalates
Phthalates is the common designation of diesters of 
phthalic acids. These are a family of man-made chemi-
cals with broad industrial uses, in particular as plasti-
cizers in many consumer products and medical devices, 
as components of personal-care products such as per-
fumes and cosmetics or as solvents. Exposure in the 
general population is widespread [114]. Animal experi-
ments showed that several phthalates act as endocrine 
disruptors and that exposure during fetal life can induce 
reproductive tract anomalies in males, such as hypospa-
dias, cryptorchidism, and reduced ano-genital distance 
[115, 116]. Phthalates have a short half-life in the human 
body and urinary levels of phthalate metabolites exhibit 
relatively important day-to-day variability [114], which 
is a great challenge in epidemiologic studies, in partic-
ular when the focus is on congenital anomalies of the 
male genitalia, for which the time window of sensitivity 
to xenobiotics is probably very narrow.

Gestational duration
Higher levels of di-(2-ethylhexyl)phthalate (DEHP), 
assessed in cord blood after delivery, have been measured 
for premature, compared with non-premature, births 
[117]. Three additional studies in which exposure has been 
assessed in prenatal urine samples have been published. 
One study (Meeker et al., Env. Health Perspect, 2009) also 

reported a decreased gestational duration with DEHP 
metabolites, whereas associations were in the opposite 
direction in two other studies (Wolff et al., Env. Health 
Perspect, 2008; Adibi et al., Am J Epidemiol, 2009).

Congenital malformations
A reduced ano-genital distance (assessed on aver-
age 13 months after birth) has been reported in male 
newborns in relation to the concentration of phtha-
late monoester metabolites assayed in maternal urine 
collected during pregnancy [118]. In an update of this 
study, the concentrations of DEHP metabolites were 
also associated with an increased frequency of incom-
plete testicular descent, defined if one or both testicles 
were found not to be “normal” or “normal retractile” 
during the postnatal study visit taking place on aver-
age 13 months after delivery [119]. In a case–control 
study based on 471 cases of hypospadias referred to 
surgeons in south-east England and randomly selected 
birth controls, Ormond et al. reported an increased 
risk of hypospadias in association with maternal occu-
pational exposure to phthalates [120]. Exposure to 
phthalates (14 mothers of cases, 4 mothers of controls) 
has been assessed from maternal occupation, using a 
job-exposure matrix, and was strongly correlated with 
occupational use of hairsprays since jobs with poten-
tial phthalate exposure include hairdressers and beauty 
therapists [120]. Experiments on rodents clearly sup-
port a role of phthalate exposure during pregnancy on 
incidence of hypospadias [115].

Solvents
Organic solvents are ubiquitous in non-occupational 
settings and they also constitute one of the most fre-
quent classes of chemicals in both female and male 
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95% Cl

Brouwers et al., 2006
Klip et al., 2002

Pons et al., 2005

Total (95% Cl)

Test for heterogeneity: Chi2 = 9.34. df = 3 (P = 0.03),I2=67.9%
Test for overall effect: Z = 3.02 (P = 0.003)

Palmer et al., 2005

24.48 4.16  [1.16,   14.95]

24.31 1.77  [0.49   6.44]
25.81 4.99  [1.54,   16.19]

25.39 21.69  [6. 48,   72.63]

Total events: 29 (DES+), 275 (DES–)
100.00

1000.01 0.1 1 10

5.39  [1.81,   16.06]

Fig. 10.2. Maternal in utero exposure to DES and risk of hypospadias in the offspring. Meta-analysis of four publications [109–112]. The 
 unadjusted odds-ratios (OR) of hypospadias associated with DES are indicated by the squares. The overall OR (as estimated from a random 
effect model, diamond) corresponds to 5.4 (95% CI, 1.8–16.1).
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working environments. They are often present as mix-
tures that differ according to the type of industry and 
time period, and the detailed assessment of the toxicity 
of single chemicals has often been limited by this situ-
ation. However, in some industries, specific chemicals 
are preponderant, such as tetrachloroethylene in the 
dry cleaning industry or ethylene glycol ethers in the 
semiconductor industry. Episodes of contamination 
of drinking water by chlorinated solvents (a family of 
compounds that differs from the above-mentioned 
chlorination by-products) have also been the subject 
of a number of studies in the USA [53].

Glycol ethers: effects on fetal loss  
and congenital malformations
There is currently sufficient evidence that mater-
nal occupational exposure to ethylene glycol ethers 
entails increased risks of spontaneous abortion, and 
limited evidence concerning the risk of birth defects 
in the offspring [4, 121]. Although the specific agents 
involved have not been formally identified in epi-
demiologic studies, animal experiments provide 
strong support for developmental toxicity of short-
chain ethylene glycol ethers, most of which have now 
restricted use.

Tetrachloroethylene and trichloroethylene 
(chlorinated solvents)
Fetal loss
Studies conducted in dry-cleaning shops in 
Scandinavian countries have consistently reported an 
association between exposure to tetrachloroethylene 
and the risk of fetal loss [122].

Fetal growth and congenital malformations
The overall evidence summarized from five studies 
conducted in communities served by drinking water 
containing high levels of chlorinated solvents suggest 
increased risks of neural tube defects, oral clefts, and 
cardiac defects, and an impact on the risk of low birth-
weight especially among male births [53]. Because 
of uncertainties in exposure assessment in these last 
studies, the evidence should still be considered limited. 
Some experimental studies support a teratogenic effect 
of trichloroethylene in drinking water at relatively low 
levels of exposure (< 250 ppb) [123], but in some exper-
iments, effects were observed only in the presence of 
marked maternal toxicity [121].

Aromatic solvents (including benzene)
Fetal loss
Work in the printing industry, the painting and main-
tenance trade and the petrochemical industry entails 
exposure to aromatic solvents such as toluene, xylene, 
benzene, and styrene. Epidemiologic studies con-
ducted in these industries, where high exposure levels 
were present, have consistently shown an increased risk 
of spontaneous abortions after maternal exposure and 
also paternal exposure. It was not possible to attribute 
this excess to one type of solvent in particular [70].

Fetal growth
There is experimental evidence in rodents for effects of 
airborne aromatic solvents such as benzene to impact 
on fetal growth [124]. There are currently too few epi-
demiologic studies with good exposure assessment to 
discuss the reality of such an effect in humans [125].

Gestational duration
Two studies indicated a possibly shortened gestational 
duration in association with maternal occupational 
exposure to benzene [126] or solvents in general [127], 
differing across genotypes of the CYP1A1 and GSTT1 
xenobiotic-metabolizing gene.

Radiation
Concerns have been raised about a possible effect of 
electromagnetic (non-ionizing) radiation on preg-
nancy outcome. A review suggests that the overall epi-
demiologic evidence in favor of such an effect is very 
limited [128]. In this section, we will focus on ionizing 
radiation.

Ionizing radiations are heterogeneous in terms of 
energy, physical nature (they consist of electrons, cor-
responding to β-rays, alpha particles, made of two pro-
tons and two neutrons, neutrons, or, in the case of γ- or 
X-rays, photons), and ability to be absorbed by human 
tissues (with alpha radiation being absorbed very 
locally in case of ingestion, whereas γ-rays can cross 
the whole body). The situations of exposure include 
environmental exposure to cosmic rays, radon in the 
air, subsoil natural gamma radiation, occupational 
exposures, through some medical imaging devices, 
treatment of cancers by radiotherapy, discharge from 
civil nuclear facilities, fallout from military nuclear 
tests, and nuclear disasters such as the Hiroshima and 
Nagasaki bombings in 1945 or the Chernobyl accident 
(Ukraine) in April 1986.
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Fetal loss
Two large British studies documented the possible 
effects of paternal occupational exposure to γ ioniz-
ing radiation before the conception of a pregnancy on 
the risk of stillbirth. For an increase by 100 mSievert 
in paternal total exposure before conception, Parker 
et al. [129] reported an odds-ratio of stillbirth of 1.24 
(95% confidence interval, 1.04, 1.45); Doyle et al. [130] 
reported a similar effect size, with overlapping confi-
dence intervals. Taken together, these studies provide 
some evidence for an effect of paternal exposure to 
ionizing radiation before conception on the risk of 
stillbirth.

Concerning maternal occupational exposure, 
a study based on small numbers is inconclusive in 
terms of possible effects on fetal loss [130]. Finally, 
an ecological study reported a possibly differentially 
increased risk of stillbirth in eastern Europe in 1986, 
compared with central and western Europe; since 
the nuclear fallouts following the Chernobyl acci-
dent in 1986 were more important in eastern Europe, 
such trends raise the question of the consequence  
of this radioactive contamination on the stillbirth 
risk [131].

Fetal growth
Maternal pelvis exposure to ionizing radiation before 
conception because of radiation therapy has also been 
associated with an increased risk of delivering a low 
birthweight baby [132]. One study suggested a possible 
decrease in birthweight following paternal preconcep-
tional X-ray examinations [133].

Congenital malformations
In humans, ionizing radiation constitute the first iatro-
genic agent recognized as being able to cause congenital 
malformations (in particular, microcephaly or reduced 
head circumference, hypoplasia of the genitalia, hypo-
spadias, palatoschisis, ocular malformations), with 
reports published as early as 1929 [134]. These effects 
are established for doses above 0.1 Gray; the literature 
is more limited for lower doses. Studies in occupational 
settings, which generally provide a prospective assess-
ment of personal exposure, mostly focused on paternal 
exposure. In a case–control study conducted among 
workers from the Hanford nuclear site, an increased 
risk of neural tube defects has been reported in asso-
ciation with parental preconception exposure, on the 
basis of a small number of cases [135]. A similar asso-
ciation was not found in a cohort of nuclear industry 

workers [130]. Following the Chernobyl accident in 
Ukraine, time clusters of Down syndrome (trisomy 
21) have been reported 9 months after the accident in 
neighboring Belarus [136] or in the more distant and 
less contaminated Berlin area [137]. Elevated muta-
tion rates of germline cells of paternal origin at mini-
satellite loci have also been reported among children 
born in Belarus, compared with children born in the 
UK [138]. A study of 205 children exposed in the first 
half of pregnancy during the Hiroshima bombing has 
shown an increased frequency of microcephaly and 
mental retardation [139]. In a review, the weight of 
evidence for an effect of low doses of ionizing radia-
tion on congenital malformations was considered 
 limited [140].

Sex ratio
Two studies have been conducted among nuclear indus-
try workers in the UK. One study focused on exposure 
to γ radiation in the 3 months before conception and 
reported an increase in the proportion of male births in 
association with exposure [141]. Another study focused 
on total occupational exposure cumulated before con-
ception and reported odds-ratios of male births asso-
ciated with exposure close to unity [142]. In Czech 
regions, the proportion of male births significantly 
dropped in November 1986, about 6 months after the 
most radioactive cloud from Chernobyl passed over 
the Czech Republic; this reduction was strongest in the 
eastern regions, where the radioactive fallout was most  
elevated [143].

Overview
The epidemiologic study of environmental impacts on 
healthy and successful pregnancies is a research field 
that emerged in the late 1970s and early 1980s, focus-
ing initially on active smoking and occupational expo-
sures; it experienced rapid development since the late 
1990s, in parallel with the increasing availability and 
decreasing costs of analytical chemistry tools allow-
ing assessment of exposure to environmental com-
pounds in large-scale population-based studies. A lot 
of knowledge is probably yet to come from the use of 
these biomarkers of exposure, but also of biomarkers of 
effects, provided these are assayed on biological sam-
ples collected during the relevant time window, and 
not postnatally as has most often been the case so far. 
Knowledge about the modifications of effect measures 
of environmental exposures by other environmental, 
behavioral, or sociodemographic factors is still very 
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limited. This is also the case for effect modification by 
genetic or epigenetic factors, whose incorporation in 
epidemiologic studies might help document biological 
mechanisms and estimate subgroup-specific effects of 
environmental exposures.

Effects of paternal exposures
Most of the evidence reviewed concerned maternal 
exposure. In coherence with animal studies, there 
is some evidence of a paternally mediated effect in 
humans for a few environmental factors [144]. This 
is in particular the case for male exposures to dioxin, 
inorganic lead (impact on sex ratio, fetal growth), for 
exposure to ionizing radiation (stillbirth and heredi-
tary mutations), for mercury (fetal loss), and DDT 
(fetal growth, congenital malformations).

Conclusion
The environmental factors for which effects on the 
course and outcome of pregnancy have been suggested 
are summarized in Table 10.1. Those for which a suffi-
cient weight of evidence exist at the time of the writing of 
this review are passive smoking (effects on fetal growth, 
preterm birth, and possibly of congenital malforma-
tions), lead (pregnancy-induced hypertension, fetal 
loss, fetal growth), glycol ethers (effect on early fetal loss) 
and ionizing radiation effects on congenital malforma-
tions and fetal growth. Additionally, factors with a lim-
ited to sufficient evidence for an impact on pregnancy 
outcome are atmospheric pollutants (for effects on fetal 
growth and preterm birth), DBPs present in drinking 
water (effects on fetal growth), perfluorinated chemicals 
(effects on fetal growth), chlorinated solvents (effects on 
fetal loss), and aromatic solvents (effects on gestational 
length). Very few risk assessment studies quantified the 
impact of these pollutants on pregnancy outcome in 
terms of number of adverse outcomes at the population 
level; since exposure to most of these pollutants is wide-
spread the impact at the population level could be large 
[145]. For most of the other environmental contami-
nants considered here, some toxicologic evidence indic-
ative of a danger exists, and many challenges in exposure 
assessment in humans have not been overcome yet; the 
current lack of clear evidence for adverse effects on the 
course and outcome of pregnancy should certainly not 
be interpreted as evidence of a lack of effect.
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Part 1 
Chapter

shown to interfere with the action of sex hormones 
important for both development and maintenance of 
male reproductive health. Some of these exposures are 
short-lived in the body (e.g. phthalates) while others 
can take decades to break down and be excreted (e.g. 
DDT and PCBs). Whether the mechanism of action for 
causing male reproductive toxicity is hormone receptor 
interference or a decrease in synthesis of sex hormones, 
the ultimate endpoint that is adversely impacted is the 
male reproductive system.

Therefore, when considering the toxicity of chemi-
cals that impact male reproductive health, one must not 
consider the impact of a single chemical but rather the 
mixture of chemicals that an average male is exposed 
to on a daily basis. A recent report by the US National 
Research Council has recognized the importance of 
evaluating mixtures of chemicals from multiple expo-
sures and has recommended that federal regulatory 
agencies, such as the US Environmental Protection 
Agency (EPA), consider common adverse outcomes 
(such as altered male reproductive development) and 
not mechanism of action (such as receptor binding) 
when conducting risk assessments of environmen-
tal contaminants. If adopted, future regulatory deci-
sions of environmental contaminants will consider the 
cumulative risks of exposure to the chemicals listed in 
Table 11.1, instead of setting a standard for each indi-
vidual chemical, which is the current practice.

Identifying environmental chemicals that can 
interfere with male reproductive tract development 
and adult functioning is critical for informing strate-
gies to preventing harmful exposures and preserving 
male reproductive health. Insights from this collective 
science can inform the potential impact of other chem-
icals affecting development and function of the male 
reproductive tract.

Environmental contaminants and 
reproductive and fertility effects in the male

11.1 Introduction
Sarah J. Janssen
Male reproductive health is defined by both the proper 
development of the reproductive system and main-
tenance of function throughout adult life, including 
the capacity to reproduce. As described in Chapter 
4, the development of male reproductive organs is an 
intricate and complex process that begins during fetal 
development and continues through puberty, resulting 
in the mature male reproductive tract which relies on 
hormonal control for maintenance of function.

Birth defects of male genitalia (cryptorchidism and 
hypospadias), alterations in male reproductive hor-
mones, poor sperm quality, and testicular germ cell 
cancer adversely impact male reproductive health and 
can result in infertility.

Exposure to environmental contaminants and 
their association with these adverse endpoints and 
disease processes are the focus of this chapter. The first 
section examines the evidence for fetal exposure to 
environmental contaminants and the description of a 
unifying hypothesis for the inter-relatedness of adverse 
male reproductive health outcomes. This hypothesis is 
called testicular dysgenesis syndrome and describes 
how maldevelopment of the testis can result in multi-
ple male reproductive outcomes. The second section of 
this chapter examines the evidence for adult exposures 
to environmental contaminants and male reproductive 
health. Both sections focus on human epidemiologic 
studies which have examined outcomes occurring at 
everyday levels of exposure.

As summarized in Table 11.1, there is extensive 
overlap between the chemicals found to impact fetal 
development and the chemicals found to interfere 
with adult male reproductive function. Many of these 
chemicals are endocrine disruptors which have been 
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Table 11.1. Summary of environmental contaminants that impact male reproductive health.

Study population Chemical exposure and matrix Main outcome Reference*

Young men with prenatal 
exposure to tobacco smoke

Maternal questionnaire on tobacco 
use during pregnancy

Reduced sperm count and 
decreased testis size

[31]

Newborn males PBDEs in placenta and breast milk as 
surrogate for prenatal exposure

Newborn males with 
cryptorchidism had significantly 
higher levels in breast milk, but 
not placenta

[35]

Newborn males Chlorinated pesticides, breast milk as 
surrogate for prenatal exposure

Newborn males with 
cryptorchidism had significantly 
higher levels of mixture of eight 
chlorinated pesticides

[37]

Breast feeding, Infant boys, 
3 months old

Phthalate metabolites in maternal 
breast milk

Alterations in hormone levels [39]

Newborn males Phthalate metabolites in mother’s 
prenatal urine as surrogate for 
exposure

Decrease in ano-genital distance 
(AGD) with higher levels of 
phthalate exposure

[41]

Adult men being treated at 
infertility clinic

Phthalate metabolites in urine Higher levels of exposure 
associated with poorer sperm 
quality

[5]

Adult male transcripts Phthalate metabolites in urine No association with semen 
quality

[6]

Adult men being treated at 
infertility clinic

Phthalate metabolites in urine DNA damage to sperm [7]

Adult male partners of 
pregnant women

Non-persistent pesticide metabolites 
in urine

Poor semen quality associated 
with higher levels of exposure

[11]

Adult men being treated at 
infertility clinic

Non-persistent pesticide metabolites 
in urine.

Decreased semen quality, sperm 
DNA damage and decreased 
testosterone associated with 
higher exposures

[12–14]

Adult men being treated at 
infertility clinic

Pyrethroid pesticide metabolites in 
urine

Decreased semen quality, 
sperm DNA damage and altered 
hormone levels associated with 
higher exposures

[16]

Adult men PCBs measured in blood samples Decreased sperm motility 
Increased sperm DNA damage 
Alterations in hormone levels 
associated with higher exposures

[21, 23, 24]  
 
[25]

Adult men DDT measured in blood samples Some studies demonstrate 
declines in semen quality and 
sperm DNA damage

[10, 28]

Adult men, occupational 
exposures

Solvents Decrease in semen quality [29]

Adult men, environmental 
exposures

Lead, measured in semen and blood Decrease in semen quality [16, 37]

Adult men, environmental 
exposures

Manganese measured in blood 
samples

Decrease in semen quality [38]

Adult men, environmental 
exposures

Mercury, measured in blood, hair 
and semen

Altered hormone levels  
Decrease in semen quality

[39, 40]

Adult men, environmental 
exposures

Molybdenum measured in blood Decrease in semen quality 
Altered hormone levels

[9, 16]

* References in italics are from the second reference list in this chapter.



inactivating mutations of androgen receptor or defects 
in androgen biosynthesis, these are the typical out-
comes. Androgen insensitivity is a rather rare diagnosis 
and defects in steroid biosynthesis are even more infre-
quent. There are several genetic defects that can cause 
either cryptorchidism or hypospadias (for review, see 
Kalfa et al. [13] and Virtanen et al. [14]), but these are 
present only in a small percentage of all cases. Studies in 
experimental animals and observations in wildlife sug-
gest that it is very likely that environmental factors have 
a major impact on these congenital malformations.

Testicular germ cell cancers are preceded by local 
malignant cells in the seminiferous tubules called carcin-
oma in situ (CIS) [15–17]. These CIS cells share the prop-
erties of primordial germ cells or gonocytes that normally 
occur in fetal testis. This and the pattern of the cancer inci-
dence, such as connection to birth cohorts [18], suggest 
that the origin of the disease occurs in the fetal period. 
Migration studies also support the idea that the fetal 
period is decisive for the occurrence of the cancer [19].

The incidence of testis cancer has two age periods 
of relatively high rate: the first months of life and young 
adulthood [20, 21]. Childhood, when the levels of both 
gonadotropins and sex steroids are low, is character-
ized by an extremely low rate of testicular cancer. The  
incidence starts to increase right after puberty and 
peaks around 25 years of age. Thus, there seems to be 
a clear connection between the development of cancer 
and hormonal activity. This is true also for the new-
born period when boys have an active reproductive 
hormone production [22]. The testis cancer rate rap-
idly declines after 30 years of age, suggesting that most 
of the cases have been diagnosed by then.

Testis cancer patients have fewer children than 
other men already years before the diagnosis, suggest-
ing that their fertility is not normal [23]. Indeed, in tes-
tis cancer patients one can find dysgenetic changes in 
the contralateral testis in 25% of cases [24]. These dys-
genetic changes undoubtedly influence semen quality, 
too. The causes of testicular cancer are not known at all, 
but epidemiologic studies indicate that both genetic 
and environmental factors are important. The rapid 
increase in the incidence of testis cancer over the last 
century implies that our environment is causing most 
of the observed change.

Cryptorchidism is a well-known risk factor for tes-
ticular cancer. Men with a history of cryptorchidism 

11.2 Possible role of fetal 
exposure
Jorma Toppari, Helena E. Virtanen, and Niels E. Skakkebaek

Introduction
Fertility is always dependent on both male and female 
factors. Therefore it is often difficult to assess the sex-
specific contribution to problems that may occur. 
However, it is estimated that infertility is caused by 
either only male or only female factors in one third 
of the cases for each, and in the remaining third both 
sexes influence. Worldwide it has become more and 
more common to seek help from assisted reproduc-
tion techniques (ART) and today at least 7% of Danish 
children have been conceived by ART [1] and a signifi-
cant number of those include intracytoplasmic sperm 
injection (ICSI) which is used to overcome poor sperm 
function [2].

Male subfertility appears usually as impaired semen 
quality. Sperm number, motility, and morphology can 
be affected. Often all of these sperm characteristics 
are poor at the same time, i.e. a man with a low sperm 
number often also has a high percentage of structurally 
defective spermatozoa. Semen quality seems to have 
deteriorated over several decades and large regional 
variation is apparent [3–7]. Time to pregnancy studies 
have shown that fertility becomes compromised when 
sperm counts drop below 40 or 55 million sperm per 
ml [8–10]. Almost all studies on young men from the 
general population show that the median number of 
sperm per ml are close to these figures indicating that 
at least half of the men have suboptimal fertility [11]. 
The crucial question, of course, is: What is causing 
poor semen quality?

Connection between impaired semen 
quality and other male reproductive 
health problems
Men with a history of cryptorchidism (undescended 
testes) or hypospadias tend to have poor semen quality 
and suffer from infertility more often than other men 
[12]. Both conditions are caused by fetal maldevelop-
ment, the origin of which remains unknown in the vast 
majority of cases. However, in patients with different 
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have an almost five-fold risk of developing testicular 
germ cell tumours compared with others [25, 26]. 
Hypospadias is also a risk factor for testis cancer as 
well as for cryptorchidism. Furthermore, these condi-
tions have several common risk factors, such as small 
birthweight and being small for gestational age [12, 
27]. Close similarity of risk factors, fetal origin, and fre-
quent presentation of two or more of these conditions 
in the same patients strongly suggest a common etiol-
ogy that is also influencing semen quality. The underly-
ing reason appears to be maldevelopment of the testis, 
and this has given the name testicular dysgenesis syn-
drome (TDS) for these reproductive health problems 
[12]. This helps to illustrate the developmental concept 
that is important in searching for genetic and envi-
ronmental causes for these problems. The possibility 
of male subfertility should therefore be kept in mind 
in connection with other forms of TDS. Poor semen 
quality may be a mild presentation of TDS, while mal-
formations and tumorigenesis possibly represent the 
most serious end of the disease spectrum.

Trends in the incidence of TDS  
and life style
The incidence of different TDS components has 
increased and regional variation is remarkable. Two 
Nordic countries Denmark and Finland show marked 
differences in semen quality and the incidence of tes-
ticular cancer, cryptorchidism, and hypospadias [5, 28, 
29, 30], which has raised the obvious question: what 
could explain the differences? It is obvious that there 
is not one explanation that would give an answer, but 
there may be complex interactions of genetic and envi-
ronmental factors that contribute to TDS.

Semen quality studies have shown that mothers 
smoking during pregnancy is associated with reduced 
sperm counts and decreased testis size in the adult 
sons [31]. This further shows the importance of fetal 
exposure to adult reproductive health. The effects of 
maternal smoking on the incidence of cryptorchidism 
are more equivocal: we have not found an association 
in our studies [32], but there are reports linking heavy 
smoking to an increased risk of cryptorchidism [33]. 
Instead of smoking, the use of nicotine substitution 
during pregnancy was associated with an increased 
prevalence of cryptorchidism [32]. Maternal alcohol 
consumption showed a dose-dependent association to 
cryptorchidism risk of the offspring [34]. These life-style 
factors can be easily addressed in epidemiologic studies, 

but exposure to other environmental chemicals is more 
difficult to evaluate. We have analyzed chemicals both 
in the placenta and in breast milk from mothers who 
have given birth to cryptorchid or normal boys.

Chemical exposures
Recent research has shown associations between 
chemical exposures and an increased risk of cryp-
torchidism. Thus, concentration of polybrominated 
diphenyl ethers in breast milk was higher in the group 
of cryptorchid boys as compared with controls [35]. 
Some of these compounds have been shown to be 
antiandrogenic, which could be the reason for the risk 
if there were a causal relationship [36].

Concentrations of chlorinated pesticides tended 
also to be higher in breast milk of cryptorchid boys’ 
mothers than in controls, and combined statistical 
analysis showed that pesticide levels were signifi-
cantly higher in cases than in controls [37]. Many of 
the measured pesticides, e.g. P.P′-DDE, had been 
identified as endocrine disrupters in animal or in vitro 
experiments [38]. Polychlorinated compounds are 
very persistent and these kind of exposures are easy to 
measure, whereas chemicals that do not bioaccumu-
late and are rapidly metabolized and secreted, such as 
phthalates, are more difficult to study.

We measured phthalates in milk samples and found 
no correlation to cryptorchidism, but they did correlate 
to hormone levels of the boys at 3 months [39]. Increased 
levels of the phthalate metabolites, mono-methyl 
phthalate, mono-ethyl phthalate, and mono-n-butyl 
phthalate were associated to an increased ratio of LH 
and free testosterone. The increased ratio indicates the 
possibility of primary hypogonadism, i.e. testicular mal-
function. We noticed that Finnish cryptorchid boys as 
a group have an increased LH-testosterone ratio [40]. 
In an American study, the ano-genital index correlated 
to phthalate concentrations in mothers’ urine [41]. 
Males have normally longer ano-genital distance than 
females, and impaired fetal androgen action should 
therefore lead to shortened ano-genital distance in 
exposed boys. Ano-genital index takes the size of the 
baby into account and it can be used to measure the 
androgen action in a newborn child.

All the above-mentioned studies give only expo-
sure-outcome associations, but they do not indicate 
causal relationships. Experimental data are necessary 
to look for the mechanisms and possible cause–effect 
relationships.
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Experimental data of endocrine 
disrupters
Endocrine disrupters with antiandrogenic proper-
ties prevent normal masculinization of male fetuses, 
and androgenic compounds can masculinize female 
fetuses. Timing of the endocrine disruption is crucial. 
In an elegant series of experiments, Richard Sharpe’s 
group demonstrated that exposure to an antiandrogen, 
flutamide, in an early time window, on rat embryonic 
days (ED) 15.5–17.5, caused the most severe demas-
culinizing effects, whereas exposure in a late time 
window on ED 19.5–21.5 had much less severe effects 
[42]. Androgen production peaks on ED 19.5, and one 
would intuitively assume that receptor blockage at that 
time point would be most harmful. However, it is obvi-
ous that androgens have earlier programming effects 
and sensitive exposure windows can be rather narrow.

The list of antiandrogenic chemicals keeps growing 
to include some pesticides that act mainly by receptor 
antagonism and phthalates that act mainly by interfer-
ing with androgen biosynthesis. DDT and its congeners 
are well-characterized endocrine disrupters. These are 
all discussed in Chapter 2.

The fungicides vinclozolin and procymidone are 
antiandrogens that act at the receptor level. Vinclozolin 
itself does not bind to the androgen receptor, but its two 
metabolites M1 and M2 do [43, 44]. Therefore, only test 
systems that allow conversion of vinclozolin to these 
metabolites can demonstrate antiandrogenic effects. 
Procymidone is an effective androgen receptor antago-
nist itself. Both fungicides cause typical antiandrogenic 
effects in developing animals: hypospadias, cleft phallus, 
vaginal pouch, reduced ano-genital distance, reduced 
accessory sex gland size, and induction of retained nip-
ples in the male offspring [45]. These antiandrogens 
function dose-additively together and bring about 
adverse effects at their established no-adverse effect 
levels when administered together [38, 46, 47]. The 
mixture effects have received increasing attention and 
the whole risk-assessment procedure has to be recon-
sidered in light of chemical complexity of our environ-
ment [45].

Linuron is an antiandrogenic herbicide that was 
identified by Hershberger assay [48] which is an OECD 
standard method to test antiandrogenicity. In other 
reproductive and developmental toxicity tests linuron 
also caused antiandrogenic effects, e.g. nipple reten-
tion, reduced ano-genital distance, and alterations in 
androgen-dependent tissues [48–50].

Receptor antagonism is the mechanism of action of 
some antiandrogenic chemicals, whereas the synthesis 
and metabolism of androgens are influenced by many 
other chemicals. Furthermore, some compounds exert 
both effects, e.g. the fungicide prochloraz [51–53] and 
the herbicide linuron [48]. Antiandrogenic effects in 
the offspring have been described also after exposure of 
dams to 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD), 
polychlorinated dibenzo-furans (PCDFs) and poly-
chlorinated biphenyls (PCBs) [54–59]. The effects are 
mediated by aryl hydrocarbon receptors, the structure 
of which varies influencing the outcome in different 
species and rat strains [60, 61].

Several phthalate esters, such di-(2-ethylhexyl) 
phthalate (DEHP), di-n-butyl phthalate (DBP), and 
benzylbutyl phthalate, disturb androgen biosynthesis. 
These chemicals have numerous applications in plastics 
and are commonly present in our environment. Their 
metabolism is rather fast, but exposure peaks can be 
substantial. It is the monoester form of the phthalate 
that is usually causing the biological effects, e.g. in the 
case of DEHP, mono-(2-ethylhexyl) phthalate (MEHP) 
is responsible for many adverse effects. Neither DEHP 
nor MEHP bind to the androgen receptor [62], but 
they inhibit fetal Leydig cell function and testosterone 
production [62, 63]. Fetal exposure to DBP results in 
several antiandrogenic effects that have been described 
as a phthalate syndrome or a rat TDS comparable to 
human TDS [64, 65]. The exposed rats have malforma-
tions in the epididymis and vas deferens, hypospadias, 
cryptorchidism, reduced ano-genital distance, nipple 
retention, and structural abnormalities in the testis 
[66, 67]. In contrast to human TDS, testicular cancer 
does not manifest in the animal models, but some of 
the structural features in DBP-exposed rats resemble 
changes that occur in testes of men with TDS [68].

Estrogens were the primary concern when endo-
crine disrupters became the focus of reproductive 
toxicology [69], and only later antiandrogens received 
more of the attention. Antiandrogens affect only male 
fetuses, whereas estrogens can harm both sexes. Many 
of the estrogenic effects are similar to those of antian-
drogens in male fetuses, and androgen–estrogen bal-
ance is important for normal development [70].

The sad experience with the use of diethylstilbestrol 
(DES) in the treatment of pregnant women alerted 
endocrinologists to endocrine-disrupting effects of 
estrogens in the 1970s. John McLachlan and cowork-
ers showed that fetal exposure of male mice to DES 
caused multiple structural and functional adverse 
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effects, e.g. epididymal cysts, distended seminal vesi-
cles, retained müllerian ducts, undescended testes, 
and impaired spermatogenesis [71, 72]. Human effects 
were found to be very similar [73, 74], although fertility 
was assessed to be normal [75]. Testicular cancer risk 
was approximately doubled in prenatally DES-exposed 
men [69, 76].

Diethylstilbestrol is thus far the only estrogen that 
has been shown to affect the development of human 
male external genitalia, but in experimental animals 
ethinyl estradiol and estradiol benzoate have simi-
lar effects [77, 78]. Raman-Wilms et al. [79] made 
a meta-analysis of 14 studies on the first-trimester 
exposure of fetuses to sex hormones excluding DES, 
and did not find an association. The epidemiologic 
studies were based on accidental exposures, such as 
use of contraceptive pills during early pregnancy, 
and therefore many inherent problems created a lot 
of uncertainties, whereas some of the early DES stud-
ies were based on previous randomized, placebo- 
controlled studies [80] which gave them good power. 
In DES studies the adverse effects were clearly dose- 
and time-dependent. Exposure to synthetic estrogens 
in early pregnancy may cause adverse effects that are 
not yet apparent at birth, but influence later sexual 
development. Extensive lists of environmental estro-
gens have been published and they may have additive 
effects like the antiandrogens do. The low-dose effects 
have remained very controversial [78, 81], but it may 
even be irrelevant when the main problem is the big 
mixture that we are exposed to [82]. Genetic suscep-
tibility is also an important factor, and studies on 
gene–environment interactions are currently rapidly 
producing new data on polymorphisms that influence 
hormonal effects [83, 84].

Perspectives
Studies on environmental effects on fertility are chal-
lenging and there are no short-cuts to rapid advance 
in research. Long-term, multidisciplinary studies are 
necessary to identify harmful endocrine-disrupting 
agents in our environment. Only in this way can we 
start to prevent deterioration of reproductive health 
and safeguard future generations. However, to make 
real progress in this area of human reproductive health 
more involvement from clinical researchers is needed. 
Human studies taking the role of early fetal program-
ming into consideration are particularly challenging 
and cannot be carried out unless more concerned cli-
nicians will join in this endeavor.
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measured by declines in semen quality parameters, 
increased sperm DNA damage/fragmentation, or 
altered reproductive hormone levels. Studies included 
in this chapter were chosen based on quality and rel-
evance, where larger and more recent studies using 
sensitive markers of exposure and outcome were given 
preference. For a more detailed discussion, the reader 
is directed to the referenced articles.

Phthalates
Despite animal data demonstrating that some phtha-
lates are male reproductive toxicants and endocrine 
disruptors, human studies remain limited. Duty and 
colleagues [4] recently reported inverse associations 
between urinary phthalate metabolites and semen 
quality, with a follow-up analysis reported by Hauser 
et al. [5]. Study subjects consisted of male partners 
of subfertile couples that presented to an infertility 
clinic in Massachusetts, USA. In the initial report 
there were dose–response relationships (after adjust-
ing for age, abstinence time, and smoking status) 
between mono-n-butyl phthalate (MBP) (a metab-
olite of di-n- butylphthalate (DBP)) and below-
reference sperm motility and sperm concentration 
among 168 men [4]. In the recent follow-up report 
including these 168 men, plus an additional 295 
men newly recruited into the study, Hauser and col-
leagues [5] confirmed the associations between MBP 
and increased odds of below-reference sperm con-
centration and motility. In a recently published study 
from Sweden, Jonsson and colleagues [6] recruited 
234 young Swedish men at the time of their medical 
conscript examination. In contrast to the US study, 
in the Swedish study there were no relationships of 
MBP with any of the semen parameters, but men in 
the highest quartile for MEP had fewer motile sperm 
and more immotile sperm than men in the lowest 
MEP (a metabolite of DEP) quartile. Although the 
Swedish study had some similarities to the US study, 
in that they were both cross-sectional studies, there 
were also many important differences including the 
age range of the study population, infertility patients 
as compared with young men from the general popu-
lation, and differences in the analytical methods used 
to measure phthalates.

In the Massachusetts study, semen samples from 
379 men were also analyzed for sperm DNA damage 

11.3 Adult exposure and 
effects on fertility
John D. Meeker and Russ Hauser

Introduction
Recent reports of temporal downward trends in semen 
quality [1] and testosterone levels [2] among human 
populations has increased scientific and public concern 
regarding the potential risk of environmental chemi-
cals to male reproductive health. These observations, in 
addition to recent findings of high geographic variabil-
ity in semen quality [3], raise the possibility that human 
exposure to environmental chemicals may play a role.

The assessment of semen quality (i.e. sperm concen-
tration, motility, and morphology) is used not only clini-
cally to assess fertility, but also in epidemiologic studies 
as a biomarker for the potential effects of toxicants on 
the male reproductive system. Semen quality may be 
altered through toxicant effects on the neuroendocrine 
system (i.e. the hypothalamic–pituitary–testis axis), the 
testis (which includes Sertoli and Leydig cells as well as 
the spermatogenic cells), and on post-testi cular sites 
such as the epididymis. Toxicants may affect reproduc-
tive function by interacting with or disturbing one or 
more of these targets. Recent advances in the measure-
ment of sperm cell DNA integrity (e.g. DNA damage or 
chromatin fragmentation) and circulating reproductive 
hormone levels have also led to increased use of these 
indices in research and clinical practice.

The present chapter focuses on the human data 
generated to date on the relationship between adult-
hood exposures to environmental chemicals and 
male reproductive health. The agents discussed here – 
phthalates, pesticides, organochlorines, solvents, and 
metals – were chosen based on their exposure preva-
lence and the presence of existing human data. Further 
detailed information for many of these contaminants 
can be found in Chapter 2.

Human evidence for adverse male 
reproductive effects in relation to 
environmental contaminants
We focus here on epidemiologic studies of environ-
mental exposures and male reproductive function as 
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using the neutral comet assay [7]. After adjustment 
for age and smoking status, positive associations were 
found for at least one of the three sperm DNA dam-
age measures with MEP, MBP, MBzP (a metabolite of 
butyl benzyl phthalate), and MEHP (a metabolite of 
DEHP). Another interesting finding was that MEHP 
was strongly associated with all three DNA damage 
measures after adjustment for the oxidized DEHP 
metabolites, which may serve as phenotypic markers 
of DEHP metabolism to “less toxic” metabolites and 
lower susceptibility to exposure-related effects com-
pared with those individuals with low concentrations 
of oxidized DEHP metabolites relative to MEHP con-
centration. Since the monoester metabolite may be the 
more bioactive and toxic form of the phthalate, indi-
viduals who have lower metabolism of MEHP to the 
oxidized metabolites may have increased sensitivity to 
phthalate exposure.

Three human studies have investigated associations 
between exposure to phthalates and circulating repro-
ductive hormone levels in men. In a study of workers 
producing PVC flooring with high exposure to DEHP 
and DBP, urinary concentrations of metabolites of 
these phthalates were inversely associated with free tes-
tosterone levels [8]. Likewise, a report on 425 men from 
the Massachusetts infertility clinic study found that 
MEHP was inversely associated with testosterone and 
estradiol [9]. On the other hand, the study of 234 young 
Swedish men found an inverse association between 
urinary MEP and LH but no association between MEP, 
MBP, MEHP, or other phthalate metabolites in urine 
and FSH, testosterone, estradiol, or inhibin B [6].

In summary, the epidemiologic data on semen 
quality, sperm cell DNA integrity, and altered repro-
ductive hormone levels in relation to phthalate expo-
sure among men remains limited. Additional studies 
are critically needed to help elucidate possible explana-
tions for differences across studies, and most impor-
tantly to address whether phthalate exposure alters 
semen quality, sperm function, and male fertility.

Non-persistent pesticides
Some common classes of non-persistent pesticides in 
use today include organophosphates, carbamates, and 
pyrethroids. Though environmentally non-persistent, 
due to the extensive use of pest control in various set-
tings, a majority of the general population is exposed to 
some of the more widely used pesticides at low levels.

A number of studies have reported alterations 
in male reproductive health markers in relation to 

non-persistent pesticide exposure in agricultural and 
industrial (e.g. pesticide manufacture and packaging) 
settings [10], the majority of which relied on non-
specific assessment of exposure and thus limited the 
interpretation of findings. More recently, researchers 
have utilized urinary and serum biomarkers of pesti-
cide exposure to explore associations between low-
level exposure, representative of exposures among the 
general population, and reduced semen quality. In a US 
study on the male partners of pregnant women, Swan 
and coworkers [11] compared urinary levels of pesti-
cide biomarkers in 34 men with sperm concentration, 
motility, and morphology below the median (defined 
as cases) with 52 men with above median semen 
parameters (defined as controls). They found elevated 
odds-ratios for alachlor mercapturate, 2-isopropoxy-
4-methyl-pyrimidinol (IMPY; diazinon metabolite), 
atrazine mercapturate, 1-naphthol (carbaryl and naph-
thalene metabolite), and 3,5,6-trichloro-2-pyridinol 
(TCPY; chlorpyrifos metabolite). However, a small 
study size led to wide confidence intervals that restrict 
interpretation of the study results.

Using urinary biomarker data representative of low 
environmental levels of pesticides commonly encoun-
tered among the US general population, Meeker et al. 
[12] studied 272 men from the Massachusetts infertility 
clinic study. They found inverse associations between 
urinary levels of 1-naphthol, a metabolite of both car-
baryl and naphthalene, with sperm concentration and 
motility. They also found a suggestive inverse relation-
ship between the urinary metabolite of  chlorpyrifos 
(TCPY) and sperm motility. Within the same study 
population, statistically significant positive associa-
tions between TCPY and 1N and sperm DNA dam-
age were also reported [13], as were significant inverse 
associations between the insecticide metabolites and 
serum testosterone levels [14].

New restrictions have been placed on chlorpy-
rifos and other common organophosphate insecti-
cides in many countries, which have resulted in the 
increased availability and usage of synthetic pyrethroid 
 insecticides [15]. Meeker and colleagues [16] recently 
reported inverse associations between urinary pyre-
throid metabolites and sperm concentration, motility, 
and morphology, and a positive association between 
pyrethroid metabolites and sperm DNA damage, in 
men from the Massachusetts study. The findings for 
sperm concentration were consistent with results from 
a study of 376 Chinese men with no occupational pes-
ticide exposure [17]. There is also recent evidence for 
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altered hormone levels in relation to environmental 
pyrethroid exposure. Among men in the Massachusetts 
study, pyrethroid metabolites were positively associated 
with FSH and LH, and inversely associated with inhibin 
B and testosterone [18].

In summary, in addition to evidence from occu-
pational studies, there are limited human studies 
suggesting male reproductive toxicity in relation to 
non-occupational exposure to non-persistent pesti-
cides, specifically some herbicides and insecticides. 
However, more research is clearly needed.

Polychlorinated biphenyls 
and organochlorine pesticides
Compared to other known or suspected endocrine 
disruptors, PCBs have been relatively well studied in 
relation to male reproductive health, especially meas-
ures of semen quality [19, 20]. Among 305 young men 
undergoing a conscript examination for military serv-
ice, Richthoff and coworkers [21] reported inverse 
associations between PCB 153 and percent motile 
sperm, but not sperm concentration or total sperm 
count, when considering potential confounding vari-
ables. Rignell-Hydbom et al. [22, 23] reported on the 
associations between PCBs with semen parameters 
and sperm chromatin integrity in Swedish fishermen 
from two regions. When PCB 153 was categorized into 
quintiles, the highest quintile had decreased sperm 
motility compared with men in the lowest quintile. 
There were no consistent associations of PCB 153 with 
sperm concentration. Among men with sperm chro-
matin integrity results, there was a positive association 
between PCB 153 and the percentage of sperm showing 
DNA fragmentation. This study population was part 
of a large 4-center study of 2269 men from European 
and Inuit populations, which found that PCB 153 was 
positively associated with DNA fragmentation in an 
analysis of all European men in the study, and inversely 
associated with percentage of progressive sperm in 
an analysis of all men (European and Inuit) who par-
ticipated in the study [24]. Hauser and colleagues [25] 
conducted a study of PCB levels in blood and semen 
quality parameters among 212 of the men in the 
Massachusetts infertility clinic study. After adjusting 
for confounders there were significant dose–response 
relationships between PCB 138 and below-reference 
sperm motility and sperm morphology. Associations 
between semen parameters and PCB 153 were not con-
sistent. Hauser et al. [26] also studied the relationship 
between PCBs with DNA integrity in sperm using the 

neutral comet assay, but did not find any strong or con-
sistent associations.

Several studies have assessed associations between 
PCB exposure and circulating reproductive hormone 
levels in men. A recent US study of men that were 
sport-caught fish consumers found significant inverse 
associations between serum PCB concentrations and 
sex hormone binding globulin (SHBG)-bound testo-
sterone but not total or free testosterone, suggesting 
PCB exposure may affect steroid binding [27]. On the 
other hand, a Swedish study of military conscripts 
reported an inverse association between PCB 153 
and free testosterone [21], which was also reported in 
European men from the study of European and Inuit 
men mentioned earlier [24]. A positive association 
between PCB 153 and LH was also found among the 
Inuit population in the study [24].

Although the organochlorine pesticide DDT was 
banned for use in most industrialized nations, it is cur-
rently used for malaria control in several countries. 
DDT or its metabolites (e.g. DDE) have been associ-
ated with significant or suggestive declines in semen 
quality in a number of studies from multiple continents 
[10, 19, 28]. There is also evidence that DDT and/ or 
DDE is positively associated with sperm DNA damage, 
though results between studies have been inconsist-
ent [10, 24, 26]. A number of recent studies have also 
assessed reproductive hormone levels in relation to 
DDT or its metabolites, but the majority of the studies 
were small in size and results have been inconsistent.

In summary, the data on the relationship between 
PCBs and measures of semen quality support an 
inverse association of PCBs with reduced sperm motil-
ity. The associations found were generally consistent 
across studies performed in different countries (India, 
Netherlands, Taiwan, Sweden, and USA) that used dif-
ferent methods to measure semen quality and PCBs. 
Furthermore, associations were consistently found 
despite a range of PCB levels; that is, there did not appear 
to be a threshold. The data for DDT or its metabolites in 
relation to semen quality are less consistent.

Solvents
Organic solvents are widely used for cleaning in indus-
trial production processes and are also found in paint 
systems. Traditional solvents have long been used for 
the degreasing of metal, glass or plastic work pieces 
in electroplating facilities, paint shops, and assem-
bly plants, while new solvents have been introduced 
over the last few decades for specialized applications 
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in the military, aerospace, biotechnology, and com-
puter/semiconductor industries. Human studies of 
specific occupational solvent exposure and negative 
impacts on male reproduction are limited but have 
been reviewed previously [29]. Inverse associations 
between solvent exposure and semen quality have 
been reported for ethylene glycol ethers, trichloroeth-
ylene, styrene, benzene, toluene, and xylene. However, 
because new chemical formulations continue to be 
introduced in industry to fit specific process require-
ments, reproductive toxicology and epidemiology 
data are not extensive for many solvents currently in 
use. Several other human studies of solvent exposure 
and semen quality involve occupational exposure to 
broad classes of solvents as opposed to specific chemi-
cals [30, 31]. Additional human studies investigating 
occupational exposure to specific solvents which 
are suspected male reproductive toxicants, such as 
2-bromopropane, are greatly needed. For solvents 
that are commonly used in households and consumer 
products, studies of low-level (non-occupational) 
solvent exposure and male reproduction are also 
needed.

Metals
Some metals, such as cadmium, lead, arsenic, and mer-
cury, are non-essential xenobiotics that are known to 
be harmful to human health, while others (e.g. chro-
mium, copper, manganese, molybdenum, selenium, 
and zinc) are essential for good health at low levels but 
may be harmful above certain doses. A number of met-
als are reproductive toxicants and suspected endocrine 
disruptors, but the biological mechanisms involved 
remain largely unclear. Cadmium and lead have been 
the most studied metals in relation to male reproduc-
tion, and both have been reported to be associated with 
adverse effects on male reproductive function in occu-
pational studies [32]. Recent studies have focused on 
exposure outside the workplace. The general popula-
tion is exposed to metals at trace concentrations either 
voluntarily through supplementation or involuntar-
ily through intake of contaminated food and water or 
contact with contaminated soil, dust, or air. Among 
Croatian men with no specific occupational exposure 
to metals, researchers have reported that blood cad-
mium concentrations were associated with increased 
serum testosterone, FSH and estradiol, and declined 
testis size, after adjusting for several potential con-
founders [33, 34]. However, these studies, as well as a 
recent US study [35], did not find associations between 

cadmium and semen quality parameters. In agreement 
with the Croatian findings involving hormone levels, a 
recent study of 1262 men participating in the third US 
National Health and Nutrition Examination Survey 
(NHANES) reported positive associations between uri-
nary cadmium and testosterone, estradiol, and SHBG 
that were confounded by smoking status [36].

Although environmental lead exposure levels 
have been declining in industrialized nations for the 
past few decades, health effects from low exposure 
levels remain a concern. Among men with no known 
occupational exposure, studies of Croatian men have 
reported that blood lead concentrations were posi-
tively associated with testosterone and estradiol levels, 
as well as increased immature sperm and percentage of 
pathologic, wide, and round sperm [33, 34]. Another 
study in Mexico found that lead measured in sperma-
tozoa or seminal fluid, but not in blood, was associated 
with decreased semen quality [37]. A recent US study 
also reported only weak, inconsistent inverse associa-
tions between low concentrations of lead in blood and 
semen quality [35].

Studies of exposure to metals other than cadmium 
or lead in relation to male reproductive function are 
more limited but suggest that several of them may  
be male reproductive toxicants. Most studies to date 
have been among occupationally exposed men (e.g. 
welders) and results have been conflicting. Among  
200 non- occupationally exposed men, manganese 
levels in blood were inversely associated with sperm 
concentration and motility [38]. Mercury, a transition 
metal and common environmental contaminant, was 
recently found to be associated with increased estra-
diol levels in men (as well as in women) from a small 
residential population in Cambodia [39]. Mercury 
concentrations in semen were also associated with 
abnormalities in sperm morphology and sperm motion 
in a study of men in Hong Kong [40]. Molybdenum, 
a metal commonly found in drinking water and in 
multi-mineral supplements, was inversely associated 
with semen quality parameters and testosterone levels 
in two recent reports from a US study [35, 41]. Finally, 
a recent study of exposure to arsenic, a metalloid with 
both man-made and natural environmental sources 
of contamination, and erectile dysfunction suggested 
that arsenic may impart increased risk through a 
reduction of circulating testosterone levels [42]. Based 
on these findings, more research is needed on the 
potential male reproductive toxicity metals following 
environmental exposure.
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Other emerging contaminants of concern
In addition to the environmental chemicals discussed 
in this chapter, there are other classes of chemicals that 
require further study as to their relation with human 
reproductive health. These chemicals include, among 
others, alkylphenols, such as 4-nonylphenol, bisphe-
nol-A (BPA), brominated flame retardants, such as 
polybrominated diphenyl ethers (PBDEs), and fluori-
nated organic compounds such as perfluorooctanoic 
acid (PFOA) and perfluorooctanesulfonate (PFOS). 
Alkylphenols are used as surface active agents in clean-
ing/washing agents, paints, and cosmetics, while BPA 
is used in the manufacture of polycarbonate plastics 
and epoxy resins. The PBDEs have been added to tex-
tiles, polyurethane foams (e.g. in mattresses and furni-
ture), and plastics used in electronics to prevent them 
from burning. The perfluorinated compounds are used 
to make fabrics stain-resistant/water repellent and in 
coatings on cookware and other products. Although 
human exposure to these chemicals has been demon-
strated, as have adverse reproductive effects in animals 
in relation to exposure to these chemicals, the epide-
miologic evidence on potential health effects remains 
very limited.

Conclusions and future research needs
The epidemiologic data on environmental chemicals 
described here suggest that there may be associations 
with altered endocrine and reproductive function. 
However, the limited human data, and in certain 
instances inconsistent data across studies, highlight the 
need for further epidemiologic research on these chem-
icals. Most studies to date have been cross  sectional 
in nature. Future longitudinal studies are needed to 
explore the temporal relationship between exposure 
to environmental chemicals and adverse reproductive 
outcomes to provide more information on whether 
these relationships may be causal in nature.

Researchers face a number of challenges that need 
to be addressed to further our understanding of the 
relationship between environmental chemicals and 
male reproductive function. One future challenge 
includes shifts in exposure levels among populations 
over time due to the ever-changing patterns of produc-
tion and use of these compounds. Another challenge 
is to understand how simultaneous co-exposures to 
these chemicals may affect endocrine and reproduc-
tive function. It is well known that humans are exposed 
to all of these compounds simultaneously, as well as 
to many other chemicals. However, most studies to 

date have only addressed single chemicals or classes 
of chemicals, and there are limited data on the inter-
actions between chemicals within a class or across 
classes. Chemicals may interact additively, multipli-
catively, or antagonistically. For example, greater than 
additive interactions of phthalate metabolites MBP 
and MBzP with PCB 153 in relation to sperm motil-
ity have recently been reported [43]. However, the 
human health risks of exposure to chemical mixtures 
remains highly understudied.

Despite the challenges listed here, evolving and 
innovative technologies designed to improve the assess-
ment of human exposure and intermediate biological 
markers of effect should provide enhanced opportu-
nities for improving our understanding of the rela-
tionship between these environmental chemicals and 
reproductive health. Innovations include improved 
biomarkers of exposure, more sophisticated statistical 
methods that deal with multiple exposures simultane-
ously, sensitive new measures of intermediate altera-
tions in human endocrine function and reproductive 
health, and methods for pinpointing important win-
dows of exposure whether they are in utero, during 
childhood or adolescence, as an adult, or a combina-
tion of these life stages.
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Chapter

12.
outcomes can be measured is limited, especially dur-
ing critical or sensitive windows [10], underscoring 
the importance of experimental animal studies for 
defining critical windows. Extrapolating to humans 
requires consideration of species-specific differences 
with respect to differentiation of structure, function, 
and physiology and a lack of common endpoints and 
milestones [11]. For many contaminants, there is no 
known “safe” threshold and there may be no “unex-
posed” individuals. Much of the available literature 
comprises samples of individuals with unique expo-
sures from work (e.g. farmers) or following disasters 
(e.g. Seveso).

The strongest evidence that environmental con-
taminant exposures interfere with healthy reproduct-
ive function in women is for heavy metals, particularly 
lead. In addition, compounds that can influence the 
normal balance of hormones, including many pesti-
cides and persistent pollutants, appear to increase risk 
for adverse reproductive outcomes among women. 
These endocrine-active compounds are a hetero-
geneous group of substances that include naturally 
occurring compounds as well as environmental con-
taminants. They may act directly on the reproductive 
system, indirectly through the immunological or ner-
vous system, and may have transgenerational effects 
through epigenetic modifications [12, 13]. For the 
most part, the compounds of greatest concern interfere 
with hormone homeostasis rather than leading to bio-
logic system failures or frank structural organ damage. 
Resulting changes in hormone formation, receptor sta-
tus, function, and regulatory processes, interfere with 
the healthy foundation of women’s reproductive func-
tion and can cause adverse events, particularly among 
susceptible women.

Environmental contaminants, female 
reproductive health and fertility
Pauline Mendola and Germaine M. Buck Louis

Introduction
Evidence continues to accumulate suggesting that 
environmental exposures adversely impact human 
reproductive function. Chemical exposures in the 
workplace, home, and ambient environment have 
demonstrated effects on women’s reproductive 
health [1] and concerns have been raised about a 
broad spectrum of factors that influence women’s 
health including the social, biological, and physical 
environment [2].

The current body of scientific evidence often relies 
on either a proxy of exposure such as consumption of 
polychlorinated biphenyl (PCB)-contaminated fish 
[3] or a single blood measurement [4] to assess the 
risk for an individual reproductive or developmental 
outcome such as time-to-pregnancy [4] or menstrua-
tion [5]. Epidemiologists have long articulated that 
research should be designed to capture the highly 
timed and interrelated nature of human reproduction 
and development [6]. Recognition of the need to con-
sider life-course approaches in research design [7] is 
growing, particularly given the testicular dysgenesis 
[8] or ovarian dysgenesis [9] hypotheses that suggest 
an in utero origin for fecundity- and fertility-related 
disorders.

We define the environment to be inclusive of all 
non-genetic factors, but restrict our review to focus 
on chemical and pollutant exposure while recog-
nizing the importance of other excluded factors 
(e.g. social, physical, and medical iatrogenic). A key 
premise underlying this chapter is that exposure to 
environmental chemicals and pollutants is ubiqui-
tous and includes exposures of which women are 
not aware. The ability of epidemiologists to design 
studies in which these exposure(s) and sensitive 
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Environmental health threats deserve more 
intense scrutiny because they are potentially modi-
fiable. To the extent that hazards are known or sus-
pected, women can minimize exposure by following 
label instructions when using chemicals or avoiding 
exposure to the extent that is possible. Precaution is 
generally prudent, especially where the evidence for 
risk is strongest, but it is also important to keep in 
mind that the research base is actually quite limited. 
While there is a great deal of concern that chemical 
exposures are increasing in the developed world and 
women are encountering more difficulties with fertil-
ity and reproductive function than previous genera-
tions, the causal ordering of these two phenomena has 
not been fully established.

In this chapter, we focus on women and how a var-
iety of chemical and pollutant exposures throughout 
the life course can influence women’s reproductive 
health and fertility. Wherever possible, our discussion 
is organized by life stage in recognition that achieving 
a functional level of biologic competence in early life 
(e.g. healthy ovarian function) is essential for outcomes 
at later stages (e.g. fertility) in keeping with an ovarian 
dysgenesis hypothesis. After considering the early life 
exposures that limit fertility, we move to the evidence 
for the influence of adult women’s environmental expo-
sures on ovarian and menstrual function and fertility.

Attempting to cover a dynamic life course of  
women’s environmental exposures and a variety of 
reproductive health measures is bound to suffer from 
the limitations inherent in such a broad-scope exer-
cise. First, many important and inter-related top-
ics are covered elsewhere in this text including the 
development and maturation of the female reproduc-
tive system (Chapter 3), the impact of environmen-
tal exposures on puberty (Chapter 9) and pregnancy 
outcomes (Chapter 10). We also recognize that many 
outcomes used to assess “reproductive health” are, in 
fact, couple-dependent and male development and 
outcomes are also covered elsewhere (Chapters 4 and 
11). Second, women play a unique role as mothers. 
Their bodies and the body burden of environmental 
contaminants that they bring to pregnancy serve as 
the biologic foundation for fetal development, and 
exposures during pregnancy can also influence the 
reproductive capacity of their children. Women also 
exercise a great deal of control over the environments 
experienced by infants and young children. Women’s 
exposures are particularly important for transgen-
erational effects, since an adult woman’s reproductive 

health as well as her response to environmental expo-
sures are modified by her own in utero exposures or 
early childhood influences.

In utero exposures and implications 
for reproductive health and later  
onset disease
Reproductive health denotes pregnancy or childbearing 
in the minds of many, but such a definition is unneces-
sarily restrictive and overly simplistic in that it fails to 
consider reproductive health in a non-pregnant state. We 
define reproductive health to include the biologic ability 
of women for reproduction irrespective of her pregnancy 
intentions or contraception practices. This paradigm 
includes the development and programming of fetuses 
through reproductive senescence, given the importance 
of exposures during critical and sensitive windows for 
reproductive health. Table 12.1 lists the spectrum of  
interrelated outcomes that comprise our definition 
of reproductive health across a woman’s lifespan. The 
importance of reproductive health in the context of  
overall health status as well as for economic and social 
well-being have been previously discussed [14].

The longstanding premise that most females are 
born with the eventual capacity for delivering a healthy 
live-born infant is being revisited in recognition of the 
rapidly evolving body of evidence supporting an in utero 
origin of reproductive health and later-onset adult dis-
eases. The impetus for this rethinking has been credited 
to the early origins of disease hypothesis first postulated 
for interpreting the relation between diminished birth 
size and adult cardiovascular disease [15], as discussed 
in detail in Chapter 7. This hypothesis stimulated think-
ing about other physiologic systems including the male 
reproductive system, eventually giving rise to the testicu-
lar dysgenesis syndrome (TDS) hypothesis, which posits 
a relation between intrauterine hormonal disturbances 
and a spectrum of adverse male fecundity endpoints 
such as genital–urinary malformations, decreased sperm 
counts, and testicular cancer [8]. While less well devel-
oped than TDS, an ovarian dysgenesis syndrome (ODS) 
has been proposed given the evidence suggesting an in 
utero origin for endometriosis, fibroids, and polycystic 
ovarian syndrome, which in turn have been associated 
with both gravid and later adult diseases such as pre-
eclampsia, autoimmune disorders, and reproductive site 
cancers [9].

A model compound for the study of the repro-
ductive effects of endocrine-active chemicals during 
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critical windows of human development is diethyl-
stilbestrol (DES). Diethylstilbestrol is a non-steroidal 
compound synthesized in the 1930s with a structure 
similar to estrogen. It is often used as the prototype 
compound for what is now known to include a spec-
trum of structural and functional changes throughout 
the reproductive track of men and women with an in 
utero exposure [16] including possible transgenera-
tional effects [17].

Biologic plausibility for an in utero environmental 
origin of reproductive health is supported by a vast tox-
icologic literature that underscores the importance of 
quantifying exposures in relation to critical windows 
of human development, which are defined as time-
sensitive periods for cellular, tissue or organ growth  
and development [18]. The prevalence of congenital 
uterine anomalies in relation to female fecundity was 
recently reviewed and reported to be higher for infer-
tile women with recurrent pregnancy losses in com-
parison with either infertile women without recurrent 
losses or the general female population [19]. This sug-
gests interrelated outcomes “diagnosed” over the life-
span that may have a similar in utero etiology. This 
evidence coupled with other work supports the need to 
move towards studies of sensitive windows to identify 
both structural and non-structural (e.g. functional or 
behavioral) effects associated with early exposures [7]. 
The increasing popularity of life-course epidemiologic 
inquiry, defined as the long-term study of biological, 

behavioral, and psychosocial processes over sensitive 
windows of human development (in utero through 
adolescence) and adult health, may be responsive to 
this data gap [20].

In utero exposure to endocrine-active compounds 
has the potential to adversely affect women’s eventual 
reproductive health either directly by affecting steroid 
hormone production (ovary) or interfering with con-
trol and/or action of ovarian hormones (HPG axis), or 
indirectly via immunologic or neurologic pathways. 
The rapidly dividing primordial germ cells and oogonia 
characterizing the fetal period may be extremely vul-
nerable to exposure to endocrine-active compounds. 
Exposure may affect the synthesis, secretion, trans-
port, metabolism, binding, and/or elimination of the 
body’s hormones. This is likely to be true for naturally 
occurring (e.g. phytoestrogens) or man-made chemi-
cals that act like hormones or interfere with hormone 
function (e.g. persistent organic pollutants and heavy 
metals). Effects may manifest as an abnormal follicular 
development and an ensuing deficiency of a competent 
number of follicles clinically presenting as primary 
ovarian insufficiency. Folliculogenesis, the progres-
sion of an ovarian follicle from its primordial to pre-
ovulatory state, is necessary for eventual fecundity or 
biologic capacity for reproduction. The timing of expo-
sures during follicular growth may impact the type of 
effect seen, ranging from the complete destruction of 
primordial and primary follicles resulting in sexual 

Table 12.1. Examples of the spectrum and interrelatedness of adverse reproductive health outcomes across the female lifespan.

Time frame for measurement of adverse reproductive outcomes

 
In utero

Infancy and 
childhood

 
Adolescence

 
Adulthood

Reproductive 
endpoints

Reduction or 
destruction of 
follicles  
Epigenetic changes

Alterations 
in secondary 
sex ratios 
Malformations 
Primary 
chromosomal 
disorders

Pubertal 
disturbances

Gynecologic disorders 
Gynecologic malignancies

Examples Reduced 
complement of 
follicles

Female excess of 
live births  
XXY

Precocious puberty  
Delayed onset  
and/or progression

Endometriosis, fibroids, 
premature ovarian 
insufficiency, polycystic 
ovarian syndrome

Implications for 
later-onset adult 
health

Primary ovarian 
insufficiency; 
impaired adult 
fecundity  
Possible 
transgenerational 
effects

Impaired adult 
fecundity

Primary ovarian 
insufficiency; 
impaired adult 
fecundity

Higher risk of gynecologic 
disorders (e.g., 
endometriosis, fibroids), 
gravid diseases (e.g. pre-
eclampsia, gestational 
diabetes), reproductive 
cancers and autoimmune 
disorders
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infantilism and/or sterility, to a reduction in number 
or quality clinically manifesting as impaired fecundity 
(e.g. primary ovarian insufficiency, premature ovar-
ian failure, anovulation, or conception delays). Oocyte 
exposures may occur while in their arrested prophase 
of the first meiotic division or subsequently following 
the resumption of meiosis in response to the preovula-
tory gonadotropin surge. Oocyte maturation occurs in 
the follicle making them vulnerable to exposures that 
adversely affect steroid production. A number of envi-
ronmental chemicals have been isolated from follicu-
lar fluid suggestive of exposure [21], but data on their 
effect on oocyte quality or ovulatory disorders possibly 
by increasing the rate of atresia is lacking.

Evidence for an ovarian dysgenesis 
syndrome
For the purposes of this chapter, we define ODS as a 
constellation of adverse health outcomes including 
genital–urinary malformations, gynecologic disor-
ders (e.g. endometriosis, fibroids, polycystic ovarian 
syndrome, premature ovarian insufficiency (POI)), 
gravid diseases (pre-eclampsia, gestational diabetes), 
fecundity and fertility impairments (conception delays, 
infecundity, altered secondary ratios), and other adult-
onset diseases (e.g. autoimmune and reproductive site 
cancers) possibly attributed to periconceptional or in 
utero environmental exposures including those that are 
transgenerational in origin. Evidence for an ODS is still 

somewhat dispersed in the literature by various repro-
ductive endpoints ranging from pubertal onset and 
progression to gynecologic disorders such as endome-
triosis, polycystic ovaries to (premature) reproductive 
senescence. As such, the weight of evidence is currently 
insufficient for suggesting a shared etiology for the spec-
trum of endpoints. We provide examples of research 
supporting ODS by various endpoints below.

Figure 12.1 illustrates a paradigm for considering 
early exposures across sensitive windows of human 
development from periconception through adoles-
cence. By design, the figure emphasizes the interre-
latedness of sensitive windows and the potential for 
parentally mediated effects to be manifested across the 
lifespan.

Perhaps, the two reproductive endpoints most con-
sistent with an intrauterine origin based upon availa-
ble evidence to date are abnormal pubertal timing and 
polycystic ovarian syndrome (PCOS). A brief review of 
the evidence supporting a role for environmental fac-
tors and reproductive health follows.

Puberty
Puberty represents that period of life during which 
children transition to adolescence, and is accompa-
nied by the onset of secondary sexual characteristics 
along with overall physical and physiologic growth 
and development in the pathway to becoming fecund 
adults biologically capable of reproduction. Blanck 
and colleagues [22] were among the first to report a 

Fig. 12.1. Illustration of sensitive windows of female environmental exposures.
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possible adverse relation between in utero exposure to 
brominated flame retardants and puberty. Since that 
time, numerous other studies have found similar find-
ings for various persistent halogenated organic chemi-
cals such as PCBs, dichlorodiphenyltrichloroethane 
(DDT), dichlorophenyl dichloroethylene (DDE) and, 
to a lesser extent, dioxin, hexachlorobenzene, endo-
sulfan, and heavy metals as recently summarized [23]. 
Alterations in the onset and/or progression of puberty 
need to be considered when evaluating in utero expo-
sures and, possibly, in the context of later gynecologic 
disorders to fully understand the implications of such 
early exposures.

Polycystic ovary syndrome
Polycystic ovary syndrome is a common heterogeneous 
disorder whose prevalence varies by choice of diagnostic 
criteria. A leading definition established in 1990 required 
chronic anovulation and hyperandrogenism (includ-
ing acne, hirsutism, and male pattern baldness) in the 
absence of known pathology such as congenital adre-
nal hyperplasia, hypercortisolism, thyroid dysfunction, 
and hyperprolactinemia [24]. A more recent definition 
requires only two of the following three criteria: (1) clini-
cal or biochemical evidence of hyperandrogenism; (2) 
intermittent or absent menstrual cycles; and (3) polycystic 
ovary morphology as visualized by ultrasound [25]. The 
relation between PCOS and adult-onset diseases is now 
recognized. For example, girls and women with PCOS 
are at increased risk of developing impaired glucose tol-
erance and type II diabetes mellitus in comparison with 
unaffected women [26]. These disorders impair meta-
bolic activity and, thereby, suppress insulin-mediated 
glucose uptake and lipolysis with ensuing hyperinsuline-
mia. Various pathways have been postulated including a 
primary ovarian abnormality [27], in utero environmen-
tal exposures leading to fetal reprogramming [28] or dys-
regulation of fat metabolism. Much of the evidence for 
in utero fetal reprogramming of gonadotropin secretory 
dynamics comes from female primates with intrauterine 
androgen exposure at sensitive windows of development 
being associated with PCOS [28].

Other evidence supporting an in utero origin for 
PCOS includes higher risk associated with increased 
birthweight and gestation [29]. The authors specu-
lated that two forms of PCOS may arise in utero sug-
gesting the importance of hormonal milieu on female 
reproductive and adult health. While a few authors 
have reported associations between PCOS and envi-
ronmental chemicals such as bisphenol-A (BPA) [30], 

we are unaware of any research where exposure was 
obtained during sensitive windows of development. 
Interestingly, the relation between PCOS and gravid 
health conditions is now emerging as affected women 
are reported to be at greater risk than unaffected women 
of developing pre-eclampsia, hypertension, and gesta-
tional diabetes [31].

Endometriosis
Endometriosis is characterized by the growth of 
endometrial glands and stroma outside the uterine 
cavity. These endometriotic implants can be found 
anywhere in the pelvic, abdominal, or thoracic cav-
ity and eventually produce vesicles or hemorrhages 
that visually appear as blue, brown, or black lesions. 
Approximately 10–15% of reproductive-age women 
are estimated to have endometriosis [32] but preva-
lence estimates vary greatly depending on the study 
sample; for example, prevalence increases to 20–40% 
among infertile women, and the estimates range from 
4–65% among women with chronic pelvic pain and 
1–22% among women undergoing gynecologic surgi-
cal procedures [33]. The absence of physical signs or 
definitive biomarkers necessitates the reliance on visu-
alization with or without histologic confirmation for 
diagnosis. Retrograde menstruation remains the most 
commonly cited etiologic theory [34], yet implies that 
women acquire endometriosis through menstrua-
tion rather than from a point source such as in utero 
exposures.

The impact of environmental factors in the develop-
ment of endometriosis is now recognized, particularly 
the role of polyhalogenated aromatic hydro carbon 
chemicals: polychlorinated dibenzo-dioxins, dibenzo- 
furans, PCBs, and naphthalenes. As endocrine-active 
 compounds, these chemicals are postulated to affect 
development of endometriosis via a number of path-
ways: (1) alterations in the synthesis and metabo-
lism of estradiol; (2) alterations in the production of 
proinflammatory growth factors or cytokines; and (3) 
misexpression of remodeling enzymes [35].

Recognition of a purported relation between dioxin 
and endometriosis first emerged in 1993 when Rier 
and colleagues reported a significant dose-dependent 
increase in the incidence and severity of endometriosis 
in exposed rhesus monkeys [36]. Subsequently, Yang 
et al. investigated the effects of dioxin on survival and 
growth of ectopic endometrium in monkeys following 
auto transplantation [37]. Human evidence is mixed, 
but five studies have reported significantly increased 

Fig. 12.1. Illustration of sensitive windows of female environmental exposures.
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risk of endometriosis in relation to exposure to PCBs 
and dioxin-like compounds [38–42].

An environmental in utero origin for endometrio-
sis is now being considered given evidence suggest-
ing women with in utero DES exposure are at greater 
risk than unexposed women [43]. Conversely, women 
exposed in utero to cigarette smoke are reported to 
be at reduced risk of developing endometriosis [44]. 
Women with endometriosis are reported to have 
lower body mass indices up to diagnosis in compari-
son with women without disease, suggestive of early 
programming [45]. In contrast to women with PCOS, 
women with endometriosis-associated infertility have 
recently been reported to have a lower incidence of pre-
 eclampsia and pregnancy-induced hypertension than 
women with male-factor infertility undergoing in vitro 
fertilization [46]. Affected women also are reported to 
be at increased risk of later-onset autoimmune diseases 
[47] and malignancies [48] in comparison with women 
without endometriosis.

Leiomyoma
There is a very limited body of research focusing on a 
possible environmental origin for uterine leiomyomas 
(fibroids) despite their widespread prevalence among 
women of reproductive age, i.e. 70–80% lifetime cumu-
lative incidence [49]. While its etiology is speculative, 
these tumors of smooth muscle origin are believed 
to be associated with ovarian hormones, prompting 
some authors to speculate about a role for exogenous 
estrogens [50]. A few such reports have been published 
including a positive association between in utero DES 
exposure [51], adult dioxin exposure [52], and risk of 
uterine leiomyoma.

Menopause
While the research in this area is extremely limited, 
women with in utero DES exposure attained natu-
ral menopause earlier than unexposed women [53]. 
Additionally, low weight gain during infancy has been 
associated with early menopause, possibly suggesting 
a low rate of in utero linear growth [54]. An in utero 
origin for POI regardless of women’s age has not been 
explored to our knowledge.

Implications for fecundity and fertility 
beyond the ovarian dysgenesis syndrome
Puberty
As Fig. 12.1 illustrates, the postnatal environment 
remains a possible sensitive window for children and 

adolescents whether as the result of earlier in utero 
programming coupled with subsequent exposures to 
which young girls may be exposed or from de novo 
exposures arising after birth through the attainment of 
puberty. Puberty has implications for female fecundity 
as its onset represents the lower bound of the repro-
ductive age with menopause representing the upper 
bound. Precocious or delayed puberty, thereby, have 
implications for women’s fecundity and the occurrence 
of gynecologic disorders tied to this window.

Fecundity and fertility
There has been limited study of the effect of intrauter-
ine exposures on female fecundity and fertility, and 
most that has been conducted relies upon the women’s 
(rather than that of the mothers) self-reports. Some 
data have been discussed above in the ODS section, 
but other suggestive data include in utero exposure 
to cigarette smoke, which has been associated with 
diminished female fecundity as measured by a longer 
time-to-pregnancy [55]. In utero exposures to endo-
crine-active compounds are postulated to affect fertil-
ity by altering secondary sex ratios resulting in a higher 
than expected number of female to male live births 
[56]. Other than ovulation induction agents, few envi-
ronmental exposures have been assessed in relation to 
other fertility endpoints such as multiple births.

Adult exposures and adverse 
reproductive health effects

Menstrual and ovarian function
Regular menstrual cycling is dependent on a pattern of 
hormone changes to support the development of a dom-
inant ovarian follicle, thickening of the endometrium 
in preparation for implantation, rupture of the follicle 
and release of the ovum into the fallopian tube, and the 
sloughing of the uterine lining (menses) in the absence 
of a viable implantation. The “normal” menstrual cycle 
varies within and between women, and disturbances 
or menstrual disorders are typically measured by cycle 
length, duration of bleeding, and/or pain.

Amenorrhea is the cessation of menses and can be 
“primary” or the complete absence of menarche by 16 
years of age, or “secondary” when menstruation ceases 
for an interval comparable to three times the typical 
length of a cycle. Oligomenorrhea is the absence of 
menstruation for shorter intervals ranging from 35 
to 90 days, whereas, polymenorrhea is frequent men-
struation or cycles less than 21 days. Anovulation is the 
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absence of ovulation. Luteal phase defects occur when 
the corpus luteum fails to develop adequately or when 
progesterone production is compromised in the second 
half of the cycle. Lastly, dysmenorrhea refers to painful 
menstruation and is typically reliant on self-report or 
sometimes pain scales.

When adult women’s exposure to  environmental 
contaminants leads to disruption of menstrual or ovar-
ian function, generally the variations observed (long or 
short cycles, changes in luteal or follicular phase) indi-
cate an underlying perturbation of hormones rather 
than the development of clinical menstrual or ovarian 
disorders [1]. Many of the implicated compounds are 
known to be endocrine-active compounds.

Variations in cycle length are a common cross-
 sectional endpoint but the data on environmental expo-
sure impact is equivocal with respect to the nature and 
strength of the associations. Shorter cycles have been 
observed among lead-battery plant workers [57] as well 
as among women exposed to chlordibromomethane in 
drinking water [58] and DDT [59]. In contrast, longer 
cycles have also been observed in association with 
dioxin [60], hormonally active pesticides [61], serum 
PCBs [62], and working in the semiconductor indus-
try [63]. Many of these studies also observed associa-
tions with other menstrual disorders such as missed 
periods and abnormal bleeding [57, 61, 62]. No rela-
tion between menstrual abnormalities, cycle length, 
or other characteristics has been reported in studies of 
PCBs, metal exposure, DDE, and DDT [64, 65].

In studies with biomarker data, follicle-stimulating 
hormone was decreased in women exposed to pen-
tachlorophenol [66]. Progesterone and estrogens have 
been reduced in women exposed to DDT and DDE, 
but no differences were observed in hormone profiles 
related to PCB level [67, 68].

Reproductive senescence or menopause is the final 
life stage related to menstrual and ovarian function, 
and is characterized by changes in hormonal milieu 
along with cessation of ovulation and menstruation. 
While evidence suggests a relation between endocrine-
active compounds and ovarian function, the effect on 
menopause is suggestive though equivocal. Exposure 
to compounds such as DDT/DDE and dioxin has been 
associated with earlier and later ages at menopause 
[69, 70], while negative relations have been reported 
for PCB or PBB exposure [71]. A cancer case–control 
study that examined plasma levels of persistent pollut-
ants suggested that DDE has a weak association with 
earlier age at menopause, but PCBs had no effect [72]. 

In contrast, DDT exposure in the Agricultural Health 
Study was associated with slightly older age at meno-
pause [73]. Being a current smoker also appears to lower 
the age at menopause, while past or passive smoking 
does not [74]. These equivocal data may reflect the reli-
ance on cross-sectional data and the inability of many 
researchers to collect exposure during critical and sen-
sitive windows of development to establish a temporal 
ordering of exposure and outcomes.

Gynecologic disorders
Endometriosis
In addition to developmental effects discussed ear-
lier in this chapter, there appears to be a role for per-
sistent endocrine-active pollutants in the risk for 
endometriosis among adults. Some authors reported 
no difference in serum dioxin levels between women 
with and without endometriosis [53–56, 75, 76], 
though important methodologic limitations impact 
interpretation including restrictions to specific dis-
ease or exposed populations [55, 56]. On the other 
hand, there is some consistency in the evidence for 
increased risk of endometriosis associated with 
increased serum PCB and urinary phthalate ester 
concentrations in comparison to unaffected women 
[41, 42, 77–82].

Fecundity and fertility
The bulk of the literature on environmental threats 
to adult female reproductive health is focused on the 
area of fecundity and fertility. For our purposes, fecun-
dity and fertility studies include time-to-pregnancy 
(inclusive of conception delays and infecundity) and 
spontaneous abortion. Some of the strongest evidence 
implicating an environmental etiology is for pesticide 
application, primarily in agricultural and horticul-
tural settings. Pesticide exposures have consistently 
been associated with reduced fecundity and fertility 
[83–88], although this effect was not observed in an 
adjusted analysis of greenhouse workers in Italy [89]. 
Increased time-to-pregnancy was the most common 
outcome observed in association with exposure [83, 
85, 88, 89] as well as infertility [87] spontaneous abor-
tion [84] and other pregnancy loss [86]. Preconception 
exposure appears to be most critical in elevating risk 
for spontaneous abortion [90] rather than exposure 
during pregnancy [91]. Lead, a key reproductive toxi-
cant, has been associated with spontaneous abortion 
[57] and infertility [92].
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Exposure to most persistent organochlorines 
reduces fecundity and fertility in several studies, 
though findings are equivocal in others, particu-
larly for PCB exposure. Polychlorinated biphenyl- 
contaminated fish consumption from the Baltic Sea 
had no impact on fertility except in a subgroup analysis 
of heavy smokers [93, 94]; studies of serum PCB meas-
ures in the same populations also observed no effect 
[95]. In contrast, a longer time-to-pregnancy was asso-
ciated with maternal consumption of Great Lakes sport 
fish [96], although in another angler cohort, maternal 
exposure disappeared after adjusting for male partner 
fish consumption [97]. No differences were observed 
for several outcomes (taking longer than one year to 
get pregnant, diagnosed fertility problems, and spon-
taneous abortion) in association with exposure to  
PCB-contaminated cooking oil [64]. However, mater-
nal serum PCB and DDE concentrations were suggest-
ive of a longer time-to-pregnancy in the Collaborative 
Perinatal Project [4] as was risk for a prior spontaneous 
abortion in relation to maternal serum DDT and DDE 
levels [98]. Spontaneous abortion risk was not associ-
ated with dioxin exposure in Seveso [99], but was found 
to be associated with living in petroleum hydrocarbon-
contaminated areas in Ecuador [100].

The literature continues to be inconsistent with 
respect to studies based on biological measures of 
exposure and markers of early pregnancy. Early preg-
nancy losses identified using biomarkers to determine 
implantation were associated with serum DDT and 
metabolites but no association was observed for clini-
cal losses [101]. Studies of solvent exposure in a vari-
ety of settings [102–104] suggest a relation between 
exposure and subfertility, including increased time-to-
pregnancy. Other environmental exposures, including 
BPA, air quality, radiation, and other compounds have 
been associated with decrements in female fertility, but 
the literature is generally limited or inconclusive.

Discussion
There is growing evidence from various scientific dis-
ciplines supporting a role for environmental influences 
including those occurring in utero in relation to female 
reproductive health. What is especially exciting is the 
recognition that such effects may manifest across a wom-
an’s lifespan, challenging researchers to embrace novel 
methodologies such as life-course epidemiologic meth-
ods for understanding these interrelated processes.

The weight of evidence to date, while suggestive, needs 
to be considered in relation to important methodologic 

limitations, many of which are expected when moving 
into a novel area of study and before the availability of 
concerted funding to support the conduct of popula-
tion-based definitive research. These include reliance 
on convenience samples, incomplete exposure charac-
terization irrespective of critical or sensitive windows, 
reliance on self-reported health outcomes, and limited 
data collection regarding other relevant time-varying 
covariates. Statistical models often do not address the 
mixtures of environmental chemicals to which women 
are exposed or the causal assumptions inherent when 
entering toxicologic concentrations that have been auto-
matically adjusted for lipids or values below the limits 
of detection raising concern about potential biases [105, 
106]. The importance of defining etiologic models that 
incorporate women’s past reproductive history given the 
widely recognized clustering of reproductive endpoints 
will facilitate investigators’ ability to assess weaker sig-
nals (e.g. chemical exposure) in the context of strong 
biological determinants (e.g. prior history of an adverse 
outcome) that may reflect genetic predisposition.

Clinical and public health implications
Establishing causal links between reproductive end-
points across the lifespan is essential for understand-
ing the implications of reproductive disorders with 
respect to women’s health status. Gynecologic disor-
ders may have important implications for other clini-
cal disciplines such as internal medicine and the host of 
specialties. For example, in utero exposures may influ-
ence the timing of puberty and girls who enter puberty 
earlier may be at increased risk of developing PCOS, 
pre-eclampsia and gestational diabetes and, eventually, 
cardiovascular disease and type II diabetes. To some 
extent, the origin of all disease manifestation is deter-
mined or modified by intrauterine life.

If the early origins of disease hypothesis becomes 
mainstream, public health officials will be faced with 
the design and delivery of a new way of thinking about 
health. Individuals will need to be informed about cur-
rent risks as well as advised how to minimize adverse 
effects and potentially improve the implications for 
their health in later life. More complex models and 
understanding of the problems faced across the life-
span will require moving beyond the current com-
partmentalization of health research and health care 
by clinical disciplines to embrace a more integrated 
global focus on the origins of exposure–outcome 
relationships and potential interventions to improve 
population health.
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Future research directions
Most public opinion polls reflect the public’s concern 
about the role of the environment and health. In fact, 
public perception and behavior affects the market place 
as evidenced by the recent removal of infant bottles 
and cups containing BPA after consumer pressure and 
 concern about exposure. Despite high levels of con-
cern over many environmental pollutants and chem-
ical exposures, there is still considerable uncertainty 
about the relation between most routinely encountered 
environmental contaminants and risk, underscoring 
the importance of researchers to devise effective strat-
egies for communicating risk and uncertainty.

Our knowledge base is incomplete, particularly 
with regard to a life-course approach including the in 
utero period. This will require researchers to formally 
synthesize the available evidence and generate national 
research agendas such as that recently articulated for 
puberty and fecundity and fertility in the special sup-
plements of Pediatrics (2008, 12) and Fertility and 
Sterility (2008, 89). Deciding which chemical or other 
environmental exposures to study is difficult and con-
certed thinking on the strategy for selection is needed, 
but might benefit from other paradigms including 
that used by the Center for the Evaluation of Risks to 
Human Reproduction, National Toxicology Program. 
We encourage these and other efforts to support the 
fledgling attempts at developing interdisciplinary 
approaches to investigating the dynamic interplay of 
exposures and outcomes across the lifespan.
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neurotransmitter acting at a synapse, they instead release 
their neurotransmitter directly into a blood system. As 
endocrinology involves the release of a chemical into a 
vascular target, neuroendocrine cells are endocrine in 
nature. Thus, one may consider that neuroendocrine 
cells start out at their cell body (soma) as neurons, but 
end up at their terminals as endocrine cells. With respect 
to their hormonal signals, neuroendocrine cells of the 
brain produce monoamine or peptide hormones that are 
packaged into secretory vesicles and released from the 
termini of the neuroendocrine cells into a blood system. 
These shared features of neurons and endocrine cells 
enable these systems to respond rapidly and to result in 
a more sustained response from the body.

The brain’s neuroendocrine tissues are found in   the 
hypothalamus, a small region located at the base of 
the brain at the most anterior aspect of the brainstem. 
The hypothalamus is heterogeneous in morphology, 
function, and neurochemistry, but its general role is 
to maintain homeostasis. Of relevance to neuroendo-
crinology, there are two classes of hypothalamic regula-
tory cells. The first class, which will only be mentioned 
in passing here, are the two groups of large “magnocel-
lular” neurosecretory cells that produce the neuropep-
tides vasopressin and oxytocin. These neurons have 
their cell bodies in the supraoptic nucleus and paraven-
tricular nucleus subregions of the hypothalamus, and 
extend axonal projections directly into the posterior 
pituitary gland, or neurohypophysis. The neurohypo-
physis is highly vascularized by the general circulation, 
and thus, by releasing oxytocin or vasopressin into the 
bloodstream, the magnocellular hypothalamic neurons 
directly control the functions of milk ejection (oxytocin) 
and osmotic balance (vasopressin) among others [1].

The second class of neuroendocrine cells in the 
hypothalamus produces the hypothalamic-releasing  

Environmental contaminants and related 
systems that have implications for 
reproduction

13.1  The neuroendocrine 
system
Andrea C. Gore
All vertebrates possess three major communication 
networks that allow detection of, and responses to, 
the external and internal environment. These three 
systems, the nervous, endocrine, and immune, play 
unique roles in enabling the organism to adapt to 
diverse stimuli. The nervous system mounts the most 
rapid responses, with neural signals transmitted on 
the order of milliseconds; the endocrine system is 
next fastest, responding in minutes to hours with hor-
monal signals that can endure for hours to days; and 
the immune system is the slowest to respond but the 
longest to act, with immune responses lasting for days 
or even years. Clearly, these communication systems 
of the body must interact with one another, and the 
nervous–endocrine, or neuroendocrine linkages ena-
ble rapid neural responses to be translated into more 
enduring endocrine responses [1]. Here, I will provide 
evidence that neuroendocrine systems of the brain are 
targets of environmental endocrine-disrupting chemi-
cals (EDCs), the consequences of exposure to which 
are dysfunctions in endocrinology and reproduction.

Introduction to neuroendocrine 
systems
Neuroendocrine cells have properties of both neurons 
and endocrine secretory cells. They are located in neural 
tissues and express specific cellular markers of neurons. 
They also exhibit typical properties of neurons such as 
electrical excitability, the ability to generate action poten-
tials, and very rapid responses to stimuli. Rather than 
affecting their targets through the release of a classical 
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or hypothalamic-inhibiting hormones. These neurons 
all have small “parvicellular” cell bodies in the ante-
rior hypothalamus, periventricular regions, arcuate 
nucleus, and/or preoptic areas of the hypothalamus. 
Unlike the magnocellular neurons, these parvicel-
lular neurons do not innervate the neurohypophy-
sis. Instead, the parvicellular secretory cells project 
an axon to the base of the hypothalamus, called the 
median eminence, an area that is richly vascularized 
by the portal capillary vasculature (Fig. 13.1). This 
small blood system transports hypothalamic hor-
mones to the anterior pituitary, or adenohypophysis. 
At the adenohypophysis, each hypothalamic hor-
mone binds to a specific receptor, thereby stimulat-
ing (in the case of hypothalamic-releasing hormones) 
or inhibiting (in the case of hypothalamic-inhibiting 
hormones) release of a specific adenohypophysial 
hormone. These anterior pituitary hormones are then 
released into the general circulation where they tar-
get a tertiary organ, often to stimulate release of yet 
another hormone. This three-tier system of organiza-
tion of the hypothalamic–adenohypophysial–target 

organ neuroendocrine systems enables an amplica-
tion of signals from the brain to the body [1].

Neuroendocrine control of 
reproduction
The hypothalamic neurons controlling reproduc-
tion have their cell somata in hypothalamic- preoptic 
regions of the brain. These cells are referred to as 
GnRH (gonadotropin-releasing hormone) neurons 
because they synthesize and release the ten amino acid 
neuropeptide, GnRH [2]. Only about 1000 neurons 
in the mammalian brain have the capacity to produce 
GnRH, a remarkably small number considering that in 
the absence of GnRH, reproduction cannot occur [3]. 
The GnRH neurons project a long axon to the median 
eminence, where the neuropeptide is released into the 
portal capillary vasculature. From there, the GnRH 
peptide travels through the capillaries to the anterior 
pituitary gland, where GnRH binds to its receptor that 
is expressed on specific cells called gonadotropes. In 
response to the GnRH signal, gonadotropes synthesize 

Fig. 13.1. Left: The hypothalamic–pituitary–gonadal (HPG) axis is depicted schematically. The hypothalamus (gray) is located at the 
base of the brain, immediately above the pituitary gland. Hypothalamic release of gonadotropin-releasing hormone (GnRH) causes 
the stimulation of anterior pituitary reproductive hormones, luteinizing hormone (LH) and follicle-stimulating hormone (FSH). These 
hormones cause subsequent actions upon the gonads, ovary or testis, to synthesize and release steroid hormones, particularly estradiol, 
progesterone, and testosterone, which act upon hormone-sensitive targets in the body. Sex steroid hormones also feed back to the brain 
to control reproductive function and behaviors. Right: The hypothalamic and pituitary level of the HPG axis is shown schematically at higher 
magnification. The base of the hypothalamus contains the median eminence, a region where hypothalamic-releasing hormones such as 
GnRH are released from nerve terminals into the portal capillary bed. These capillaries transport GnRH to the anterior pituitary, where GnRH 
binds to its receptors on a group of cells called gonadotropes (gray) to stimulate LH and FSH release. The LH and FSH in turn travel through the 
general circulation to act upon their target cells in the gonads.
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and release two hormones: luteinizing hormone (LH) 
and follicle-stimulating hormone (FSH). These two 
small proteins are released from the anterior pituitary 
gland into general circulation, where they target the 
gonads, ovary, or testis. In females, binding of LH and 
FSH to their receptors causes ovulation and follicular 
development, respectively. In males, LH and FSH are 
responsible for steroidogenesis and spermatogenesis.

The gonad is the third level of regulation of the hypo-
thalamic–pituitary–gonadal (HPG) axis, and along 
with producing ova and sperm, the ovary and testis  
produce both steroid and non-steroid hormones. 
Of relevance to the current chapter, the three classes 
of sex steroid hormones, estrogens, progestins, and 
androgens, their primary members in mammals being 
estradiol-17β, progesterone, and testosterone, respec-
tively, are produced in the gonads of both males and 
females, albeit in amounts that differ substantially 
between the sexes. These sex steroid hormones exert 
masculinizing and feminizing effects on the body and 
brain, and are important for normal sexual develop-
ment, puberty, and adult reproductive functions.

Thus, there are three hormonal levels of organiza-
tion of the reproductive system: the hypothalamic neu-
roendocrine GnRH cells; the pituitary gonadotropes 
and their hormones, LH and FSH; and the gonadal 
steroid hormones (Fig. 13.1). Importantly, while all 
three levels of the HPG axis are critical for normal 
reproduction, the primary drive upon this system is 
provided by the group of hypothalamic GnRH cells. 
This feed-forward input to pituitary, and subsequently 
gonad, must occur for reproductive functions to be 
initiated and maintained. In addition, the hypothala-
mus and pituitary are sensitive to feedback regulation 
from sex steroid hormones, exerted through actions 
of circulating steroids on their receptors, which are 
widely and densely distributed in the hypothalamus as 
well as other brain regions of male and female mam-
mals [4, 5].

Endocrine disruption of the 
hypothalamic–pituitary–gonadal axis
Endocrine-disrupting chemicals (EDCs) are sub-
stances that can perturb endocrine or reproductive 
systems through a variety of potential mechanisms 
including, but not limited to, actions on steroid 
 hormone receptors, steroidogenic enzymes, metabolic 
pathways involved in synthesis or degradation of hor-
mones, other cellular mechanisms involved in steroid 

hormone signal transduction, and even non-steroid-
mediated mechanisms such as neurotransmitter recep-
tor systems [6, 7]. Any or all of these pathways may be 
exerted on the HPG axis, which is sensitive to disrup-
tions of endogenous steroid signaling, administration 
of exogenous steroids, as well as perturbations of neu-
rotransmitter pathways that regulate the GnRH neu-
rons in the brain.

GnRH neurons as targets for endocrine 
disruption: in vitro models
GnRH neurons can be direct targets of EDCs. The GT1 
cell line is a homogeneous population of immortal-
ized cells that has many properties of GnRH neurons, 
including synthesis and release of the decapeptide [8]. 
Endocrine-disrupting chemicals have been shown to 
alter GnRH gene expression, release, and cellular mor-
phology of the GT1 cells. For example, polychlorinated 
biphenyls (PCBs) administered at levels estimated to 
be comparable to environmental exposures to humans 
and wildlife exerted significant effects on GnRH gene 
expression, GnRH peptide release, and the morphology 
of the GT1–7 cells [9]. More specifically, two mixtures 
of PCBs, Aroclor 1221 and Aroclor 1254, stimulated 
GnRH gene expression at low doses but had little effect 
at high doses, suggesting an inverted U-shaped dose–
response curve. Such curves tend to be characteristic of 
EDCs [10, 11], because these compounds act through 
multiple mechanisms that may be activated/inacti-
vated at very different ranges of doses. In that GnRH 
GT1 cell study, Aroclor 1221, but not Aroclor 1254, 
also stimulated GnRH release at low doses, an effect 
that was blocked by an estrogen-receptor antagonist, 
ICI 182,780 [9]. Thus, there are direct actions of PCBs 
on a GnRH cell line that is at least partially mediated 
by the estrogen receptor. Notably, whereas GT1 cells 
express the two major nuclear estrogen receptors, ER-α 
and ER-β [12, 13], GnRH neurons in the mammalian 
brain express ER-β [14] but not ER-α [15], so some of 
these results need to be extrapolated cautiously to the 
in vivo model. In addition, in interpreting these results, 
it should be considered that PCBs have effects on neu-
rotransmitter systems [16], receptors for some of which 
are expressed on GnRH cells and GT1 cell lines, so this 
is another plausible mechanism of action of PCBs.

Organochlorine pesticides thought to be estrogenic 
in action have also been tested for effects on GnRH 
cell lines. When methoxychlor or chlorpyrifos were 
applied to GT1–7 cells, GnRH gene expression was 
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significantly and robustly enhanced at low doses, and 
expression was significantly inhibited at high dosages 
[17]. Again, such an inverted U-shaped dose–response 
curve is characteristic of EDCs. Together, these data 
on the GT1 GnRH cell line, along with evidence that 
low-level toxicants do not kill the GT1 cells, suggest 
that environmental contaminants at low doses are not 
overtly toxic, but in many cases may actually be stimu-
latory to the GnRH response.

GnRH neurons as targets for endocrine 
disruption: in vivo models
Adult EDC exposures
Although the literature on effects of EDCs on GnRH 
neurons in vivo is relatively small, it is consistent with 
the in vitro data showing that GnRH cells are targets 
of EDCs. McGarvey et al. [18] used ovariectomized 
adult rats to show that the phytoestrogen, coumestrol, 
suppressed hypothalamic multi-unit activity thought 
to represent GnRH neuronal firing, concomitantly 
with a suppression of serum LH levels. Another phyto-
estrogen, genistein, did not have such an effect, indi-
cating that different classes of phytoestrogens may act 
through differential mechanisms.

In fish, treatment with PCBs has significant effects 
on the HPG axis. The laboratories of Khan and Thomas 
have used the Atlantic croaker fish to demonstrate 
that PCBs decreased peptide content of GnRH in 
the  hypothalamus, along with diminished pituitary 
GnRH receptors, and a reduced LH response to GnRH 
challenge [19]. Their laboratories have provided fur-
ther evidence that the mechanism for this effect 
may occur through the serotonin system, a neuro-
transmitter affected by PCBs which itself modulates 
GnRH function. Indeed, considering that the GnRH 
neuroendocrine cells are in the brain and are highly 
interconnected with numerous other neurons that act 
through a variety of neurotransmitters and receptors, it 
is not surprising that EDCs, which can cause perturba-
tions in these same neurotransmitters [16], have effects 
on GnRH functional properties.

Developmental EDC exposures
In evaluating consequences of EDCs on neuroendo-
crine systems, it is important to consider the timing of 
exposure. There is consensus in the field of endocrine 
disruption that exposures during critical developmen-
tal time points are more likely to have detrimental 
consequences than adult exposures ([20]; reviewed 

by Gore [21]). Furthermore, the lag time between 
exposure and the onset of disease could be quite long. 
Nevertheless, this concept is particularly important 
when considering reproductive neuroendocrine sys-
tems. The developing hypothalamus is highly sensitive 
to even exquisitely low levels of endogenous hormones 
such as estradiol and testosterone, which play critical 
roles in the sexual differentiation of reproductive phys-
iology and behavior (reviewed by Gore [21]). Thus, 
exposures to environmental EDCs during these early 
developmental periods may permanently alter this 
biological process, resulting in females that are mas-
culinized or defeminized, and males that are feminized 
or demasculinized, with permanent repercussions on 
reproductive success.

There is mounting evidence that developmental 
exposures to EDCs disrupt HPG systems at the level of 
GnRH neurons. Following early postnatal treatment 
with genistein, female rats exhibited aberrations in 
the timing of puberty, accelerated reproductive sen-
escence, and an attenuation of the estradiol-induced 
up-regulation of a marker of GnRH activity, assayed 
through co-expression of the immediate early gene Fos 
in GnRH cells [22]. Thus, early life exposure has per-
manent effects on the GnRH system as well as repro-
ductive physiology. A preliminary study showed that 
GnRH mRNA levels were permanently elevated in 
female rats exposed perinatally to PCBs or organo-
chlorine pesticides [23]. Tobet’s laboratory showed 
that vinclozolin treatment to pregnant rabbits (vin-
clozolin is an endocrine-disrupting fungicide that acts 
at least in part through an antiandrogenic mechanism) 
decreased numbers of GnRH neurons in selected brain 
regions [24]. As a whole, these studies show that early 
life exposures to low levels of EDCs can have long-last-
ing effects on the hypothalamic GnRH system.

Effects of EDCs on brain sexual 
differentiation and behavior
The concept of hormones influencing sexual devel-
opment at critical periods, and subsequent conse-
quences on the exhibition of male- or female-typical 
mating behaviors in adulthood, was proposed over a 
half century ago (reviewed by Gore [21]). Since then, 
it has become appreciated that both endogenous and 
exogenous hormones can permanently alter neural cir-
cuits and behaviors. In particular, testosterone and its 
metabolite estradiol influence the size and neurochem-
istry of hypothalamic brain regions that control repro-
ductive physiology and behavior. This concept can be 
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extrapolated to understanding why hormonally active 
EDCs given during critical developmental periods can 
profoundly affect brain sexual differentiation.

There are a number of hypothalamic subregions 
that differ significantly in size and cellular phenotype 
between male and female rats, and these differences are 
due in large part to early life exposures to endogenous 
steroid hormones. Under normal circumstances, the 
fetal testes of male mammals produce high levels of 
testosterone, which act in the brain through andro-
gen receptors. In addition, some of this testosterone 
is converted into estradiol by the enzyme aromatase, 
thereby acting upon estrogen receptors in the brain 
[21]. By contrast, the fetal female ovary is relatively 
quiescent and produces lower levels of hormones. In 
addition, the female brain is protected from masculi-
nizing effects of estradiol by the binding protein, alpha-
fetoprotein [25]. Therefore, exogenous EDCs that may 
not bind well to alpha-fetoprotein and thereby get into 
the brain, or which elevate estrogens to supraphysi-
ological levels, may masculinize the brain of females. 
This is evidenced by the loss of sexual dimorphisms 
in the morphology of hypothalamic brain regions and 
in the phenotype of cells within those regions, in rats 
that were exposed to EDCs during fetal development 
(reviewed in Dickerson and Gore [6]).

The effects of early life exposures to EDCs on brain 
morphology and neurochemistry would not be very 
meaningful were there not a functional consequence. 
This appears to be the case, as low doses of PCBs [26, 
27] or soy [28] significantly attenuated aspects of mat-
ing behavior in female rats. Postnatal treatment with 
coumestrol, another phytoestrogen, diminished mas-
culine [29] and feminine sexual behaviors [30]. Thus, 
early EDC exposures result in reproductive behavioral 
outcomes in adulthood.

Transgenerational effects of EDCs on 
neuroendocrine systems
Reproductive neuroendocrinologists are beginning to 
investigate effects of early life exposures to EDCs not 
only on the exposed individuals, but also on subsequent 
generations. Further, the mechanisms for transmission 
seem to go beyond simple mutation and inheritance. 
Rather, at least some effects of EDCs on reproductive 
systems appear to involve epigenetic alterations to 
the DNA such as histone acetylation and DNA meth-
ylation [31, 32]. Importantly, Skinner and colleagues 
showed transgenerational effects of the endocrine dis-
ruptor, vinclozolin, on the male reproductive system 

in a manner that was transmitted for up to at least 
four generations [33]. This finding broke new ground 
as to how a fetal exposure could cause an imprint on 
the male germline of the exposed individuals as well as 
their progeny. Since then, it was demonstrated that the 
third-generational male descendants of rats exposed 
prenatally to vinclozolin were less attractive to females 
than control (vehicle) descendant rats, suggesting 
transmission of a trait (presumably pheromonal, olfac-
tory, or behavioral) several generations removed from 
the original vinclozolin exposure [34].

Work on reproductive physiologic systems is also 
revealing multigenerational effects of EDCs. Gore’s 
laboratory recently published evidence that prenatal  
exposure to PCBs resulted in long-term changes in repro-
ductive behavior in the adult female F1 offspring [27].  
In addition, when these adult females were allowed to 
give birth, their offspring (the F2 generation) had signifi-
cantly aberrant hormone profiles across the reproduct-
ive cycle [35]. Although we do not know the mechanism 
for this transmission, it is consistent with the persistence 
of effects of EDCs across several generations.

Summary and conclusions
Reproductive processes require the careful coordina-
tion of hormones released from the hypothalamus, 
pituitary, and gonad. Although previous work has 
shown detrimental effects of EDCs on reproduc-
tive systems, most of these reports have focused on 
the reproductive tract, genitalia, and indices of fer-
tility. These are clearly important endpoints, but it 
is also important to consider the neuroendocrine 
side of reproductive systems as a potential target for 
endocrine disruption. In fact, considering that the 
hypothalamus drives the pituitary and gonad, it is 
surprising that there has not been more research on 
effects of EDCs on the hypothalamic cells that control 
reproduction. This is an important future direction for 
endocrine disruption research.
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including TR-α1, TR-α2, ΔTR-α1, and ΔTR-α2, TR-β1, 
TR-β2, TR-β3, ΔTR-β3[12]. These different TR iso-
forms are selectively expressed both spatially and tem-
porally during development [13,14], and could play an 
important role in mediating the various actions of thy-
roid hormone during development. Thus, an impor-
tant perspective driving research in this field is that 
thyroid hormone exerts its action on genes important 
for development through a diversity of receptor iso-
forms [15].

An important – but by no means exclusive – 
 mec hanism controlling thyroid hormone signaling 
is by controlling serum concentrations of thyroid 
hormones (see Fig. 13.2). Tetraiodothyronine (T4) is 
synthesized in and released from the thyroid gland 
in response to stimulation by the pituitary glycopro-
tein hormone, thyrotropin (TSH)[10, 16]. Because 
T4 exerts a negative feedback on pituitary TSH secre-
tion, the levels of these two hormones in the blood are 
inversely related [16, 17]. Total serum T4, measured by 
radioimmunoassay, comprises T4 dissolved in serum 
(i.e. “free”) and T4 bound to various serum binding 
proteins [18]. In principle, changes in serum binding 
proteins can cause changes in total T4 without concom-
itant changes in thyroid function (e.g. during preg-
nancy [19]). Therefore, measurements of free T4, which 
represents about 0.02% of total T4, are often viewed as 
being more reflective of thyroid activity and “biologi-
cally relevant.” However, measuring free T4 is in itself 
non-trivial and the RIA-based approach can give erro-
neous results if serum binding proteins are  different 
[20]; therefore, the combination of serum-free and 
total T4 and serum TSH is often used as a good index of 
thyroid function[21].

The thyroid system, as illustrated in Fig 13.2, is 
described below, with list numbering relating to the 
numbered parts within Fig. 13.2.
(1)   Nerve cells in the hypothalamus synthesize the 

neurohormone thyrotropin-releasing hormone 
(TRH) [22, 23]. Although TRH-containing 
neurons are widely distributed throughout the 
brain [24, 25], TRH neurons in the PVN project 
uniformly to the median eminence[26, 27], a 
neurohemal organ connected to the anterior 
pituitary gland by the hypothalamic–pituitary–
portal vessels [28], and are the only TRH neurons 
to regulate the pituitary–thyroid axis [29, 30].

13.2 The thyroid system
R. Thomas Zoeller and John D. Meeker
Thyroid hormone is well known to be essential for 
development of many tissues, including the brain [1–3] 
and heart [4]. Less well understood is the potential role 
of thyroid hormone in the development of reproduc-
tive tissues that could impact adult fertility. However, 
important new information is appearing concerning 
the association between thyroid hormone and fertility 
in humans, as well as new experimental work in animals 
that may explain this association. Therefore, thyroid 
disruption may be an important route by which envir-
onmental chemicals could affect fertility in humans 
and wildlife. A large number of contaminants com-
monly found in human tissues are known to be thy-
roid toxicants [5, 6]. These toxicants were identified by 
their ability to alter serum concentrations of the thyroid 
hormone. However, recent evidence also indicates that 
some chemicals – polyhalogenated aryl hydrocarbons – 
can interfere directly with thyroid hormone receptors 
(TRs), and perhaps in a TR isoform-specific manner 
[7–9]. In addition, environmental chemicals could 
interact with proteins responsible for “ activating” thy-
roid hormone or delivering thyroid hormone to impor-
tant target tissues at the appropriate development time. 
These kinds of chemicals can affect fertility in unpre-
dictable ways. The goal of this chapter is to provide a 
description of the thyroid hormone signaling system 
and its regulation, and the potential impact on repro-
duction of environmental endocrine disruptors.

Thyroid hormone signaling
Thyroid hormones (thyroxine or tetraiodothyronine 
(T4) and triiodothyronine (T3)) are hydroxylated, 
iodinated diphenyl ether molecules with an amino 
terminus. These compounds are produced by the con-
densation of two iodo-tyrosyl residues of thyroglobu-
lin [10]. They have limited solubility in water, but are 
not lipophilic enough to easily pass through cell mem-
branes without active transport. Thyroid hormones 
exert their action, largely, through nuclear proteins 
that act as ligand- regulated transcription factors [11]. 
There are two types of thyroid hormone receptors 
(TRs) – alpha (TR-α) and beta (TR-β) – that reside on 
different chromosomes. By a variety of mechanisms, 
these genes differentially express several isoforms 
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(2)   TRH stimulates the synthesis and release 
of thyroid stimulating hormone (TSH) or 
“thyrotropin” [31], which travels through the 
bloodstream to the thyroid gland where it 
stimulates thyroid function.

(3)   Pituitary TSH binds to receptors on the surface 
of thyroid follicle cells stimulating adenylate 
cyclase [32, 33]. The effect of increased cAMP is 
to increase the uptake of iodide into thyroid cells, 
iodination of tyrosyl residues on thyroglobulin 
(TG) by thyroperoxidase, synthesis and oxidation 
of TG, TG uptake from thyroid colloid, and 
production of the iodothyronines T4 and T3. T4 is 
by far the major product released from the thyroid 
gland [32].

(4)   Thyroid hormones are carried in the blood by 
specific proteins. In humans, about 75% of T4 
is bound to thyroxine-binding globulin (TBG), 
15% is bound to transthyretin (TTR) and 
the remainder is bound to albumin [18]. The 
presence and abundance of the different binding 
proteins varies among the vertebrates and may 
be developmentally regulated in a generalized 
manner. In the rat, high serum levels of TBG are 
found in the fetus and the early postnatal pup [34, 
35]; adult levels of TBG are undetectable, but low 
serum T4 appears to increase both serum TBG 
and liver biosynthesis in the rodent [35].

(5)   Thyroid hormones exert a negative feedback 
effect on the release of pituitary TSH and on the 
activity of hypothalamic TRH neurons [22, 36, 
37]. In addition, fasting suppresses the activity of 
TRH neurons by a neural mechanism that may 
involve leptin [38, 39]. Circulating levels of T4 and 
of T3 fluctuate considerably within an individual; 
therefore, TSH measurements are considered to 
be diagnostic of thyroid dysfunction [40–42]. 
However, individual T4 levels in humans vary 
within far narrower limits than the population 
limits (i.e. the population reference range). 
In addition, variance in serum T4 in pairs of 
monozygotic twins is far more correlated than 
that in pairs of dizygotic twins or the general 
population [43]. Thus, the set-point around which 
negative feedback appears to function has a very 
strong genetic component in humans and perhaps 
in other animals.

(6)   Thyroid hormones are actively transported into 
target tissues [44–51]. T4 can be converted to T3 
by the action of outer-ring deiodinases (ORD, 
Type I and Type II) [52]. Peripheral conversion of 
T4 to T3 by these ORDs accounts for nearly 80% of 
the T3 found in the circulation [41].

(7)   Thyroid hormones are cleared from the blood 
in the liver following sulfation or sulfonation by 
sulfotransferases, or following glucuronidation 

Fig. 13.2. The thyroid system.
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by UDP-glucuronosyl transferase [53, 54]. These 
modified thyroid hormones are then eliminated 
through the bile.

(8)   Thyroid hormones are actively concentrated 
in target cells about ten-fold over that of the 
circulation, although this is tissue dependent.  
The receptors for T4 and T3 (TRs) are nuclear 
proteins that bind to DNA and regulate 
transcription [55–59]. There are two genes 
that encode the TRs, c-erbA-alpha (TR-α) and 
c-erbA-beta (TR-β). Each of these genes is 
differentially spliced, forming three separate 
TRs, TR-α1, TR-β1, and TR-β2. The effects of 
thyroid hormone are quite tissue-, cell-, and 
developmental stage-specific and it is believed 
that the relative abundance of the different TRs 
in a specific cell may contribute to this selective 
action.

Recent studies also indicate that individual tis-
sues can autonomously regulate thyroid hormone 
action employing mechanisms of TH uptake and T4 
metabolism, in the absence of overt changes in serum 
concentrations of thyroid hormone. This is becoming 
particularly well illustrated in the photoperiodic regu-
lation of reproduction in seasonal animals [60–62], or 
of metabolism in brown fat [63]. The ability of tissues 
to individually regulate their sensitivity to TH also 
leads to the notion of “compensation” to low thyroid 
hormone. That is, tissues could up-regulate their abil-
ity to trap T4 and T3 and to up-regulate their ability to 
convert T4 to T3 so as to ameliorate the impacts of low 
T4. Although provocative, there is little empirical evi-
dence to support this concept in experimental systems, 
other than the recognition that low serum T4 leads to 
an up-regulation of mechanisms that would appear 
to maintain tissue levels of T3 [64–67]. Little has been 
done to show empirically that these adaptive responses 
can ameliorate the consequences of low T4; this repre-
sents an important data gap in this field.

Environmental impacts on thyroid 
hormone signaling
Much of the basic and applied research in this area 
has focused on the role of thyroid disruptors on brain 
development largely because of the critical importance 
of thyroid hormone to that process. It has long been 
recognized that there are environmental influences 
on thyroid function [68], but our ability to identify 
environmental factors that affect thyroid hormone 

action during development is limited by the lack of 
information about thyroid hormone action in specific 
developing tissues [69]. Moreover, because all known 
“thyroid toxicants” have been identified solely by their 
ability to reduce circulating TH levels [5], the default 
approach to identify such chemicals is by their effects 
on hormone levels and on thyroid histology (e.g. size 
of the colloid, qualitative appearance of hypertrophic 
or hyperplastic effects) [70]. However, as reviewed 
above, tissue sensitivity to thyroid hormone action can 
change in the absence of changes in circulating levels 
of thyroid hormones, and chemicals that act directly 
on thyroid hormone receptors (TRs) could produce 
variable and perhaps unpredicted effects on hormone 
levels as well as to produce effects on development that 
do not completely mimic TH insufficiency (or action). 
Therefore, there is a critical weakness in our ability to 
identify compounds that interfere with thyroid hor-
mone signaling directly, or to measure their effects in 
the human population.

A large number of man-made chemicals in the 
environment are known to influence thyroid hormone 
action [5, 6]. In general, these chemicals can be catego-
rized as affecting serum thyroid hormone levels, or those 
that also directly interact with TRs [3, 9]. A number of 
chemicals can interfere with iodine uptake, including 
perchlorate, nitrates, chlorates, thiocyanates, and other 
ions. Other chemicals can block iodine organification, 
such as thiocyanates and isoflavones [71]. Several of the 
organochlorines, including PCBs, PBBs, PBDEs, and 
dioxin not only cause a reduction in serum thyroid hor-
mones, but can also bind to the TR, although in some 
cases only after hydroxylation [9, 72].

Implications for reproduction
A rich literature of thyroid hormone action in brain 
development, and the mechanisms by which TH sig-
naling can be disrupted by environmental chemicals, 
provides important insight into the possible role of 
thyroid hormone in the development and function of 
tissues important for reproduction. A fundamental 
aspect of thyroid hormone action may well be that it 
is necessary but not sufficient for most, if not all, of its 
actions – including potentially those actions impacting 
reproduction. In other words, environmentally medi-
ated thyroid disruption could interact with other events 
to impact reproductive measures. Recent studies indi-
cate that thyroid hormone is important in pregnancy 
outcome. For example, Casey [73] found that pregnan-
cies in women with subclinical hypothyroidism were 
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three times more likely to be complicated by placental 
abruption and twice as likely to end in a preterm birth; 
the same did not apply to subclinical hyperthyroidism 
[74]. Overt hypothyroidism occurs in about 0.5–0.7% 
of women of reproductive age [75]. Hypothyroidism 
may alter estrogen metabolism and result in impaired 
ovulation [76].

Hypothyroidism is less common in men, and may 
have less predictable effects on reproduction [77]. 
Thyroid hormone receptors are selectively expressed 
in Sertoli cells [78] and may play an important role in 
Sertoli cell proliferation early in development, in part 
by regulating the expression of connexin 43 [79, 80]. 
Thyroid hormones are also likely important for Leydig 
cell differentiation and steroidogenesis in the post-
natal testis [81], and for normal testicular physiology 
and antioxidant defense throughout development and 
maturation [82]. The role of thyroid hormone in adult 
male reproductive function has not been well studied, 
though there is evidence that it may stimulate testoster-
one and estradiol production and secretion by varying 
the pituitary’s LH response to GnRH and/or Leydig cell 
steroidogenic response to LH [83, 84]. There is limited 
human data to suggest that subtle changes in thyroid 
hormone could be associated with sperm production 

and quality, as a recent cross-sectional epidemiological 
study reported positive associations between serum-
free T4 and sperm concentration and motility [85] and 
inverse associations between free T4 and measures of 
sperm DNA damage [86].

Thus, there is a growing body of research highlight-
ing the importance of thyroid signaling on reproduc-
tion, but more work is clearly needed to improve our 
understanding of these relationships and whether thy-
roid-hormone deficits or surpluses considered subclin-
ical may have important implications on reproductive 
development and function. Environmental chemicals 
that act solely on circulating levels of thyroid hormones 
may have predictable effects on reproductive outcome, 
based on our working knowledge of the effects of thy-
roid hormone insufficiency or excess on these meas-
ures. However, environmental chemicals that directly 
interfere with the TR could produce quite unpredicted 
effects on fertility or reproductive outcome, especially 
if they act in ways that are not fully explored.

Conclusions
The human population is exposed to a large number 
of specific polyhalogenated aromatic hydrocarbons, 
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and biomonitoring studies now detect these chemicals 
in adults, children, pregnant women, and in the fetal 
compartment [87]. Increasing numbers of reports are 
revealing that a broad array of compounds can bind 
to the TR and affect thyroid hormone-regulated gene 
expression, both in vivo and in vitro. However, con-
sidering the tremendously pleiotropic effects of thy-
roid hormone, it is predictable that these synthetic 
compounds may have very complex effects on the TR. 
In addition, these studies suggest that chemicals may 
interact with other important thyroid hormone-bind-
ing proteins. For example, deiodinase enzymes appear 
to control the sensitivity of different brain regions to 
thyroid hormone exposure during development [88]; 
thus, if exogenous chemicals alter the activity of these 
enzymes, it may influence the sequence of thyroid 
hormone-sensitive developmental events. Likewise, 
specific transporters appear to control the availability 
of T3 to cells in the brain [89, 90]; thus, if environmen-
tal chemicals interfere with tissue uptake of thyroid 
hormone, adverse human health effects could result 
(Fig. 13.3). Our ability to identify chemical effects on 
TR function in vitro far exceeds our ability to identify 
chemical effects on TR function in vivo, in part because 
the mechanisms of thyroid hormone action in impor-
tant developmental stages is less well understood. 
However, it will be important to define the role of thy-
roid hormone in brain and gonadal development, in 
addition to fully developed tissues and systems, and 
to identify the mechanisms by which thyroid hor-
mone exerts these actions if we are to understand the 
potential human health effects of pervasive exposure 
to environmental compounds. Therefore, it is impor-
tant to distinguish between changes in hormone levels 
in blood, changes in thyroid gland activity, changes in 
thyroid hormone metabolism, and changes in thyroid 
hormone action in tissues.
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the innate immune system and are presented to cells of 
the adaptive system, thus triggering a tightly controlled 
cascade of events that lead to cell division and matura-
tion into effector cells. The process is relatively slow (a 
week or more to peak response) but very specific for the 
initiating antigen and results in long-lasting protection 
against future infections through the generation of 
long-lived antigen-specific memory cells.

Lymphocytes are the prime cellular effectors of 
adaptive responses. These cells are broadly classified 
by the organ in which they mature, and can be subdi-
vided based on function (see Table 13.1). Lymphocyte 
progenitor cells arise from pluripotent hematopoietic 
stem cells in the bone marrow and mature in lymphoid 
organs, T cells in the thymus and B cells in the spleen 
and lymph nodes. Most (> 95%) immature T cells 
that initially migrate to the thymus are eliminated, 
either because of inefficient or overzealous recogni-
tion of host antigens. This process of T cell selection 
in the thymus is critical in establishing and maintain-
ing  tolerance to constitutively expressed “self ” pro-
teins (antigens) present on somatic cells and certain 
cell products. Subpopulations of T cells assist in and 
amplify other immune responses (T helper cells, Th), 
down-regulate other immune responses (T suppressor 
cells, TS) or destroy infected or neoplastic cells (cyto-
toxic T cells, TC). T helper cells produce cytokines that 
 regulate immune function and can be further subdi-
vided into subpopulations which stimulate other T cells 
(Th1) or stimulate and perpetuate antibody responses 
(Th2). T helper2 cytokine production predominates in 
newborns and is also associated with increased allergy 
and asthma. Soon after birth there is a switch to the 
Th1-dominated adult phenotype, which is important 
in eliminating certain bacteria and viruses. Modulation 
of these processes by xenobiotics can suppress the nor-
mally protective function of immune system cells and 
their products, increasing susceptibility to infection 
and some types of cancer, or may skew production of 
regulatory immune system proteins (cytokines) and 
inappropriately stimulate the immune system, increas-
ing the risk of developing allergies, asthma, or autoim-
mune diseases.

13.3 The immune system
Robert W. Luebke and Dori R. Germolec

Overview of the immune system
The immune system is a complex set of cellular, chemi-
cal, and soluble mediators that protects the body against 
foreign substances, including infectious agents and 
certain tumor cells. Immune cells are located through-
out the body, either in discretely encapsulated organs, 
including the spleen, thymus, and lymph nodes or in 
diffuse accumulations of lymphoid and myeloid cells, 
as are found in association with the skin, lung, and the 
urogenital and GI tracts, which are primary locations 
for detection of entering pathogens and exogenous 
proteins.

Immune responses are classified as innate or adap-
tive. Innate responses occur within hours after the 
introduction of microbes, and provide the first line of 
defense against bacterial and viral infections. Innate 
responses are triggered by pattern recognition recep-
tors that recognize components of microbes that are 
shared by broad classifications of potential pathogens. 
The interaction activates cells to release proteins that 
stimulate migration of additional cells to the site of 
infection, phagocytosis and destruction of microor-
ganisms, and localized inflammation. Non-specific 
effector cells include macrophages and polymorpho-
nuclear (PMN) leukocytes that phagocytize patho-
gens and produce proinflammatory molecules, natural 
killer (NK) cells that destroy some types of neoplastic 
and infected cells, and dendritic cells that are “profes-
sional” antigen-presenting cells. Cells and products of 
the innate immune system are critical to developing 
effective adaptive immunity. A summary of cellular 
origin, classification, function, and consequences of 
cell loss are presented in Table 13.1.

In contrast, adaptive immune responses are 
directed against specific proteins or carbohydrate anti-
gens. These may be molecules such as bacterial cell 
wall proteins, virulence factors, proteolytic enzymes or 
peptides that initiate allergic responses. Foreign mate-
rials are broken down into peptide fragments by cells of 
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Generally, induction of immune responses follows 
a process where small lymphocytes divide and dif-
ferentiate into cells responsible for effector function 
and immunologic memory. Naïve circulating B cells 
encounter antigen in lymph nodes, or tissue-associated 
lymphoid tissues and become activated. The B cells rec-
ognize antigen via membrane-bound immunoglobulin 
(Ig) molecules that act as antigen receptors. Cross-
linking of the receptors initiates a signal transduction 
cascade, and, with the appropriate stimulus from Th2 
cytokines, leads to activation, clonal expansion and dif-
ferentiation into antibody-secreting plasma cells. Five 
classes of antibodies – IgM, IgG, IgE, IgA, and IgD – 
have been described and each has distinct expression 
patterns and functional properties during the immune 
response.

Homeostatic control of the immune system
Immune responses that protect the host against infec-
tion and neoplasia have the potential to cause significant 
collateral damage to healthy tissue if the intensity and 
duration of the response are not controlled. Homeostasis 
is maintained in part by input from the neuroendocrine 
system, particularly products of the hypothalamic– 
pituitary–adrenal axis, which reduces inflammation  
and attenuates lymphocyte responses by altering cell 
circulation patterns and inducing apoptosis over the 

course of an individual response. Subpopulations of 
cells from the innate and adaptive arms of the immune 
systems also participate in regulating immune response 
via soluble mediators that suppress cell function, includ-
ing inappropriate responses to self antigens. Inherited 
and acquired defects in regulatory cell performance 
are associated with inflammatory diseases and autoim-
mune diseases. The physical and chemical nature of the 
antigen, and the region of the body where the antigen 
is encountered, affect antigen processing and presenta-
tion, the pattern of cytokines produced by Th cells and, 
ultimately, the predominant type (humoral or cellular) 
of adaptive response. T  helper1 cytokines favor inflam-
mation and activation of cytotoxic cells whereas Th2 
cytokines stimulate antibody responses, resistance to 
parasitic helminths and allergy. Key members of each 
cytokine type suppress production of the opposite group, 
typically to the benefit of the host, although environmen-
tal contaminants may skew the balance of Th cytokines, 
increasing the risk of allergy and, in theory, reducing 
resistance to certain types of bacterial infection.

Gender, pregnancy, and the immune 
response
Modulation of immune function by endocrine hor-
mones is complex in health and disease states, and a 

Table 13.1. Cells of the immune system, and consequences of compromised cell function.

Cell type Site of maturation Cell function Consequences of suppression

T cells Thymus Reduced supply of naïve T cells

T helper cells Thymus Mediator production that 
stimulates the inflammatory 
response (Th1 cells) or antibody 
synthesis (Th2)

Reduced resistance to intracellular 
(Th1) or extracellular (Th2) pathogens

T regulatory cells Thymus and peripheral 
lymphoid tissues

Homeostatic regulation of 
immune function, silencing of 
autoreactive T cells

Increased risk of immune mediated 
damage, including autoimmune 
disease

Cytotoxic T cells Thymus Destruction of infected or 
transformed cells

Reduced resistance to certain viruses, 
increased risk of certain tumors

B cells Bone marrow, spleen, 
and lymph nodes

Antibody synthesis Reduced resistance to extracellular 
bacteria and some viruses

Natural killer (NK) cells Bone marrow, lymph 
nodes

Rapid destruction of certain 
tumors and virally infected cells, 
cytokine production

Severe or recurrent viral infections, 
tumors of hematological origin

Dendritic cells and 
macrophages

Bone marrow Antigen processing and 
“presentation” to lymphocytes, 
phagocytosis and killing of 
pathogens.

Increased susceptibility to infections, 
suppressed or inappropriate immune 
responses

Polymorphonuclear 
granulocytes

Bone marrow Phagocytosis and killing of 
pathogens

Recurrent infections with extracellular 
bacteria
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comprehensive discussion of the interactions is beyond 
the scope of this chapter. Studies in laboratory animals 
have shown that gonadectomy or supraphysiological 
doses of opposite gender hormones will reverse gender 
differences in responsiveness. However, there is ample 
evidence that endocrine hormones modulate immune 
function, and that xenobiotics present in the environ-
ment may mimic, stimulate, or modulate the effects of 
endocrine hormones on the immune system, causing 
direct or indirect toxicity.

Innate and adaptive immune responses are influ-
enced by endocrine hormones, particularly the balance 
between estrogen (17β-estradiol; E2) and testosterone 
[1, 2]. In general, cell-mediated immunity (e.g. cyto-
toxic T cell activity), antibody responses (e.g. total 
concentrations of immunoglobulins in the serum, anti-
body responses to vaccination) and resistance to infec-
tious diseases are more robust in females, although 
greater immunoreactivity in females comes at the price 
of a significantly greater risk of autoimmune disease. 
Genetic and environmental factors that modulate sex 
hormone metabolism (e.g. peripheral estrogen hydrox-
ylation, increased aromatase activity) may modify the 
development and pathogenesis of autoimmune and 
inflammatory diseases [3]. In addition, genetic differ-
ences in the rate of estrogen conversion to proinflam-
matory metabolites, such as 16-hydroxyestrone, or the 
relative abundance of naturally occurring antagonists 
(i.e. 2-hydroxyestrogens), may account for some of the 
hormonal effects on inflammatory processes. Immune 
function in females is further regulated by the relative 
concentration of hormones present during the men-
strual cycle, pregnancy, and lactation.

Cells of the innate and adaptive immune systems 
express both androgen and estrogen receptors, and 
modulation of immune function is mediated by binding 
of sex steroids to their cognate receptor. Effects include 
stimulated differentiation and maturation of antigen-
presenting cells (APCs) and B lymphocytes when levels 
of estrogen are increased, which translates to elevated 
antibody responses in pregnant versus virgin mice [4]. 
This observation has toxicological implications, as a pos-
sible mode of action responsible for enhanced antibody 
titers in animals exposed to endocrine-disrupting chem-
icals during gestation (e.g. propanil [5]; atrazine [6]) or as 
adults (e.g. malathion [7]; synthetic pyrethroids [8]; hex-
achlorobenzene [9]; and TCDD [10]). Some of the same 
compounds have been shown to exacerbate autoimmune 
disease in animal models of autoimmunity, although the 

link between elevated antibody responses in immuno-
toxicity screening studies and increased risk of autoim-
munity has not been thoroughly explored. Studies are 
currently underway to evaluate the role of physiological 
estrogen, EDC activity, elevated antibody responses and 
autoimmunity (Luebke et al., unpublished data).

Pregnancy is generally associated with reduced 
proinflammatory Th1 responses which are respon-
sible for resistance to intracellular infections, and 
increased Th2 cytokine production, associated with 
increased humoral function. This evolutionary adap-
tation allows viviparous reproduction by prevent-
ing rejection of the fetus by the same mechanism 
that rejects organ grafts from non-identical twins. 
Paternal histocompatibility antigens are expressed by 
fetal cells and are readily accessible to and recognized 
by the maternal immune system. Elevated estrogen 
levels, in pregnancy or following exogenous admin-
istration, skews cytokine production away from the 
normal profile of Th1 dominance in adults. The shift 
to Th2 dominance has been described as the primary 
driver of pregnancy-associated immunosuppression 
and prevention of fetal rejection [11]. Reduction of 
Th1 responses also reduces the severity of autoim-
mune diseases that are primarily inflammatory (e.g. 
rheumatoid arthritis); however, symptoms of other 
autoimmune diseases that have a significant humoral 
component (e.g. systemic lupus erythematosus, SLE) 
typically worsen during pregnancy and improve after 
parturition [12]. Recent work suggests that other fac-
tors contribute to preventing the immune system from 
attacking the developing fetus. Early in pregnancy, E2 
stimulates development of regulatory T cells that sup-
press immune responses to paternal antigens; E2 acts 
by binding to the estrogen receptors present on pre-
cursors to these cells [13]. In addition, Fas-Fas-ligand 
interaction mediates apoptosis of maternal T cells, 
and local production by macrophages of an enzyme 
that reduces synthesis of tryptophan, required for T 
cell division, occurs at the maternal–placental inter-
face [14].

Prolactin, commonly recognized for its role in the 
promotion and support of lactation, also functions 
as a cytokine in immune tissues. It is structurally 
related to growth-promoting cytokines and prolac-
tin  receptors are members of the cytokine receptor 
superfamily. Elevated serum prolactin levels are asso-
ciated with  disease flares that occur during pregnancy 
and the postpartum period in individuals with SLE, 
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rheumatoid arthritis, and multiple sclerosis. Thus, the 
endocrine system has a determinant role in protect-
ing the fetus from the maternal immune system and 
also influences the severity, positively and negatively, 
of autoimmune diseases that affect overall maternal 
health.

While many of these shifts in the immune response 
stabilize after childbirth, some changes may be per-
sistent and result in lingering disease. For example, 
Graves’ disease is an autoimmune disease in which 
autoantibodies are formed to the TSH receptor; the 
autoantibodies act as a thyrotropic agonist, resulting 
in hyperthyroidism. The disease frequently becomes 
quiescent during pregnancy, with a corresponding 
decrease in antithyroid microsomal, antithyroglobu-
lin, and thyroid-stimulating antibody levels [15]. It 
has been suggested that disease remission is a result 
of pregnancy-induced reductions in Th1 responses, 
and the concomitant increase in Th2 responses. Not 
surprisingly, the clinical manifestations of Graves’ 
disease are exacerbated in the first several months 
following delivery as the maternal immune system 
returns to the “normal” Th1/Th2 balance. The esti-
mated prevalence of postpartum autoimmune thy-
roiditis is 7.2% in women who were asymptomatic 
prior to pregnancy, and while the majority of women 
re-establish normal thyroid function within the first 
year, approximately 25% will develop permanent 
hypothyroidism [16].

Concern has been raised with regard to persist-
ent immunologic effects in the children of women 
who received diethylstilbestrol (DES) during preg-
nancy to prevent pre-term delivery or pregnancy loss. 
Diethylstilbestrol, an estrogenic pharmaceutical, was 
prescribed between the 1940s and 1970s under the 
erroneous assumption that it would prevent miscar-
riage, but was discontinued because it increased risk 
of a rare vaginal cancer in the female offspring. Since 
that time prenatal exposure to DES has been linked to a 
number of adverse outcomes in the children and grand-
children. The overall frequency of autoimmune dis-
eases has been reported to be elevated in DES-exposed 
daughters, when compared with a control group [17]. 
Other studies suggest that the offspring of DES-treated 
women exhibit a variety of immune system perturba-
tions, including enhanced T cell proliferation and ele-
vated NK cell activity that could contribute to altered 
immune function and an elevated risk for autoimmune 
disease.

Endocrine-disrupting chemicals, 
reproductive outcomes, fetal origin of 
adult disease, and the immune system
Environmental toxicants that modify immune 
responses and inflammatory processes have the poten-
tial to affect reproductive outcomes and the develop-
ment of adult-onset disease. This may be particularly 
important when exposures occur during gestation 
or early in life. Numerous reviews have described the 
greater sensitivity of the developing immune system to 
a variety of xenobiotics, and the potential risk assess-
ment implications of conducting hazard identification 
studies in adults [18–21]. Greater sensitivity during 
development may be expressed as greater persistence of 
effects, effects produced at lower doses during immune 
system ontogeny, or adverse effects in offspring that 
are not observed in following adult exposure [19]. 
A variety of chemical classes that have endocrine or 
endocrine-disrupting activity, including heavy metals, 
polycyclic aromatic hydrocarbons, dioxins and related 
compounds, pesticides and drugs have been identified 
as developmental immunotoxicants (Table 13.2).

Gender-dependent effects on the immune system, 
manifested either as greater dose sensitivity or as the 
presence of immune system effects in only one gender, 
have been reported following exposure to EDCs. For 
example, Luster et al. [23] determined that humoral 
immunity was suppressed in female and enhanced 
in male offspring of dams exposed to DES, whereas 
Rooney et al. [24] determined that the herbicide atra-
zine affected only male offspring. These examples 
suggest that disruption of critical hormone-mediated 
events during ontogeny of both the immune and repro-
ductive systems may have a profound impact on the 
observed immune deficits. However, gender-depend-
ent effects on immune function following gestational 
exposure is not restricted to EDCs, as exposure to 
 250 ppm of lead in the drinking water during gestation 
suppressed cellular immunity only in female rats [25]. 
Although developmental exposure to lead has been 
reported to reduce body-weight gain and testosterone 
levels, the authors of the study concluded that effects 
were not due to “endocrine imprinting” [26].

Inflammation is an important component of many 
known causes of infertility, and exposure to EDCs 
may indirectly affect reproductive success through the 
altered secretion of inflammatory mediators, changes 
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in disease resistance, and dysregulation of tolerance. 
Several epidemiologic studies have linked body-
 burdens of TCDD or dioxin-like PCBs with increased 
incidence of endometriosis, an estrogen-dependent 
disease that affects approximately 10% of women in 
their reproductive years and has been associated with 
infertility [27]. The disease is characterized by adhesion 
of endometrial cells to the peritoneum, subsequent cell 
proliferation and an inflammatory response. While 
it has been suggested that defects in NK cell activity 
and immune surveillance may promote the growth of 
ectopic endometrial cells, the disease also presents a 
clinical picture common to a number of autoimmune 
disorders, including increased levels of autoantibodies 
specific for histones, endometrial, and ovarian proteins, 
and Th1-mediated macrophage activation [28]. TCDD 
has been shown to promote both chronic inflamma-
tion and the progression of autoimmune disease, and 
it has been suggested that TCDD may disrupt the func-
tion of both endometrial and immune cells leading to 
the development of endometriosis [29].

Conclusions
Endogenous hormones, xenobiotics, and drugs that 
alter endocrine function have the potential to alter the 
immune system, and exposure to these entities dur-
ing gestation may directly or indirectly affect women 
during pregnancy and subsequent health outcomes 
in the child. The primary adverse immune system 

effects include an increased risk of infection second-
ary to immunosuppression in adults and offspring 
and an increased risk of autoimmune or inflammatory 
disease in susceptible populations. Reduced resist-
ance to infectious disease caused by EDC exposure 
may also contribute to infertility through increased 
incidence of infection-based pelvic inflammatory dis-
ease. There is a growing body of evidence that many 
aspects of both female and male infertility have at least 
some autoimmune component, and hormonally active 
compounds which promote self-reactivity are likely to 
contribute to these effects. While there is a significant  
gap in our understanding of the interplay between 
endocrine-disrupting xenobiotic exposure, reproduc-
tive success, and immune system health, multidisci-
plinary teams have demonstrated the practicality of 
investigating reproductive, immuno- and neurotox-
icity in the same cohorts of offspring [30]. Additional 
studies of this type, with a focus on dose response and 
modes of action, will help to clarify the relationship 
between unintentional immune system modulation 
and reproductive success.
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minimal or lacking altogether, as predictive of poten-
tial human risks. In addition to exposures during adult 
life that may contribute to cancer initiation and growth, 
we also will emphasize EDC exposures during the criti-
cal developmental periods. It has long been appreciated 
that reproductive tract structures are particularly sensi-
tive to hormones, especially estrogens, during early-life 
developmental periods. Consequently, it is becoming 
increasing clear that early-life exposures to EDCs may 
contribute to adult reproductive tract disorders includ-
ing hormone-driven cancers, thus providing a develop-
mental basis for these diseases.

Testicular cancer
Testicular cancer is the most commonly diagnosed 
malignancy in men between 15–44 years of age in devel-
oped countries worldwide. Since incidence for this can-
cer peaks during early adulthood, its presence at an early 
life stage is suggested. Likewise, carcinoma in situ, the 
precursor of virtually all germ-cell tumors, is believed 
to be generated in utero. The vast majority of testicular 
cancers are germ-cell malignancies which are classi-
fied histologically as seminomas and non-seminomas. 
Interestingly, there is a ten-fold variation in incidence 
rates of testicular cancers across different populations 
with the highest rates in Nordic countries (Denmark 
being the highest) and lowest rates in African countries 
followed by Asian populations [5]. In the USA, there is 
also considerable variability among racial groups with 
Whites having the highest and Blacks and Latinos hav-
ing the lowest incidence rates.

Testis cancer rates have increased worldwide over 
the past 35 years with the greatest increase observed in 
populations of European ancestry. While the causes for 
this increase remain unresolved, it has been  suggested 
that environmental factors including endocrine-
 disrupting agents may be contributory [6, 7]. This is  

Environmental contaminants and 
cancers of the reproductive tract
Gail S. Prins and Esther L. Calderon

Introduction
Many environmental contaminants have been shown 
to directly or indirectly contribute to carcinogen-
esis and/or cancer progression of reproductive tract 
organs. These include endocrine-disrupting chemi-
cals (EDCs), industrial compounds, cigarette smoke, 
air pollution, radiation, electromagnetic fields, proc-
essed foods, alcohol, and pharmaceuticals. This review 
will focus on EDCs as they relate to reproductive tract 
cancers due to their unique capacity to contribute to 
carcinogenesis through hormonal signaling pathways 
that normally control growth of these end-organs. The 
readers are referred to other recent review articles for 
information regarding other environmental contami-
nants and cancer risk [1–3].

The US Environmental Protection Agency (EPA) 
defines an EDC as an exogenous agent that inter fe-
res with the synthesis, secretion, transport, binding, 
action, or elimination of natural hormones in the body 
that are responsible for the maintenance of homeo-
stasis, reproduction, development, and/or behavior 
[4]. Descriptions of the various types of EDCs that 
impact reproductive structures and their mechanisms 
of action are provided in other chapters of this book 
and the readers are referred to them for detailed infor-
mation. The present discussion is organized around the 
major reproductive tract cancers that occur in the human 
population. In males, evidence for risks of testicular and 
prostate cancer as a function of exposure to endocrine-
disrupting agents will be examined while in females, 
cancers of the breast, ovaries, and endometrium will be 
evaluated. As a cross-reference, Table 14.1 summarizes 
the evidence and provides references for the individual 
chemicals with regards to reproductive tract tumors. 
This chapter will primarily review evidence for cancer 
risks in humans and highlight research conducted on 
animal models as supportive, or when human data are 
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Table 14.1. Summary of evidence for reproductive tract cancer risks in humans and animal model systems as a result of exposure to 
endocrine-disrupting chemicals.

Endocrine- disrupting 
chemicals

Evidence for cancer 
risk in humans References

Evidence for cancer 
risk in experimental 
models References

Diethylstilbestrol Elevated testicular cancer 
risk

[9, 13]

Elevated prostate 
cancer risk

[47–50]

Elevated breast 
cancer risk

[94, 95] Elevated breast 
cancer risk

[96]

Elevated ovarian 
cancer risk

[97, 131] Elevated ovarian 
cancer risk

[133]

No correlation to 
ovarian cancer risk

[132]

Elevated endometrial 
cancer risk

[143–145]

Chlorinated compounds

 PCBs Elevated testicular 
cancer risk

[14, 15]

Elevated prostate 
cancer risk

[62–65] Elevated prostate 
cancer risk

[66]

No correlation to 
breast cancer risk

[105]

 Chlordanes Elevated testicular 
cancer risk

[14, 15]

 Hepatochlor epoxide Elevated breast 
cancer risk

[104]

 DDT/DDE Elevated testicular 
cancer risk

[14, 15]

Elevated breast 
cancer risk

[98–100, 102]

No correlation to 
breast cancer risk

[101, 103–105]

Elevated ovarian 
cancer risk

[136] Elevated ovarian 
cancer risk

[137]

Elevated endometrial 
cancer risk

[146]

Decreased 
endometrial cancer 
risk

[147]

No correlation to 
endometrial cancer 
risk

[148, 149]

 PBDE Elevated testicular 
cancer risk

[14, 15]

 Atrazine Elevated testicular 
cancer risk

[20]

Elevated prostate 
cancer risk

[68, 69] Elevated prostate 
cancer risk

[67]

Decreased prostate 
cancer risk

[70, 71]

(Continued)
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Endocrine- disrupting 
chemicals

Evidence for cancer 
risk in humans References

Evidence for cancer 
risk in experimental 
models References

Elevated breast 
cancer risk

[106, 107]

No correlation to 
breast cancer risk

[108–110]

Elevated ovarian 
cancer risk

[134]

Decreased ovarian 
cancer risk

[108] Decreased ovarian 
cancer risk

[153]

No correlation to 
ovarian cancer risk

[135]

 Vinclozolin Decreased prostate 
cancer risk

[85]

Elevated prostate 
cancer risk

[86–88]

 Dieldrin Elevated breast 
cancer risk

[98, 99]

No correlation to 
breast cancer risk

[105]

 Aldrin Elevated breast 
cancer risk

[103]

 Lindane Elevated breast 
cancer risk

[103]

Phthalates

 DBP Elevated testicular 
cancer risk

[25]

 PVC Elevated testicular 
cancer risk

[26]

Phenols

 BPA Elevated prostate 
cancer risk

[60] Elevated prostate 
cancer risk

[57–59]

Elevated breast 
cancer risk

[111, 112]

Heavy metals

 Arsenic Elevated prostate 
cancer risk

[79, 83] Elevated prostate 
cancer risk

[80–82]

Decreased ovarian 
cancer risk

[138–142]

Elevated endometrial 
cancer risk

[152]

 Cadmium Elevated and 
decreased prostate 
cancer risk

[75] Elevated prostate 
cancer risk

[76, 77]

Elevated breast 
cancer risk

[113–115] Elevated breast 
cancer risk

[116]

Elevated endometrial 
cancer risk

[150, 151] Elevated endometrial 
cancer risk

[116]

Table 14.1. (cont.).
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based, in part,  on the recently described testicular dys-
genesis syndrome (TDS), a collection of disorders of the 
male reproductive tract – hypospadias, cryptorchidism, 
low sperm counts, testicular cancer – that have a com-
mon link to abnormal testicular development during 
fetal/neonatal life. Although multiple disturbances can 
contribute to this syndrome such as premature birth, 
intrauterine growth restriction, maternal stress, or 
genetic abnormalities, there is emerging evidence that 
inadvertent exposures to EDCs may disrupt in utero tes-
ticular development and drive some or all of these disor-
ders which have increased in incidence during the past 
10–30 years [8]. Although direct evidence for increased 
testicular cancer due to EDC exposures is very limited 
[9], it is noteworthy that men with cryptorchidism and 
infertility are at increased risk for testicular cancer [10]. 
Since cryptorchidism and male infertility have been 

directly linked to EDC exposures, a potential link to tes-
ticular cancer is implied.

Environmental estrogens
Environmental estrogens or xenoestrogens are man-
made, non-steroidal chemicals with identified estro-
genic activity (estrogen mimics), mostly through 
activation of nuclear or membrane-associated estro-
gen receptors. Humans are typically exposed to 
these chemicals through ingestion, adsorption, or 
transplacental transfer. Xenoestrogens with possi-
ble carcinogenic potential include chlorinated com-
pounds in pesticides and herbicides (methoxychlor, 
kepone, DDT/DDE, chlordane, dieldrin, aldrin) and 
industrial products (polychlorinated biphenols or 
PCBs, tetrachloro-p-dioxin), phenolic derivatives 
(bisphenol-A, butylated hydroxyanisole), phthalates 

Endocrine- disrupting 
chemicals

Evidence for cancer 
risk in humans References

Evidence for cancer 
risk in experimental 
models References

Pesticides

 Methyl bromide Elevated prostate 
cancer risk

[32]

 Chlorpyrifos Elevated prostate 
cancer risk

[32, 34]

 Fonofos Elevated prostate 
cancer risk

[32, 34]

 Coumaphos Elevated prostate 
cancer risk

[32, 34]

 Phorate Elevated prostate 
cancer risk

[32, 34]

 Permethrin Elevated prostate 
cancer risk

[32, 34]

 Butylate Elevated prostate 
cancer risk

[32, 34]

UV filters

  4-methyl-benzylidene 
camphor (4-MBC)

Elevated prostate 
cancer risk

[72, 74]

  3-benzylidene 
camphor (3-BC)

Elevated prostate 
cancer risk

[72, 74]

Dioxin

 TCDD Elevated breast 
cancer risk

[118–120]

See text for chemical names in full.

Table 14.1. (cont.).
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( di-(2- ethylhexyl)  phthalate or DEHP, 1,4-diox-
ane), atrazine, and heavy metals (arsenic, uranium, 
cadmium).

Diethylstilbestrol
Diethylstilbestrol exposure is considered an impor-
tant model of endocrine disruption and provides 
proof-of-principle for exogenous estrogenic agents 
as disruptors of multiple end-organs. A synthetic 
and potent estrogenic compound, DES was pre-
scribed to pregnant women from the 1950s to1970s 
to prevent spontaneous abortions with an estimated 
usage of 2–10 million women worldwide. Its utiliza-
tion during pregnancy was discontinued in the USA 
in 1972 and worldwide by 1980 when it was discov-
ered that maternal DES treatment was linked to an 
increased incidence of vaginal clear-cell adenocarci-
noma in DES-exposed daughters [11]. Importantly, 
DES-exposed sons were identified early as having 
an increased incidence of reproductive tract abnor-
malities including hypospadias, cryptorchidism, and 
reduced sperm counts [12]. More recent assessments 
reveal an increase in testicular cancer cases in DES 
sons as compared with controls [9, 13]. The DES out-
comes thus raise the possibility that other EDCs may 
also increase testicular cancer risk.

Persistent organic pollutants
Persistent organic pollutants are fat-soluble chemicals 
that bioaccumulate in the human body. Many have 
estrogenic or antiandrogenic activity and, as such, may 
perturb male reproductive activity. A link between 
chlorinated chemicals and testicular cancer has been 
suggested by studies that found higher levels of PCBs, 
chlordanes, p,p’-dichlorodiphenyldichloroethylene 
(DDE) and polybrominated diphenyl ethers (PBDEs) 
in the serum of mothers of men with testicular cancers 
as compared with controls [14, 15]. These findings are 
particularly interesting since serum measurements of 
organochlorine levels in the men themselves were not 
associated with cancer risk. Rather, the findings impli-
cate that fetal exposure to these environmental estro-
gens may predispose to testicular cancer later in life 
[16]. Recently, a large case-controlled study of military 
personnel participating in the Servicemen’s Testicular 
Tumor Environmental and Endocrine Determinants 
(STEED) registry found a significant association 
between testicular germ cell tumors and higher levels 
of DDE and chlordanes in prediagnostic serum sam-
ples [17]. While both DDE and chlordanes were asso-
ciated with increased seminomas risk, only DDE levels 

were associated with elevated risk of non-seminomas. 
Since these organochlorine pesticides are persistent 
and bioaccumulate in the body, the authors suggest 
that early-life exposures may have contributed to the 
development of testicular cancer in these young men.

Atrazine
Atrazine, a triazine herbicide, is a high-volume con-
taminant in agricultural communities and ~60% of 
individuals in the USA are exposed to it on a daily 
basis. It acts as an EDC through multiple effects and is 
considered a xenoestrogen due to its ability to increase 
aromatase activity and thus increase synthesis of 
estradiol in cells [18]. Atrazine has been classified as 
a possible human carcinogen by the International 
Agency for Research on Cancer [19]. While studies 
have shown associations with atrazine and cancers 
of the prostate and ovary (see below), assessment of 
testicular cancer data is limited. In one epidemio-
logic assessment of cancer rates in Californian agri-
cultural workers exposed to pesticides, an association 
was observed between increased testicular cancer and 
atrazine exposure in Hispanic males but not in other 
ethnic groups [20]. This now requires further analysis 
in other exposed populations.

Phthalates
Phthalates are high-production compounds used as 
plasticizers in polyvinyl chloride (PVC) products, as 
constituents in various personal-care products such 
as cosmetics, perfumes, and baby lotions as well as in 
medical tubing and catheters. Humans are exposed to 
~ 2 mg/day in the general population but occupational 
and medical exposures can reach much higher levels. 
Due to lack of metabolic clearance, infants and chil-
dren are exposed to higher levels of these compounds. 
Phthalates are a large family of compounds and some 
have been shown to negatively impact reproductive 
structures in rodents [21]. These phthalates are believed 
to act through estrogenic and antiandrogenic mecha-
nisms including alterations in testosterone synthesis 
and liver steroid metabolism [22]. There is compelling 
evidence for the involvement of phthalate exposures 
in TDS in animal models [16, 23]. Further, specific 
phthalates are associated with reduced ano-genital dis-
tance in male infants suggesting a connection to TDS 
in humans [24]. Unfortunately, rodent models used 
for TDS studies are not useful for testicular cancer 
research due to resistance of these species to develop 
germ-cell cancers. However, testicular carcinoma in 
situ was recently reported in rabbits treated in utero 
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with di-n-butyl phthalate (DBP) [25] suggesting that 
rabbits may be a better model for testicular cancers as 
a function of EDCs. Importantly, this report suggests 
a potential for the involvement of early-life phthalate 
exposure and testicular cancer in humans which will 
require future investigation. It is noteworthy that a 
case-controlled study determined a six-fold increased 
risk for seminomas in plastic workers exposed to PVC 
suggesting a link to testicular cancer and phthalates 
in adulthood [26]. Clearly, further studies with robust 
animal models as well as exposed populations are 
required to determine whether phthalate exposures 
can lead to testicular cancers in humans.

Prostate cancer
The prostate is an androgen-dependent male acces-
sory sex gland. Androgens play a critical role in the 
initiation and progression of prostate cancer which is 
the basis for current hormonal treatment strategies. 
In addition to androgens, estrogen involvement in the 
etiology of prostatic cancer has been demonstrated and 
the use of antiestrogens has been recently recognized to 
have a therapeutic role in prostate cancer management. 
In the human population, direct connections between 
EDCs and prostate cancer risk have not been estab-
lished. Nonetheless, due to the hormonal basis of this 
disease and the evidence that dietary compounds high 
in isoflavones (e.g. red clover, genistein) can control 
prostate cancer growth in humans [27, 28] and animal 
models [29], there is reasonable cause to evaluate and 
understand any potential relationship between EDCs 
and prostate cancer risk. In addition to epidemiologic 
studies, there are in vitro studies with human prostate 
cells and in vivo studies in animal models that indicate 
associations between EDCs and prostate cancer, car-
cinogenesis, and/or susceptibility.

Farming and pesticides
Regarding links between prostate cancer and environ-
mental factors in humans (outside of diet), the most 
compelling data come from the established occupa-
tional hazard of farming and increased prostate cancer 
rates [30–32]. While several variables may contribute 
to higher prostate cancer rates in farmers, chronic or 
intermittent exposures to pesticides is the most likely 
explanation [32, 33]. This is supported by a large epi-
demiology study (Agricultural Health Study) in a col-
laborative effort between the NCI, NIEHS, and EPA 
in the USA that has examined agricultural lifestyles 
and health in ~90 000 participants in North Carolina 

and Iowa since 1993 (www.aghealth.org). Evaluation 
of > 55 000 pesticide applicators revealed a direct link 
between methyl bromide exposure, a fungicide with 
unknown mode of action, and increased prostate can-
cer rates [32]. Further, 6 out of 45 common agricul-
tural pesticides showed correlation with exposure and 
increased prostate cancer in men with a familial his-
tory, suggesting gene–environment interactions. These 
six agents were chlorpyrifos, fonofos, coumaphos, 
phorate, permethrin, and butylate [32, 34]. The first 
four of these compounds are thiophosphates and share 
a common chemical structure. While these agents are 
regarded as acetylcholine esterase inhibitors and have 
not been shown to have direct estrogenic or antiandro-
genic activities, a literature search revealed that these 
compounds have significant capacity as p450 enzyme 
inhibitors. In particular, chlorpyrifos, fonofos, and 
phorate strongly inhibit CYP1A2 and CYP3A4 which 
are the major p450s that metabolize estradiol, estrone, 
and testosterone in the liver [35, 36]. Furthermore, the 
human prostate constitutively expresses CYP1A2 and 
CYP3A4 enzymes that are involved in intraprostatic 
metabolism of steroids, drugs, and dietary compounds 
[37–39]. This raises the possibility that exposure to 
these compounds may interfere with steroid hormone 
metabolism by the liver as well as the prostate and, in 
so doing, alter steroid balance and availability which 
in turn may contribute to increased prostate cancer 
risk. A similar mechanism of endocrine disruption in 
vivo has been identified for PCBs and polyhalogenated 
aromatic hydrocarbons (including dioxins, BPA, and 
dibenzo-furans) through potent inhibition of estrogen 
sulfotransferase which effectively elevates bioavailable 
estrogens in various target organs [40, 41].

Environmental estrogens
In men, chronically elevated estrogens have been asso-
ciated with increased risk of prostate cancer [42]. In 
rodents, estrogens in combination with androgens 
induce prostate cancer [43]. There is some evidence 
that environmental estrogens may be involved in pros-
tate cancers at some level.

Diethylstilbestrol
Maternal exposure to DES during pregnancy was found 
to result in more extensive prostatic squamous meta-
plasia in human male offspring than observed with 
maternal estradiol alone [44]. While prostatic meta-
plasia eventually resolved following DES withdrawal, 
ectasia and persistent distortion of ductal architecture 
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remained [45]. This has lead to the postulation that men 
exposed prenatally to DES may be at increased risk for 
prostatic disease later in life although this has not been 
borne out in the limited population studies conducted to 
date [46]. However, extensive studies with DES in rodent 
models predict marked abnormalities in the adult pros-
tate including increased susceptibility to adult-onset 
carcinogenesis following early DES exposures [47–50].

Bisphenol-A
Bisphenol-A (BPA) is a synthetic polymer used in the 
production of polycarbonate plastics and epoxy resins, 
and significant levels have been found in the urine of 93% 
of the US population in a recent screen by the CDC [51]. 
While the affinity of BPA for nuclear estrogen receptors 
(ER-α and ER-β) is ~10 000 lower than estradiol or DES 
[52, 53], BPA induces membrane ER through non-ge-
nomic pathways with an EC50 equivalent to 17β-estradiol 
suggesting that in vivo estrogenic activity of BPA may be 
due to non-genomic activation of ER [54, 55].

Effects of BPA with regards to carcinogenic poten-
tial, including the prostate gland, have recently been 
reviewed by an expert panel [56]. In short, there is 
evidence from rodent models and human prostate cell 
lines that BPA can influence carcinogenesis, modulate 
prostate cancer cell proliferation and for some tumors, 
stimulate progression. Recent reports have provided 
evidence that early life exposure to BPA may increase 
susceptibility to hormonal carcinogenesis in the pros-
tate gland, possibly by developmentally reprogram-
ming carcinogenic risk [57, 58]. Studies using a rat 
model showed that brief neonatal exposure to a low 
dose of BPA (10 μg/kg bw/day) significantly increased 
the incidence and grade of prostatic intraepithelial 
neoplasia (PIN) following adult estrogen exposure. 
This model of sensitivity to hormonal carcinogen-
esis is relevant to humans in that relative estradiol 
levels increase in the aging male and may contribute 
to prostate disease risk [59]. The above studies fur-
ther identified alterations in DNA methylation pat-
terns in multiple cell signaling genes in BPA-exposed 
prostates which suggests that environmentally rele-
vant doses of BPA “imprint” the developing prostate 
through  epigenetic alterations [57, 58].

Knudsen and colleagues examined the influence 
of BPA on human prostate cancer cells that con-
tained an AR point mutation (AR-T877A) frequently 
found in advanced prostate cancers of patients 
who relapsed after androgen-deprivation therapy 
[60]. They first observed that 1nM BPA activates 

AR-T877A in transcriptional assays and leads to 
unscheduled cell cycle progression and cellular pro-
liferation in vitro in the absence of androgen. Since 
BPA had no impact on wild-type AR, these data indi-
cate that this gain-of-function AR mutant attained 
the ability to utilize BPA as an agonist. Subsequent in 
vivo analyses of the impact of BPA on human pros-
tate tumor growth and recurrence was performed 
utilizing a mouse xenograft of human cells contain-
ing the AR-T877A mutation [61]. At low doses that 
fall within the reported ranges of human exposure, 
prostate tumor size increased in response to BPA 
administration as compared with placebo control 
and mice in the BPA cohort demonstrated an ear-
lier rise in PSA (biochemical failure). These findings 
indicate that BPA significantly shortened the time to 
therapeutic relapse. These outcomes underscore the 
need for further study of the effects of BPA on tumor 
progression and therapeutic efficacy.

Polychlorinated biphenols
Polychlorinated biphenols or PCBs are persistent organic 
pollutants that bioaccumulate in body fat deposits. 
A recent analysis of adipose tissue concentrations of 
PCBs in Swedish men with and without prostate cancer 
revealed a significant association between PCB levels in 
the higher quadrants and prostate cancer odds-ratio with 
the most marked associations for PCB 153 and trans-
chlordane [62]. A more extensive epidemiologic study of 
capacitor–manufacturing plant workers highly exposed 
to PCBs revealed a strong exposure–response relation-
ship for prostate cancer mortality [63]. This supports 
previous findings of correlations between PCB 153 and 
180 and prostate cancer risk in electric-utility workers 
[64, 65]. While estrogenic activity of these compounds 
is a suspected mode of action, there is also evidence that 
PCBs inhibit estrogen sulfotransferase activity in the liver 
and effectively increase bioavailable estrogen in the body 
[40]. Recently, Aroclor-1254, a mixture of 60 PCB pollut-
ants, was tested on rat prostate cells in vitro and shown to 
disrupt gap junctions, expression of connexin 32 and 43, 
and increase double-stranded DNA breaks, suggesting 
that PCBs may be able to transform prostate cells leading 
to carcinogenesis [66]. Further investigation using animal 
models is warranted for PCBs and prostate cancer risk.

Atrazine
Atrazine at environmentally relevant levels has been 
shown to result in chronic prostatitis in rats [67] which 
is believed to be a predisposing factor to prostate 
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cancer. Atrazine exposure was associated with a four-to 
six-fold increase in prostate cancer in men working in 
an atrazine production facility [68, 69], however, this 
was refuted in a subsequent case-controlled analysis 
of these workers [70]. Furthermore, a large epidemio-
logic study of Californian agriculture workers exposed 
to atrazine found no increased risk for prostate cancer 
[71]. The effects of atrazine on the prostate are believed 
to be a result of its ability to increase aromatase and 
thus estradiol levels, but they may also be related to its 
capacity to elevate circulating prolactin levels which 
have been correlated to prostate cancer risk.

Ultra violet light filters
There are a few recent reports that ultra violet light filters 
used in creams to protect against the sun have estrogenic 
activity [72]. Specifically, 4-methylbenzylidene camphor 
(4-MBC) and 3-benzyidene camphor (3-BC) are ER-β 
ligands [73]. While little if any work has been done with 
regards to these UV filters and human prostate cancer, a 
few recent reports indicate that developmental exposure 
to the compounds can alter prostate gland development 
and estrogen target gene expression in the rat [72, 74]. 
This raises the possibility that the fetal prostate may be 
affected following maternal use of these compounds.

Cadmium
Cadmium has been classified as a known human car-
cinogen by the International Agency for Research on 
Cancer and the National Toxicology Program based 
on epidemiologic studies showing a causal association 
with lung cancer. Cadmium is known to ligand to ERs 
and function as an estrogenic mimic. While some large 
epidemiologic reports have indicated a relationship 
between cadmium exposure and prostate cancer rates, 
others have refuted these findings [75]. Nonetheless, 
there are intriguing reports in the literature which show 
that cadmium has proliferative action with human pros-
tate cells in vitro through an ER-dependent mechanism 
and that this exposure is associated with acquisition of 
androgen-independence [76]. Furthermore, prostatic 
tumors have been shown to be experimentally induced 
by oral exposure to cadmium [77]. Since cadmium bio-
accumulates in the body, further epidemiologic analy-
sis of cadmium and prostate cancer risk is warranted, 
particularly in men with occupational exposures.

Arsenic
Exposure to arsenic has long been associated with 
a number of diseases including cancers [78, 79]. A 
recent review of the epidemiologic data has shown an 

association between inorganic arsenic exposure from 
the environment and prostate cancer incidence and 
mortality in the human population [80]. Importantly, 
it has been documented that arsenic may mediate some 
of these effects through endocrine disruption, specifi-
cally through interaction with ERs and activation of 
estrogen-regulated genes [81]. In this context, there is a 
recent report that arsenic can induce malignant trans-
formation of prostate epithelial cells in vitro and drive 
them towards an androgen-independent state [82]. 
Interestingly, this was shown to be mediated through 
Ras-MAPK pathways and it is possible that membrane 
ERs may be involved in this process. Epidemiologic 
studies have shown an association between arsenic 
exposure and prostate cancer mortality in Taiwan [79], 
a finding that was substantiated by a later study in the 
USA [83]. Thus it is possible that endocrine disruption 
by arsenic can contribute to prostate cancer risk.

Antiandrogens
While there are no known environmental androgens, 
endocrine disruptors can also function through antian-
drogenic pathways. Since prostate cancer is an andro-
gen-dependent disease, we will briefly examine the 
known effects of some of these agents on the prostate 
gland.

Vinclozolin
Vinclozolin is a fungicide that is used as a pesticide on 
crops. It has known antiandrogenic properties by inter-
fering with androgen receptor (AR) activity [84]. Since 
vinclozolin effects are driven through AR antagonism, 
it is not surprising that there are no reported associa-
tions between this compound and prostate cancer, an 
androgen-dependent disease. Exposure of rats to vin-
clozolin during development results in reduced pros-
tate gland growth and size, which would be expected 
for an antiandrogen [85]. Of interest, however, are 
recent studies with maternal (i.e. in utero) exposure 
to vinclozolin in rats which produce transgenerational 
effects on offspring through epigenetic alterations 
[86]. These permanent perturbations include adverse 
consequences on the prostate gland such as premature 
acinar atrophy and aging-associated prostatitis for four 
generations [87]. This may be particularly significant 
in light of recent evidence that chronic inflammation 
may play a role in prostate cancer initiation [88].

DDT/DDE
Dichlorodiphenyltrichloroethane (DDT) and its met-
abolic derivative dichlorodiphenyldichloroethylene 
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(DDE) were widely used as pesticides in the USA and 
their use is still in effect in other countries worldwide. 
In addition to AR antagonistic effects [89], DDE at 
high concentrations has been shown to function as an 
inhibitor of 5α-reductase, the intraprostatic enzyme 
responsible for converting testosterone to the more 
potent androgen, dihydrotestosterone [90]. While 
many reproductive abnormalities have been found 
with DDT/DDE exposure, including reduced prostate 
growth, there is no known association between expo-
sure to DDT/DDE and prostate cancer risk.

Breast cancer
Breast cancer is the most common invasive malig-
nancy in women in the USA and is the second leading 
cause of cancer-related deaths in the female population 
[91]. Similar to the prostate, breast cancer is a hormo-
nally driven cancer and one major identified risk factor 
for breast cancer is an increased lifetime exposure to 
estrogens [92]. A comprehensive analysis of published 
reports on chemicals causing mammary gland tumors 
in animal models has been recently published and is an 
excellent resource for many agents including EDCs [2]. 
Population-based studies have also examined human 
EDC exposures as they relate to breast-cancer risks 
and a searchable database for epidemiologic studies on 
environmental pollutants and breast cancer is available 
at www.komen.org/environment [93]. There is com-
pelling evidence for a role of several EDCs, primarily 
acting through estrogenic pathways, on breast-cancer 
risk and progression. Beginning with DES as a model 
EDC during the developmental period, population-
based evidence is presented below for several of these 
compounds.

Environmental estrogens
Diethylstilbestrol
Continued follow-up of mothers who used DES dur-
ing pregnancy has shown a moderate increased risk for 
the development of breast cancer in the mothers with 
aging [94]. As mentioned previously, the DES-exposed 
daughters exhibited an increased incidence of vaginal 
clear-cell adenocarcinoma at a young age which led 
to discontinuation of its utilization during pregnancy 
[11]. Since animal models predicted an increased risk 
for the development of other female reproductive tract 
tumors in DES-exposed offspring, follow-up analysis 
of case-controlled cohorts of exposed populations has 
continued. A recent report of a large cohort of women 

prenatally exposed to DES and followed since the 
1970s revealed an increased risk for the development 
of breast cancer after 40 years of age [95]. The incidence 
rate ratio of breast cancer occurring after 40 years of age 
was 1.91 compared with case controls and increased to 
3.00 for breast cancers occurring after 50 years, sug-
gesting a heightened risk with aging. The highest rela-
tive risk was observed for cohorts receiving the highest 
cumulative dose of DES exposure, further suggesting 
a dose–response effect for breast cancer development. 
Studies using animal models for fetal DES exposure 
now suggest that adverse effects may be transmitted 
to the third generation male and female offspring [96]. 
Since the human population of DES-exposed grand-
daughters and grandsons is limited in size at this time 
and relatively young, studies have not yet observed a 
significant increase in breast-cancer rates in the third 
generation and this possibility will require continued 
monitoring for decades to come [97].

Persistent organochlorine pesticides
Many organochlorine pesticides used at high volumes 
worldwide, such as dieldrin, aldrin, chlordanes, and 
DDT/DDE, are classified as EDCs since they either 
possess estrogenic or antiandrogenic activity or they 
modulate estrogen action through changes in metabo-
lism or excretion of steroids. These persistent chemicals 
accumulate in fatty tissues such as the breast with half-
lives lasting many years and thus have the potential to 
contribute to the development of breast cancer. In 1998, 
a cohort-nested case–control study was undertaken on 
Danish women who had blood specimens collected 
and stored for 17 years as participants in a Copenhagen 
City Heart Study [98]. Several organochlorines were 
measured in these stored serum samples and breast 
cancer incidence, stage, and survival were determined 
by record linking to the Denmark national registry. 
Serum dieldrin levels were associated with a signifi-
cantly increased dose-related risk of breast cancer and 
in a follow-up study, had a significant adverse effect on 
breast cancer survival [99]. These studies suggest that 
exposures to dieldrin in the distant past affect not only 
breast-cancer risk but also survival from the disease 
decades later. It is noteworthy that these studies did not 
find a correlation of breast-cancer risk with DDE lev-
els although a linear trend was noted for higher DDE 
concentrations and breast cancer survival. In a recent 
prospective, nested case–control study in California, 
serum samples from young women collected between 
1959–1967, when DDT was widely used as a pesticide, 
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were measured for DDT and DDE, and breast-cancer 
cases were analyzed from the state cancer registry in 
1998 [100]. High serum levels of DDT correlated with 
a significant five-fold increased risk of breast cancer 
before the age of 50 years, again suggesting that ear-
ly-life DDT exposures may increase cancer risk dur-
ing adulthood. However, a recent nested case–control 
Japanese study found no relationship between serum 
DDT or DDE levels and breast cancer incidence after 
10 years of follow-up [101]. The differences in these 
studies may be in the age that serum was collected 
for organochlorine measurements since the positive 
associations were noted in samples collected in young 
adulthood.

Other population-based studies have examined the 
relationship of breast cancer to serum or tissue organo-
chlorine levels at the time of cancer diagnosis. A case–
control study of women living in Mexico City evaluated 
serum DDE levels and compared them against levels in 
matched control women without cancer [102]. Women 
in the top quartile of DDE levels were twice as likely 
to have a breast-cancer diagnosis and this association 
increased in postmenopausal women suggesting that 
current DDE exposures may increase breast-cancer 
risk. Adipose tissue levels of 16 organochlorine pesti-
cides including DDE were measured in Spanish women 
at the time of breast cancer diagnosis in another case-
controlled study [103]. While DDE levels were higher 
in cases than controls, the difference was not signifi-
cant. Significant increases in breast-cancer risk were 
noted for all women with detectable aldrin levels and 
for postmenopausal women with measurable aldrin 
and lindane. Interestingly, risk was greatest in lean 
women with the highest quartile of total organochlo-
rines as compared with those with higher body mass. 
While a small Texas study did not find a link between 
adipose DDE or chlordane levels and breast-cancer 
risk, heptachlor epoxide, another cyclodiene pesticide 
was positively associated with breast cancer prevalence 
[104]. In contrast, the Long Island Breast Cancer Study 
Project found no association of breast-cancer risk for 
any measured organochlorines including DDE, chlo-
rdane, dieldrin, or PCB congeners [105]. It is possible 
that racial and regional differences exist with regards 
to cancer susceptibility as a function of these specific 
environmental exposures.

Atrazine
Atrazine has been linked to increased mammary 
tumors in rodent models, however, this was shown to 
be a function of neuroendocrine alterations that shift 

puberty and cause premature reproductive senescence 
rather than actions as a direct carcinogen [106, 107]. 
Although it has been shown to increase aromatase activ-
ity in human cancer-cell lines [18], population-based 
studies have not found a positive association between 
atrazine exposures or serum levels and increased risk 
of breast cancers in women [108–110].

Bisphenol-A
The relationship between BPA exposures and breast-
cancer risk has not been evaluated in the human popu-
lation. Similar to the prostate gland, animal models for 
breast cancer predict that the fetal/neonatal develop-
mental period may be the most sensitive for BPA expo-
sures as they relate to reprogramming of the breast and 
increasing cancer susceptibility in later life. Rats peri-
natally exposed to low-dose BPA (2.5 μg/kg/bw per day) 
showed a three- to four-fold increase in the number 
of hyperplastic ducts in adulthood as compared with 
vehicle-treated animals and these lesions appeared to 
progress to carcinoma in situ [111]. In another study, 
rats treated with 25 μg BPA/kg/bw per day were evalu-
ated for tumorigenic susceptibility of the mammary 
gland to subcarcinogenic doses of the known mam-
mary carcinogen, N-nitroso-N-methylurea (NMU). 
At 4 and 7 months, histological tumors were observed 
in 20% of rats treated with BPA followed with NMU, 
whereas rats exposed only to NMU failed to form any 
tumors [112]. Together, these reports indicate that 
perinatal exposure to BPA results in the formation of 
an adult mammary gland that has an increased suscep-
tibility to tumorigenic insults that may either be spon-
taneous in nature or the result of a later carcinogenic 
challenge. These findings provide concern for human 
exposures to this ubiquitous chemical and future  
population-based studies are considered necessary.

Cadmium
In addition to occupational exposure, tobacco smoke 
and food are the largest intake sources for this heavy 
metal. As with prostate cancer, recent studies have 
indicated a link between cadmium exposure and 
human breast cancer. A prospective case–control study 
measured urinary cadmium levels in 500 women with 
or without breast cancer and found that women in the 
highest quartile of cadmium levels had greater than 
two-fold breast-cancer risk [113]. Further, there was 
a significant increase in risk with increasing cadmium 
levels suggesting a positive dose–response relation-
ship. Studies in Europe found that tissue breast-cancer 
concentrations of cadmium were significantly higher 
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in neoplastic regions compared with benign tissue sug-
gesting a potential relationship between cadmium and 
carcinogenic effects within the affected cells [114, 115]. 
That these effects may be through endocrine disrup-
tion is supported by animal studies that show potent 
in vivo estrogen-like activity of cadmium in the mam-
mary gland and uterus [116].

Dioxins and industrial PCBs
Dioxins are polyhalogenated aromatic hydrocarbons 
that are known environmental toxicants and carcino-
gens for a variety of end-organs in all vertebrates. These 
persistent EDCs bioaccumulate and mediate responses 
via high-affinity binding to the aryl hydrocarbon recep-
tor (AhR) [117]. The most common is 2,3,7,8-tetra-
chlorodibenzo-p-dioxin (TCDD). The major sources 
for dioxins in the environment come from paper and 
pulp manufacturing, waste incineration and produc-
tion of certain herbicides and they enter the food chain 
through accumulation in dietary fats in milk, fish, and 
meat. The manufacturing plant accident in Seveso, Italy 
in 1976 led to dioxin exposure at high levels to nearly 
1000 women living in the area. Analysis of breast can-
cer in exposed women found a two-fold increased inci-
dence between 1976–1998 associated with a ten-fold 
increase in serum TCDD levels [118] and follow-up of 
this population continues. Other studies of women liv-
ing near a production facility [119] or occupationally 
exposed to dioxins [120] have also observed signifi-
cant elevations in breast-cancer rates. Thus evidence is 
increasing for a direct relationship between PCB expo-
sures and breast-cancer risk in the human population 
and this demands continued and increased monitoring 
as well as detailed research to explain the cellular and 
molecular pathways involved.

Ovarian cancer
Ovarian cancer is the eighth most common cancer in 
women in the USA and has the highest mortality rate 
of any female reproductive tract cancer. While ovarian 
cancer can arise from granulosa cells, germ cells, and 
stromal cells, the vast majority of epithelial ovarian 
cancer (EOC) arises from the ovarian surface epithe-
lium which itself comprises a tiny component of the 
normal ovary [121, 122]. Interestingly, in EOC, epithe-
lial cells become more differentiated as they undergo 
neoplasia and it has been shown that they express 
multiple müllerian duct characteristics [123, 124]. 
The National Cancer Institute (NCI) classifies EOC 
as serous, endometrioid, mucinous, or clear-cell, in 

which serous adenocarcinomas have a fallopian tube 
histology, endometrioid have an endometrium histol-
ogy, mucinous carcinomas have an endocervix histol-
ogy, and clear-cell tumors resemble urogenital tract 
histology [123, 125]. Among these types, the serous 
EOC remains the most common with approximately 
80% incidence.

The high mortality rate of ovarian cancer is mainly 
due to its asymptomatic nature; hence diagnosis is usu-
ally assessed at later stages, when the disease has metas-
tasized to other organs [126]. It has been noted that 
ovarian cancer develops mainly in postmenopausal 
women around 55 years of age or older. Although the 
etiology of ovarian cancer remains unclear, some sus-
pected contributors are cyclic ovulation with continual 
rupture/repair of the surface epithelium [127], late age 
at menopause, infertility, and obesity. On the other 
hand, pregnancy, oral contraceptive use, and hysterec-
tomy are protective of EOC [128] which is believed to 
be a function of anovulation. Other suggested poten-
tial causes of ovarian cancer are exposure to environ-
mental agents such as talc, pesticides, and herbicides, 
and life-style factors.

Environmental estrogens
In women, estradiol is produced by the action of aro-
matase on androgens in both granulosa and surface 
epithelial cells [128, 129]. Although the etiology of 
EOC remains unclear, estradiol has been long sus-
pected to play a role in the development of the disease. 
A study looking at the effects of estradiol exposure on 
ovarian surface epithelial morphology in rabbits found 
that estradiol stimulates ovarian surface epithelial-cell 
proliferation and formation of a papillary ovarian sur-
face morphology as seen on serous EOC [128, 130].

Diethylstilbestrol
Early examination of women given DES during preg-
nancy reported a 2.83-fold increased relative risk of 
ovarian cancer in these mothers as compared with 
non-exposed mothers, although this was not statisti-
cally significant [131]. Continued observation of DES-
exposed daughters exposed to DES in utero has not 
seen an increased incidence of ovarian cancer in that 
population [132]. However, in preliminary studies of 
DES-exposed granddaughters – those whose mothers 
were exposed to DES in utero (also referred to as the 
DES third generation) – a higher frequency was noted 
for ovarian cancer than predicted [97]. While the 
numbers are low and could be a chance occurrence, 
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it is interesting to note that mouse models have also 
shown increased rates of ovarian cancer in the third 
generation following in utero DES [133]. In summary, 
there is provocative evidence for the involvement of 
early-life estrogen exposures and ovarian cancer risk, 
and this warrants examination of other EDCs for 
 similar risks.

Atrazine
Since atrazine has been shown to increase aromatase 
expression, there has been concern regarding its car-
cinogenic potential for the ovary, a tissue high in aro-
matase. A population-based, case–control study of 
Italian women exposed to herbicidal triazines as farm-
ers reported a 2.7 relative risk for ovarian epithelial 
neoplasms with trends observed for both duration and 
probability of exposure [134]. Another epidemiologic 
study, conducted on 22 counties in central California 
for a period of 2 years, examined whether women with 
EOC had an increased occupational exposure to tria-
zine herbicides. Analysis of ever versus never occu-
pational exposure to triazines showed slight but not 
significant likelihood of exposure to the herbicides in 
EOC patients compared with controls [135]. In an eco-
logical study using secondary data with atrazine con-
centrations in Kentucky’s drinking water, increased 
atrazine exposure was associated with a decreased 
incidence in ovarian cancer over a 5-year period [108]. 
Furthermore, an experimental study in which ovar-
ian cancer was induced in Sprague–Dawley rats also 
showed a reduced incidence of ovarian cancer after 
dietary intake of atrazine for a period of 50 weeks at 
concentrations of 5, 50, and 500 ppm. In summary, 
although the more recent findings do not support a 
relationship between atrazine exposure and increased 
ovarian cancer risk and provide evidence that it may 
decrease risk, the studies are limited in number as 
well as lacking in actual atrazine measurements in 
the exposed populations. This area will require more 
detailed work to determine if a risk exists.

Persistent organic pollutants
An epidemiologic study examined the effects of orga-
nochlorine compounds (OCC) on ovarian hormones 
of 50 Laotian-born immigrant women of reproductive 
ages 18–40 residing in the San Francisco Bay area who 
consumed fish on a regular basis [136]. Since this area 
has been shown to have high levels of several organo-
chlorine pesticides, PCBs, and mercury, serum samples 
were analyzed for these compounds. The investigators 
found that serum samples contained organochlorine 

compounds including DTT, its metabolite DDE, and 
10 polychlorinated biphenyl (PCB) congeners, all of 
which had mean levels higher than typical US popula-
tions. The urine samples collected from these women 
were tested for metabolites of estrogen and progester-
one as well as women’s menstrual cycle parameters. 
The investigators found that the progesterone metabo-
lite levels during the luteal phase were decreased with 
higher concentrations of DDE. Mean cycle length was 
approximately 4 days shorter and the adjusted mean 
luteal phase length was 1.5 days shorter in the highest 
quartile concentration of DDT and DDE as compared 
with the lowest quartile. This study indicates a poten-
tial effect of DDE on ovarian function which may in 
turn influence fertility, pregnancy, and reproductive 
cancers. Williams and colleagues examined the effects 
of TCDD on the protein kinase C pathway in the ID8 
ovarian surface epithelial cancer-cell line. They found 
that TCDD increased protein expression, kinase activ-
ity and induces the subcellular redistribution of PCK-δ 
which suggests a potential role for this kinase as an 
effecter molecule for TCDD-mediated events in EOC 
cells [137]. While these studies are provocative, they 
have not been substantiated with in vivo studies due to 
a paucity of available animal models for spontaneous 
ovarian cancer. Currently, there is a lack of epidemio-
logic evidence for a role of persistent organic pollutants 
in ovarian cancer risks in humans and this is an area of 
study that requires investigation.

Arsenic
In contrast to studies that have linked estrogen-mimic 
heavy metals with cancer induction, several studies 
with arsenic have found that arsenic has potential use as 
a therapeutic agent for ovarian cancer. An in vitro study 
using prostate cancer-cell lines DU145 and PC-3 and  
the ovarian cancer-cell line MDAH2774 found that 
arsenic at different concentrations had a cytotoxic effect 
thro ugh induction of apoptosis [138]. This was repli-
cated in a study using cisplatin-sensitive 3AO ovarian 
cancer cells and cisplatin-resistant 3AO/CDDP cells 
where arsenic induced apoptosis and inhibited cell 
proliferation in both cell lines [139]. A separate study 
used MDAH2774 cells to determine the effect of arsenic 
on topoisomerase II levels. This enzyme changes the 
topology of DNA by separating and recombining the 
DNA helix during cell replication and studies have 
shown that topoisomerase II expression is elevated in 
ovarian cancer. Increasing concentrations of arsenic 
decreased topoisomerase II levels in MDAH2774 
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cells suggesting a protective effect of arsenic in ovar-
ian cancer [140]. Another interesting study demon-
strated antiproliferative and cytotoxic effects of arsenic 
loaded into MDAH2774 cells via microemulsion [141]. 
Additionally, the investigators observed that by deliv-
ering higher dilution microemulsion, there was a 1.5-
fold increase in apoptosis. A recent study examined the 
potential for arsenic in regulating peritoneal invasive 
activity in ovarian cells in vitro and in vivo. The results 
demonstrated a protective effect of arsenic in vitro 
and in vivo against peritoneal invasiveness in a dose-
dependent manner [142]. In conclusion, studies with 
arsenic suggest that it may be protective against ovarian 
cancer and may hold therapeutic promise. It is impor-
tant to note, however, that there is a lack of animal stud-
ies to support this at present as well as epidemiologic 
evidence to suggest a protective effect. Since arsenic 
is an estrogen mimic, future therapeutic studies using 
arsenic for ovarian cancer must proceed with caution.

Endometrial cancer
Endometrial cancer is the most common cancer found 
in the reproductive tract of American women. This uter-
ine cancer arises from the uterine lining in contrast to 
uterine sarcoma, which develops in the myometrium, 
and cervical cancer, which begins in the cervix. In addi-
tion, the uterus can also present with common benign 
conditions such as myometrial fibroids, endometriosis 
in which endometrial tissue grows outside the uterus, 
and endometrial hyperplasia in which cells of the lin-
ing of the uterus increase in number. Unlike ovarian 
cancer, endometrial cancer presents with symptoms 
such as unusual vaginal bleeding, abnormal discharge, 
and pelvic pain. Endometrial cancer risks proposed by 
the American Cancer Society include aging, late onset 
of menopause, nulliparity, infertility, obesity, diabetes, 
and the use of estrogen treatments. Since a major risk 
factor for this cancer is estrogen action unopposed by 
progesterone, exposure to estrogens or estrogen ago-
nists from pesticides, herbicides, and other environ-
mental contaminants have the potential to play a role 
in endometrial cancer initiation or promotion. A few 
studies have been conducted to evaluate this possibility 
and they are discussed below.

Environmental estrogens
Diethylstilbestrol
Animal studies have shown that developmental expo-
sure to DES results in a high incidence of uterine 

adenocarcinoma with aging in a murine model [143, 
144]. Although increased rates of uterine cancers have 
not been observed in DES-exposed daughters in the 
human population, the rodent data could be predic-
tive of cancers yet to arise. It is of particular interest 
that onset of uterine adenocarcinoma in neonatal 
DES-exposed mice required a secondary hormonal 
“push” by pubertal steroids since prepubertally ova-
riectomized mice did not develop cancers [143]. A new 
study has shown that this is a direct function of specific 
DNA methylation changes induced by the secondary 
pubertal hormones that occur only in mice that were 
first exposed neonatally to DES or genistein [145]. This 
serves to emphasize the subtle influences of adult life 
experiences on disease manifestation from early-life 
exposures.

Persistent organic pollutants
There is conflicting evidence on the association of per-
sistent organic pollutants with endometrial cancer risk 
in humans. A case-controlled study in Sweden exam-
ined the adipose tissue concentration of DDE, PCBs, 
hexachlorobenzene, chlordanes and polybrominated 
biphenyls (PBBs) in women with benign endome-
trial hyperplasia and findings suggested an interac-
tion between DDE and abnormal endometrial growth 
(odds-ratio of 1.9) which further increased to 2.3 if 
women also used estrogen-replacement therapy [146]. 
However, in another case-controlled study, serum con-
centrations of organochlorine compounds, DDT, DDE, 
and PCBs showed no link between organochlorine 
compounds and the risk of endometrial cancer [147]. 
Further, a separate epidemiologic study in Sweden 
looking at serum concentrations of 10  chlorinated pes-
ticides and 10 PCB congeners in females with endome-
trial cancer found no significant association between 
high levels of organochlorine compound exposure with 
the incidence of the cancer [148]. In summary, while 
epidemiologic data on endometrial cancer are limited, 
the ecological and occupational studies  performed thus 
far have not provided a clear association between orga-
nochlorine exposure and increased risk of endometrial 
cancer [149].

Cadmium
An in vivo study using female Sprague–Dawley rats 
examined whether cadmium could act as an estrogen 
agonist in the uterus [116]. Rats were ovariectomized 
at 4 weeks, exposed to an environmentally relevant 
level of cadmium or estradiol 3 weeks later and their 
uteri were examined 4 days after exposure. Similar to 
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estradiol, there was a 1.9-fold increase in uterine wet 
weight following cadmium exposure which could 
be blocked by the estrogen receptor antagonist ICI 
182,780. Histologic studies revealed that the increased 
weight was due to a mitogenic response of endometrial 
cells which resulted in uterine hyperplasia and hyper-
trophy. Rats treated with cadmium in utero exhibited 
an early onset of puberty. Taken together, these provide 
clear evidence that cadmium functions as an estrogen 
mimic in endometrial tissue. In humans, cadmium 
levels were found to be markedly decreased in uterine 
tissue of women with myomas but only modestly sup-
pressed in uterine samples obtained from women with 
endometrial cancer as compared with age-matched 
women with a lesion-free uterus [150]. While this does 
not support a role for cadmium acting as an estrogen 
mimic to drive uterine pathology, the authors note 
that altered cadmium was associated with changes in 
levels of other trace elements with which cadmium 
interacts, suggesting a potential indirect effect. In a 
recent long-term population cohort study (Swedish 
Mammography Cohort), the incidence of postmeno-
pausal endometrial cancer was examined in association 
to dietary intake of cadmium. The results found a sig-
nificant association between cadmium dietary intake 
and increased risk of endometrial cancer over 16 years 
of follow-up, with an overall relative risk of 1.39 when 
comparing women in the highest and lowest cadmium 
tertile [151]. Among never-smoking women with nor-
mal body mass index, the relative risk for endometrial 
cancer increased to 1.86. Further, there was a 2.9-fold 
increased risk associated with long-term cadmium 
intake above the median for over 10 years. The authors 
propose that these findings support the hypothesis 
that cadmium may increase the risk of this hormone-
related cancer through its estrogenic effects. In total, 
the scanty amount of literature thus far  suggests that 
cadmium may increase the risk of endometrial cancer; 
however, further evidence in vivo and in vitro, as well 
as cellular and molecular mechanisms of action, are 
needed to fully understand the effects and risks of this 
metal on endometrial cancer.

Arsenic
Evidence for a relationship between arsenic and endo-
metrial cancer is limited to a single interesting study 
with CD1 mice that investigated fetal arsenic expos-
ure at environmentally relevant doses without or with 
subsequent neonatal exposure to DES [152]. Over a 
90-week period, in utero arsenic alone produced a 6% 

incidence of uterine adenocarcinoma, neonatal DES 
alone produced no uterine malignancies while com-
bined in utero arsenic with neonatal DES resulted in 
a uterine cancer incidence of 21%. Prenatal arsenic 
increased uterine estrogen receptor-α expression and 
with subsequent neonatal DES treatment, there was 
marked overexpression of pS2 (also known as trefoil 
factor 1), an estrogen-regulated gene. When combined 
with vaginal and ovarian tumors, mice treated pre-
natally with arsenic and postnatally with DES showed 
a 48% incidence of malignant tumors. These findings 
are similar to those of DES cited above where in utero 
exposures can be influenced by subsequent lifetime 
estrogenic exposures to alter uterine cancer risks. 
Clearly, early-life arsenic exposure requires further 
examination for its potential risk in predisposing or 
inducing endometrial cancer in combination with life-
time estrogenic exposures.

Summary
There is accumulating and consistent evidence across 
the hormone-dependent reproductive tract organs 
that exposures to endocrine-disrupting chemicals over 
a lifetime are associated with an increased risk of can-
cers. Published findings for the individual chemicals 
are summarized in Table 14.1 as they pertain to risks for 
reproductive tract cancers. While the findings for indi-
vidual compounds, classes of compounds, and individ-
ual organs in humans may be somewhat limited and at 
times contradictory, the evidence must be considered 
as a whole. Overall, there are clear trends that support 
a link between early-life EDC exposures as well as accu-
mulation of persistent EDCs throughout life and an 
increased risk of testicular, prostate, breast, ovarian, and 
endometrial cancers. This is supported with a wealth of 
research using animal models as well as in vitro systems 
that has allowed researchers to dissect potential mecha-
nisms of action. It appears that specific chemicals or 
classes of compounds may show an association and role 
in some but not necessarily all of the reproductive organ 
cancers. In fact, this is to be expected since the separate 
organs express different levels and types of steroid recep-
tors as well as many other genes in differential amounts 
which will render a unique response to each chemical. 
At the same time, there are also common responses 
to some agents (e.g. DES) across all five organs with 
regards to carcinogenic potential which likely reflects 
a response by receptors common to all of these organs 
(e.g. estrogen receptor-α). Clearly, continued animal 
and epidemiologic studies are required over the next 
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several years to accurately determine risks of cancers as 
a function of accumulating EDCs in the environment. 
These evaluations will be critical for the establishment 
of proper guidelines and federal regulations regarding 
use, exposure, and dispersal of these compounds. The 
development of biomarkers for EDC exposures would 
also be of great future benefit to the medical and regula-
tory community as we try to link exposures with disease 
outcomes. In summary, while there has been significant 
progress in determining human cancer risks from envir-
onmental factors, there is much that remains to be done 
in the decades to come.
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laboratory rodent studies, and limited human  epide-
miological research to practical advice for a patient’s 
individual situation. This problem is further compli-
cated by difficulties in exposure assessment, the fact 
that individuals are exposed to mixtures and not single 
chemicals, and differing effects of chemicals when expo-
sure occurs during vulnerable periods of the lifespan. 
The resulting conversation must therefore move away 
from a focus on trying to “answer the question” toward 
a more open discussion of scientific uncertainty, risk, 
and prevention.

Risk communication contexts
Individuals may come to their health-care provider 
either after an adverse event (such as a miscarriage or a 
birth defect) has occurred, or they may have concerns 
of potential future harm while they are pregnant or 
planning a pregnancy. They may have had exposure 
to an occupational or environmental hazard, or there 
may be no obvious exposures. These possibilities allow 
patient risk-communication encounters to be catego-
rized in four ways (Table 15.1).

Patients who have suffered from an adverse event are 
generally focused on exploring causation. They may be 
trying to understand what happened, to assign blame, 
or to recover compensation for the event. Individuals 
who have suffered a known hazardous exposure, irre-
spective of dose or of whether an adverse event has 
occurred, may require counseling about their future 
risk and may have questions about biological monitor-
ing for their body burden of the chemical, and poten-
tial treatment options to reduce their risk. In all cases 
of a known exposure to an environmental hazard, it is 
wise to involve specialists in occupational and envi-
ronmental medicine or environmental health. In addi-
tion, these are situations where public health agency 

Communicating with patients and the 
public about environmental exposures and 
reproductive risk
Gina M. Solomon and Sarah J. Janssen

Communication of environmental 
health risks
There is widespread concern among the general public 
about environmental health risks, especially risks to 
infants and children [1]. Patients frequently come in to 
their health-care provider’s office with questions about 
environmental hazards but health-care providers 
often do not feel prepared to address these concerns. 
A survey to assess provider knowledge and behavior 
on reproductive environmental health in members of 
the Association for Reproductive Health Professionals 
(ARHP) found nearly 60% of those surveyed reported 
their knowledge of environmental health was less than 
adequate [2].

Discussions about reproductive risk and the envi-
ronment can occur in an office setting with an indi-
vidual patient, in a group at a workplace or community 
meeting, or in a public policy context. These contexts 
will be discussed separately in this chapter because 
there are different scientific issues, different needs from 
the listener, and different roles for the clinician.

Communication about individual risk
In the patient-care setting, environmental health con-
cerns tend to focus on questions about individual risk. 
People bring worries about specific exposures or ill-
nesses to their personal physician. Because the science 
on environmental health does not pertain to individual 
risk but rather to population risk, the challenge to the 
health-care professional is substantial.

Even assuming that the health-care provider is 
familiar with the scientific data relevant to the issue 
in question, there remains a challenge in translating 
a combination of complex and sometimes conflicting 
results from a variety of sources such as in vitro assays, 
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intervention may be needed to identify other exposed 
individuals and to reduce or eliminate future risk.

The most common patient-care situations involve 
individuals with no known unusual environmental expo-
sures, who are seeking routine preconception or prenatal 
care. The health-care provider should take a screening 
occupational and environmental health history in all 
patients to assess for potential reproductive hazards. 
Anticipatory guidance is a cornerstone of prenatal care 
and should include occupational and environmental 
health hazards. In addition, the provider should be pre-
pared to respond to common questions from patients.

Tools for communicating with patients
Explaining the problem of scientific uncertainty
Many patients believe that science “proves” or “dis-
proves” links between potential environmental hazards 
and health effects. The many shades of uncertainty, data 
gaps, and data quality problems are not issues most 
people have grappled with in their personal or profes-
sional lives. Yet communicating about reproductive 
risk requires the clinician to convey these uncertainties 
as a way of explaining why there are no clear answers to 
most questions.

Most people believe that all chemicals in commerce 
have been scientifically tested for toxicity, and would 
not be allowed for use if they had not been proven safe. 
Unfortunately, only approximately 23% of chemicals 
produced in excess of a million pounds or more have 
been tested for reproductive toxicity [3]. The statistics 
are even grimmer for smaller volume chemicals. Of the 
80 000 plus chemicals that have been registered for use 
over the past 65 years, only a handful have reproduc-
tive toxicity data and usually this information comes to 
light because of academic, not industry or government, 
research. When people are told that there is no infor-
mation related to the reproductive risk of a chemical, 
they often respond with disbelief and anxiety.

Many scientific links between exposure and 
adverse effects are based on animal toxicology studies. 

People respond to rodent data based on their precon-
ceptions about risk, with some people dismissing such 
results as irrelevant to humans, and others finding any 
such results alarming, irrespective of data quality. The 
clinician can point out the animal toxicology findings 
and add cautions appropriate to the situation, either to 
encourage precautionary action to reduce exposure, 
or to indicate the difficulty of establishing causation 
based on limited animal toxicology data.

Even when the hazard associated with an environ-
mental agent is known, the dose a patient may have 
received is often unknown. Route of exposure, dose, 
and timing of exposure are important determinants of 
risk. Some people may be falsely reassured, for exam-
ple, learning that an exposure to a known reproductive 
toxicant was below the OSHA Permissible Exposure 
Limit (PEL), even though these limits are not designed 
to protect against reproductive toxicity. Other people 
may be extremely anxious about a single low-dose, 
short-term exposure and require extensive counseling 
and reassurance.

Even with known developmental toxicants such as 
lead, and known blood lead levels, it remains difficult to 
communicate risk, since epidemiological studies allow 
prediction of neurodevelopmental deficits on a popu-
lation level, but are not predictive for an individual. For 
example, if a mother has a blood lead level of 10 micro-
grams per deciliter (µg/dL), it is not possible to predict 
that her child will lose 3 IQ points and will be more 
hyperactive, inattentive, and prone to violent behavior, 
even though many epidemiologic studies have shown 
these associations on a population level. Due to the 
multifactorial determinants of health, the child of such 
a mother could grow up to be a genius or could be pro-
foundly developmentally delayed. Predicting or attrib-
uting risk on an individual basis is a tricky business and 
must be done with great caution.

It is often helpful for the clinician to describe his 
or her own frustration with the lack of sufficient data 
and the inability to use the existing data to predict 
individual risk. Most patients can understand the 

Table 15.1. Categories of patient presentations requiring risk communication.

Adverse event No adverse event

Known exposure Causality questions 
Worker’s compensation  
Medico-legal  
Need for public health intervention

Counseling about future risk 
Reduction of other risk factors 
Treatment questions  
Need for public health intervention

Unknown or no known exposure Occupational/environmental history 
Biomonitoring questions

Occupational/environmental history 
Anticipatory guidance
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scientific uncertainty once it is explained to them. 
It is helpful for the clinician to empower the patient 
by offering some actions that they can take to help 
protect themselves and their family (see anticipatory 
guidance below).

Taking an occupational and environmental history
All patients should undergo a screening occupational 
and environmental history. This history can identify 
potential risks at an early enough stage to prevent 
adverse outcomes, and can allow for intervention and 
prevention. The key components of a history are the 
following:

Occupational information, including job duties, •	
chemical and physical hazards at work, and 
occupation of others living in the household 
(because of the risk of “take-home” exposures).
Hobbies, including arts, crafts, recreational fishing, •	
“do it yourself ” home repairs, and gardening.
Household information, including the age of the •	
home, water source, heating, pets, household 
pesticide use, and neighborhood environmental 
hazards.
Personal habits, including dietary choices, cultural •	
and magic-religious practices, herbal remedies, 
cosmetic use, plastics for food and water-contact, 
smoking and alcohol use.

A more detailed occupational and environmental his-
tory is outlined in Table 15.2.

Table 15.3 lists sources of common occupational 
and environmental reproductive toxicants.

The emerging role of biomonitoring
It is increasingly common for patients to seek out 
tests for residues of chemicals or heavy metals in their 
bodies. Patients may request such testing from their 
health-care provider, or they may come to their health-
care provider with results obtained elsewhere and with 
questions about health risk. There is fairly extensive 
information to allow interpretation of biomonitoring 
for a few environmental agents, such as lead, mercury, 
cadmium, and PCBs, in blood and urine. Several hun-
dred other environmental agents have some age-, sex- 
and race-specific normative data from the National 
Health and Nutrition Examination Survey (NHANES) 
conducted by the Centers for Disease Control and 
Prevention (CDC) [4]. However these data simply 
allow comparison with the general US population and 
provide no information on whether the levels are safe 
or unsafe.

Hair testing for contaminants has become quite 
popular among some practitioners due to the conven-
ience of collecting a sample and the low expense of 
analysis. Hair testing also is marketed directly to con-
sumers over the Internet. Although it can be of some 
utility in screening for a few metals (lead, mercury, 
arsenic), studies have shown that correlations between 
hair and blood concentrations of metals is generally 
poor, indicating that hair may not be a good biomarker 
of absorbed dose for many metals [5].

A Californian survey of commercial laboratories 
providing hair analysis found very poor reliability, 
including a greater than ten-fold variation for 12 min-
erals in identical hair samples, and statistically signifi-
cant extreme values for 14 of the 31 minerals that were 
analyzed by three or more laboratories [6]. If a hair test 
indicates elevated levels of any toxic metals, the results 
should be confirmed with a blood test prior to taking 
any action. There are very few laboratories that can reli-
ably conduct biomonitoring for chemicals other than 
heavy metals in blood and urine, and most of these 
laboratories only do research, or survey studies, and are 
not available for testing individual patients. It is likely 
that biomonitoring will become more widespread and 
reliable in the next few years. Until biomonitoring 
becomes more reliable, it is important for the clinician 
to repeat the test using blood or urine (as appropriate) 
at an accredited laboratory, to take a careful exposure 
history for the chemical or metal in question, and seek 
an expert opinion when necessary.

Treatment of occupational/environmental reproductive 
toxicity
When individuals learn that they may have been 
exposed to a hazardous substance, or when a bio-
monitoring test reveals an elevated concentration of a 
toxicant, people often seek ways to eliminate the sub-
stance from their body. Some practitioners advocate 
chelation to remove metals from the body, and various 
herbal remedies or detoxifying strategies to remove 
other contaminants. For the most part, there are no 
data on the efficacy of these treatments, and some of 
them have been shown to have harmful side-effects [7]. 
Detoxifying treatments and chelation have not been 
shown to be safe during pregnancy, and their use is 
generally not recommended [8].

If a specific contaminant has been identified, it is 
important first to determine if the patient truly has an 
elevated or hazardous level in their body, and second to 
consider the natural elimination time of the chemical. 
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For example, most organic solvents have a half-life in 
the body of only 2–3 days, and many metals have a half-
life of a couple of months. Since virtual elimination 
occurs naturally over approximately five half-lives, 
watchful waiting is generally a reasonable option as the 
body clears the contaminant.

Reporting sentinel events
Patients with known exposures or adverse outcomes 
can be sentinels for potential public health problems. 
An adverse event or a toxic exposure in an individual 
can signal a workplace or community hazard requiring 
attention. In the USA, physicians are legally required to 
report work-related illnesses or injuries, and some states 
have additional requirements. For example, the State of 
California requires that health-care providers report 
pesticide-related illnesses. Likewise other developed 

countries require reporting of occupational illnesses 
and injury, and some have occupational disease regis-
tries designed for capturing sentinel events [9].

Many important reproductive hazards were ini-
tially identified because of clusters of adverse events. 
For example, the potent testicular toxicant and pesti-
cide, dibromochloropropane (DBCP), was first iden-
tified when a group of workers at a chemical plant 
discovered that they all had been unable to father chil-
dren. The teratogenic and neurotoxic effects of methyl-
mercury were first discovered when numerous severely 
developmentally disabled children were born in the 
community of Minamata, Japan. The reproductive 
toxicity of several glycol ethers was first identified due 
to reports of spontaneous abortions among women 
working in “clean rooms” at semiconductor manu-
facturing facilities [10]. The link between a common 

Table 15.2. Occupational and environmental exposure history.

Work/hobbies

What is your occupation? What are your hobbies? 

What are the occupations and hobbies of other members of your household?

Are you exposed to any of the following substances at work, home or school? 

 Fumes, vapors, dusts, pesticides, painting materials, lead, mercury or other metals.

Have you ever felt sick after contact with a chemical?

Do you wear personal protective equipment at work or while doing hobbies?

Do your symptoms get better away from work/hobbies?

Residence

Was your home built before 1978? If so, has it been tested for lead paint? 

If your home has lead paint, is it flaking? Have you done any recent remodeling?

Where does your drinking water come from? 

Have you had your water tested for lead? 

If you have a private well, has the water been tested?

Do you know of any industrial emissions near your house (hazardous waste sites, dry cleaners, auto repair shops)?

Do you live in an agricultural area?

Do you use pesticides? In your home? Garden? On pets?

Do you use any traditional medications or remedies? *

Do you ever smell chemical odors while you are at home?

Do your symptoms get better away from home?

Diet 

What kind of fish do you eat? How often do you eat fish? 

Do you or anyone in your home fish in local waters?

Do you eat a lot of foods high in animal fat (fast food, ice cream, cheese, whole milk, fatty meats)?

Do you grow your own vegetables? Has the soil been tested?

Do you take any dietary supplements? *

* May involve exposure to heavy metals such as mercury or lead. 
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solvent used in many consumer products and stillbirth 
was first described in a case report [11]. Unfortunately, 
although the toxicity for many of these chemicals 
became apparent in the workplace, many of them were 
not banned for several decades and continued to cause 
harm (see Box 15.1).

Health-care providers should remain alert to senti-
nel events such as these. The decision to report a prob-
lem and to intervene may prevent many future adverse 
reproductive outcomes in the population.

Box 15.1. The case of DBCP.

1,2-dibromo-3-chloropropane (DBCP) is a pesticide 
that was used as a soil fumigant against nematodes 
that attack the roots of banana trees, pineapple plants, 
and other fruit crops. DBCP was widely and heavily 
used from 1959–1979 in the USA and 14 other coun-
tries. In 1974 alone, 9.8 million pounds of this chemi-
cal were used on crops in the USA [12]. At the time of 
use, its persistence in soil, with a half-life of decades, 
was considered an attribute. Now over 40 years later, 
DBCP continues to contaminate water near agricul-
tural fields.

In the 1970s, several workers in a DBCP produc-
tion unit at an Occidental Chemical plant in Southern 
California reported to their labor union representative 
that they had been unable to father children. They were 
seen as a group by a local physician and were found to 
all have testicular failure and infertility. Subsequent 
investigations revealed that in a cohort of over 26 000 
workers exposed to DBCP from 12 different countries, 

over 60% had low sperm counts or no sperm and these 
effects were permanent [13]. DBCP is also recognized 
as a carcinogen.

This whole tragedy could have been avoided, how-
ever, if animal research done during development by 
the chemical manufacturers had not been kept secret. 
Laboratory studies conducted by DBCP manufactur-
ers, Shell and Dow Chemical Companies, found DBCP 
exposure led to testicular failure in at least three differ-
ent animal species. This information was not submit-
ted to government agencies and the final label and 
material safety data sheets (MSDS) did not provide 
complete information about DBCP’s toxicity.

After the human health effects became known, 
the State of California banned DBCP in 1977, but it 
took 2 more years for the US EPA to restrict use and 
DBCP continued to be allowed for use on pineapples 
until 1985. However, the ban in the USA did not pre-
vent continued exposure in workers outside of the 
US. The USA manufacturers continued to sell DBCP to 
Latin America for use in banana plantations.

As a result, thousands of plantation workers now 
are infertile or have reduced fertility that could have 
been predicted and prevented.  

The importance of knowing your 
community
Although some exposures to reproductive toxi-
cants are nearly universal at low levels (e.g. through 
consumer products), and others are difficult to 

Table 15.3. Common occupational and environmental exposures.

Chemical exposure Occupational source Environmental source

Lead Battery manufacture or recycling, smelting, 
car repair, painting, welding, soldering, firearm 
cleaning or shooting, stained glass ornament 
making, jewelry making

Paint, water pipes, imported ceramics or 
pottery, herbal remedies, traditional cosmetics, 
hair dyes, contaminated soil, toys, costume 
jewelry

Cadmium Smelting, battery manufacture or recycling, 
painting, welding, electroplating

Toys, cigarette smoke, intake of contaminated 
food, paints and pigments

Mercury Medical devices and electronics, jewelry 
making, taxidermy, tanning, dentistry, 
laboratory uses.

Herbal remedies, skin-lightening creams, 
thermometers, thermostats, barometers, 
antique clocks, dental amalgams, fish

Arsenic Semiconductor and electronics manufacturing, 
mining, agriculture, smelting, glass 
manufacturing

Water or soil contamination, pressure-treated 
wood decks or playground equipment

Solvents Degreasing, automotive, laboratory work, 
pesticide use, industrial cleaning, dry cleaning, 
painting, furniture refinishing, embalming

Automotive products, degreasers, thinners, 
varnish removers, spot removers, pesticides, 
nail polish

Pesticides Manufacturing, exterminators, agricultural 
work, landscapers, lawn care, janitorial work

Gardening, pets, home extermination, 
agricultural drift, food and water 
contamination
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predict, some exposures are predictable and local-
ized. Clinicians should learn about potential envi-
ronmental hazards in the communities they serve so 
that they are better prepared to prevent and respond 
to  potential problems.
(1) Water source – Which major public water 

systems serve the community? In the USA, every 
water utility is required to distribute an annual 
“Consumer Confidence Report” (CCR) detailing 
measured levels of regulated contaminants in 
local water systems. The CCRs are available to 
anyone, and can usually be obtained with a simple 
phone call or on-line search. CCRs should be 
studied for any contaminants that exceed the 
Maximum Contaminant Level Goal (MCLG), 
which is the health-based exposure limit and is 
generally lower than the legal limit (the Maximum 
Contaminant Level (MCL)).
 What fraction of the community is supplied by 
private wells? If that fraction is significant, it will be 
important to identify whether there are any local or 
state agencies that offer free or subsidized testing 
of well water. If not, it is worthwhile to seek private 
water testing laboratories that are state certified 
and learn how much it costs to test well water for 
a variety of common contaminants such as total 
coliform, metals, nitrates, and perhaps pesticides 
or other contaminants depending on the region.
 In other regions in the world, there is not a 
universal standard for regulating drinking water 
contaminants or for reporting requirements. The 
World Health Organization has recommended 
drinking water standards [14] and the United 
Nations Environment Programme has a database 
on international water quality[15].

(2) Major industry – What are the major local 
employers and the health hazards associated with 
those industries? In the USA, facilities that emit 
federally listed toxic chemicals are required to 
report these emissions. Check a website such as 
the Scorecard (www.scorecard.org) to learn what 
industrial sources of toxic chemicals exist in the 
community. In the EU, the European Pollutant 
Emission Register reports on the emissions 
of industrial facilities into air and water and 
maintains an on-line database [16]. The report 
covers 50 pollutants and is produced triennially.

(3) Hazardous waste sites – Are there any toxic waste 
sites in the community? Where are they located, 
what contaminants do they contain, and how have 

they been ranked according to health threat? A list 
of Superfund sites in the US can be found at: http://
www.epa.gov/superfund/sites/npl/npl.htm.

(4) Air quality – Are there problems with ambient air 
quality in the community? If so, which pollutants 
are the biggest problem? Some air pollutants 
have been associated with adverse reproductive 
effects. In the USA, sign up for email alerts from 
EPA or your local air district to know when there 
are unhealthy levels of air pollution. The EPA 
website www.airnow.gov is the best resource 
for this information. In the EU, daily air quality 
information can be obtained from http://www.
airqualitynow.eu/index.php.

(5) Pesticide use – In the USA, most states do not 
collect information on patterns of pesticide use. 
California is the only state with a comprehensive 
pesticide use reporting system. US data and 
international information on pesticide resources 
are compiled at www.pesticideinfo.org.

(6) Lead hazards – Lead paint was banned in most 
western European countries by the early 1930s. 
However it was not banned in the USA until 1978 
and as a consequence, in the USA, houses built prior 
to 1978 may contain lead paint, and those built 
prior to the 1960s are almost always significantly 
contaminated with lead. If the paint on these homes 
is peeling or is disturbed during renovations, they 
can generate a serious lead hazard. In addition, 
communities criss-crossed with major roadways 
or freeways are likely to have significant soil 
contamination from historical use of leaded 
gasoline. Many industrial sources of lead exist in the 
USA. These can be identified at: http://www.nrdc.
org/health/effects/lead/lead_Emitters_maps.asp.

Precautionary anticipatory guidance that 
clinicians can offer
People are routinely exposed to a wide variety of chem-
icals, including reproductive toxicants, in the food they 
eat, the water they drink, the air they breathe, and in 
consumer products used on a daily basis.

Patients may not be aware of their ongoing expo-
sures and a visit to their health-care provider can be an 
opportunity for patient education on topics they were 
not previously aware of. Instead of focusing the con-
versation on past exposures and unpredictable health 
outcomes, health-care providers can use this opportu-
nity to educate patients about prevention. The provider 
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does not need to be an expert in environmental health 
to discuss environmental exposures. Simple, common-
sense guidance for reducing exposure to known or sus-
pected reproductive hazards can prevent unnecessary 
risks.

Provided here are a few topics that health providers 
can discuss with their patients during the course of a 
routine office visit. Not all topics can be covered in one 
visit, nor is there one best way to avoid all exposures. By 
starting the conversation, providers empower a patient 
with information and a course of action.

Dietary advice
Eat more fruits, vegetables, grains, and reduce con-
sumption of fatty animal products (beef, pork, and full-
fat dairy). Eat a variety of fish and avoid those known to 
be high in contaminants such as mercury (e.g. sword-
fish, shark, tuna, and fish caught from contaminated 
waterways). Many reproductive toxicants, such as 
PCBs and dioxins, are lipophilic and accumulate in fat. 
Eating fatty foods can increase the body burden and 
fat accumulation of these chemicals in humans over 
years and even decades. When a woman breastfeeds, 
these contaminants are mobilized from fat and end up 
in breast milk. Therefore, animal fat intake should be 
reduced beginning in childhood.

Reducing pesticide exposure
Many pesticides are known or suspected reproduc-
tive toxicants. Pesticides are commonly used around 
the home and garden and on pets. To reduce pesticide 
exposure, choose non-chemical alternatives for home, 
garden, and pet use. If the use of a pesticide is neces-
sary, use the least toxic alternative. For examples of 
some alternatives see: www.pesticide.org/factsheets.
html–alternatives. For insect and rodent control, baits 
and traps are the best approach in conjunction with 
sealing cracks and cleanliness. Avoid insecticide sprays 
or “bombs”. Pregnant women and children should not 
mix or apply pesticides and should not be present in a 
home when treatments are applied.

Reduce exposure to heavy metals – such as lead and 
mercury
Lead is still commonly found in the paint and pipes 
of older housing and can be found in the consumer 
marketplace in some imported pottery with lead glaze, 
some candies imported from Mexico, and personal-
care products such as hair dyes. People can reduce their 
exposure to lead by having their drinking water tested 
for lead, by having a professional remove any peeling 

lead paint in their home, and avoiding use of products 
containing lead. Lead may be present in garden soil and 
can end up in vegetables or be tracked into the home on 
shoes. If soil is suspected to be contaminated, it can be 
tested at a low cost.

In addition to dietary exposure, mercury expo-
sure can occur through occupations, hobbies, magic-
religious practices, and consumer products. The most 
common occupational exposures occur in dentistry. 
Some Caribbean religious practices involve sprinkling 
metallic mercury inside the home or car as a purifica-
tion ceremony. The resulting exposures to mercury 
vapor can be very high. Imported skin-lightening 
creams and acne remedies may contain inorganic mer-
cury. Finally, thermometers, fluorescent bulbs, ther-
mostats, and some types of switches may all contain 
mercury. People should recycle fluorescent bulbs and 
batteries, and exchange their mercury thermometer 
for a digital one. Many communities sponsor collec-
tions of these products.

Smoking
Both active and second-hand tobacco smoke exposure 
have been associated with a number of adverse repro-
ductive outcomes, including infertility, low sperm 
counts, spontaneous abortion, low birthweight, pre-
term labor, and premature menopause. All couples 
should be advised to stop smoking and to avoid sec-
ond-hand smoke exposure when attempting to become 
pregnant, while pregnant, and when there is an infant 
or child in the home.

Reducing solvent exposure
Solvents are used to dilute or dissolve other substances 
into a solution and are also used in some cleaning 
agents, degreasers, oil-based paints, and paint remov-
ers. Solvents can be inhaled from fumes or vapors or 
can be absorbed across the skin. Once in the body, 
solvents dissolve quickly in the bloodstream. Solvent 
exposure has been linked to cancer, infertility, and mis-
carriage. Patients can reduce their solvent exposures by 
substituting use with less toxic chemicals and if this is 
not possible by working in a well-ventilated area with 
suitable proper personal protection including imper-
meable gloves and eye protection.

Reducing exposure to the plastic chemical, bisphenol-A
Bisphenol-A (BPA) is a hormone-disrupting chemi-
cal that has been associated with reproductive harm, 
cancer, and neurological damage. BPA exposure is 
particularly a concern for babies, young children, and 

http://www.pesticide.org
http://www.pesticide.org


221

Chapter 15: Communicating with patients and the public

pregnant women. This chemical is commonly used to 
make polycarbonate plastic (baby bottles, sippy cups, 
and reusable water containers). BPA is also used in the 
resin lining of metal food and soda cans. BPA leaches 
out of the can liner into the food or drink, especially 
when the food is acidic such as tomato-based prod-
ucts or sodas. Pregnant women may want to cut back 
on canned food and canned soda, and parents should 
avoid using liquid infant formula packaged in metal 
cans. More adults are exposed to BPA by eating canned 
food or drinking canned soda than by drinking out 
of a polycarbonate bottle. Nevertheless, there are a 
number of alternatives to polycarbonate plastic and 
people should avoid using these containers for food or 
beverages.

Communicating with groups
Although health-care providers tend to focus on com-
munication about environmental health issues with 
individual patients, health professionals are also often 
called upon to communicate with groups of people in 
a variety of settings, such as workplaces, schools, and 
communities. These types of communications are dif-
ferent from the discussions that occur with individuals.

The workplace setting
Occupational exposures to industrial chemicals or 
pesticides are often significantly higher than are usu-
ally encountered in the general environment. In add-
ition, some chemicals used in workplaces are not 
found in the community, and the toxicity may be dis-
tinct. Occupational Safety and Health Administration 
(OSHA) standards generally focus on preventing 
undue acute toxicity, but rarely are set on the basis 
of chronic effects. In fact, for only four chemicals are 
the OSHA standards designed specifically to protect 
against adverse reproductive outcomes [17]. This is 
concerning given that the working population in the 
USA now includes a large percentage of women, and it 
is not unusual for women to work during their repro-
ductively active years.

Communicating with workers about workplace 
exposures requires a careful job history, some under-
standing of the workplace setting, collection of material 
safety data sheets (MSDS) for the products or chemicals 
handled, and an effort to gather as much information as 
possible about exposure pathways, duration, and mag-
nitude. It is important to be aware that OSHA compli-
ance does not necessarily imply that a workplace is safe, 

especially for pregnant women, and that MSDS infor-
mation is frequently incomplete, especially for repro-
ductive and developmental toxicity. In fact, one review 
of MSDSs for lead and ethylene glycol ethers (both 
known reproductive toxicants) found that 60% of the 
700 MSDSs surveyed failed to even mention reproduc-
tive effects [18]. Before communicating with a group of 
workers, it is helpful to tour the workplace and review 
the scientific literature on the chemicals used.

Although it can be very difficult to answer questions 
about causation of specific adverse events, it is possi-
ble to use these communication opportunities to offer 
precautionary guidance to the employer and workers 
about reducing exposures within the workplace. In this 
context, the hierarchy of controls for management of 
risk in the workplace specifies elimination of the haz-
ard, such as substitution with less toxic chemicals and/
or processes whenever possible. When elimination of 
the hazard is not possible, engineering controls that 
prevent worker exposure are far preferable to adminis-
trative changes (e.g. rotating workers through the most 
dangerous jobs) or to personal protective equipment 
(PPE) such as respirators (which can fail or may not be 
worn properly). If workers do need to wear PPE, it is 
important that they are properly trained. Because the 
workplace is a more controlled environment than the 
community, if an employer is willing to make the effort, 
it is often possible to substantially reduce or eliminate 
exposures. If exposure is truly prevented, then there is 
little need to worry about health risk.

Health-care providers should also be aware of the 
potential for take-home exposures, which occur when 
the worker brings home hazardous materials either on 
their clothing, shoes, tools, or other items. If there are 
young children, pregnant women, or preconception 
women in the home, these exposures could poten-
tially cause serious harm. Contaminants that are com-
monly brought home include lead, arsenic, mercury, 
cadmium, asbestos, pesticides, and infectious agents. 
These exposures can be avoided by changing and leav-
ing soiled clothes and boots at work, washing work 
clothing separately from other household clothing, 
showering before leaving work, and leaving tools and 
other equipment at work (see Box 15.2).

Unfortunately, in the USA even when a reproductive 
hazard is identified and recognized in the workplace, the 
exposed worker has very few opportunities for avoiding 
the exposure without having to leave their job. Often 
the worker is faced with taking the risk of continued 
exposure or risk losing their job. For pregnant women, 
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family leave is limited and if the worker does not belong 
to a union, there is no job protection. Finally, a 1990 
Supreme Court decision (UAW v. Johnson Controls) 
established a legal precedent that prevented discrimi-
nation against women of reproductive age in the work-
place but fell short of protecting pregnant women. 
The US policies are in sharp contrast to the EU where 
pregnant workers have guaranteed rights, extended 
 maternity leave, and job protection [19].

Box 15.2.A case of take-home lead exposure.

A 5-year-old boy was found to have an elevated blood 
lead level of 18 µg/dL at his well-child check (a level 
over 10 µg/dL is considered to be lead poisoning in 
children). A home investigation revealed markedly 
elevated levels of lead dust in the garage, in the car-
peting, and on furniture. However, soil samples taken 
outside of the home revealed only background levels 
of lead contamination and water samples taken from 
the tap were also at very low levels. An interview with 
the large extended family who lived in the house and 
further blood testing of family members revealed that 
two adult male members and another child also had 
elevated blood lead levels. Both men had blood lead 
levels above 40 µg/dL and the 3-year-old child who 
was only in the home part time had a blood lead level 
of 10 µg/dL. Although the men were asymptomatic, 
the younger man reported that he and his wife had 
difficulty conceiving another child. The two adult 
men worked at a shooting range where lead bullets 
were used. At the end of each day, they came home 
in their work clothes, wearing their work boots and 
sometimes bringing home bullets for refilling in their 
garage. A thorough decontamination of the home, the 
family car and removal of the carpets reduced levels 
of contamination in the home. The men changed their 
clothes and shoes at work and hired a laundry service 
to wash their work clothes. Within 2 months, every-
one’s blood lead levels had started to decline.

The school and community setting
Conversations about environmental health risks in a 
community setting require that the health-care pro-
vider consider and address the exposures or illnesses 
that have already occurred, the future risks to people 
in the local community, and the need for public health 
action to protect the health of the people in the com-
munity. Physicians are one of the most trusted and 
credible sources of information about environmental 
health risks [20]. It is important that health-care pro-
viders listen to community concerns and respond with 

honesty. Blanket reassurances are rarely appropriate 
and rarely believed.

Understanding different perceptions of risk is 
important to help understand how to communicate 
about risk in a community setting. If the person who 
is attempting to explain a risk does not realize that the 
community may perceive risks differently, the discus-
sion is not likely to be productive or effective. One 
important issue related to discussing risks in the com-
munity setting is the reality of environmental injus-
tice. Low-income communities of color have become 
increasingly concerned about a disproportionate and 
unfair burden of environmental risk in their com-
munities. Even a relatively small risk may be seen in 
the context of a history of racial and socioeconomic 
discrimination in the distribution of environmental 
risks, and is perceived as adding to an already unac-
ceptable background of risk.

In the USA, three-fifths of Blacks and Hispanics live 
in communities with uncontrolled toxic waste sites, 
and the most significant predictor for the location of 
hazardous waste facilities nationwide is the race of the 
local community [21]. Low-income communities and 
communities of color are also more likely to contain 
multiple environmental pollution sources. Reviews 
of research have shown that children of color suffer 
disproportionate burdens of disease with potential 
environmental aspects, including asthma, neurodevel-
opmental disorders, and childhood cancer [22]. In part 
as a result of these disparities, people living in these 
communities may see a single incident such as a rup-
tured chemical tank near a day-care center, as part of a 
bigger picture of environmental hazards and a history 
of environmental injustice. If the health-care provider 
ignores the history and context behind an individual 
incident, the conversation can feel frustrating and con-
fusing to all parties involved.

In many cases, the actual risk to people in the com-
munity is essentially unquantifiable. As a result, it may 
not be possible to assign a risk of an adverse outcome, 
even at a community level. Therefore, support and 
precautionary guidance may be the most useful infor-
mation a health-care provider can offer to a commu-
nity. Whenever possible, vulnerable populations such 
as pregnant women and children should be removed 
from situations of potential exposure to reproductive 
or environmental toxicants. Likewise, environmental 
pollution should be cleaned up and minimized when-
ever possible.
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The role of the clinician in public policy
Health-care providers can and should communicate to 
the press and the general public about the implications 
of population-level shifts in reproductive outcomes, 
such as birthweight, preterm labor, or age of onset of 
puberty. Contexts in which such discussions might 
occur include comments to the media, policy discus-
sions at medical and nursing societies, and health pol-
icy discussions at the local, regional, and international 
level.

Although many health-care providers are reluc-
tant to make public statements about population risk, 
there are at least three reasons why they should con-
sider doing so. First, the scientific basis for extrapo-
lating the results of environmental reproductive 
outcomes research is far stronger when the extrapola-
tion is at the population level rather than at the level of 
the individual patient; second, health-care providers 
are a trusted and important voice that is rarely heard 
in public discussions about environmental health pol-
icy; and third, the foundation of medicine is preven-
tion, and the most useful prevention activities around 
reproductive hazards can occur at the population, 
rather than individual, level.

Communicating with the media or with policy-
makers requires a different set of considerations than 
communicating with individual patients or small 
groups of people. Prior to speaking with a reporter or 
a policymaker, it is important to review the policy pro-
posal at issue and to determine whether it seems like a 
reasonable, precautionary, science-based step toward 
protecting public health. If the science and the policy 
seem reasonable, the next step is to either write out a 
statement of support or to develop key talking points. 
Communications experts suggest identifying three or 
four major “messages” that summarize the main points 
that need to be conveyed.

The conversation with the reporter or policymaker 
should remain “big-picture” and clear to the non- 
scientific listener and should stick to the talking points 
to avoid making mistakes or going astray into issues 
that are either irrelevant or outside the speaker’s area 
of expertise. It is generally possible to answer almost 
any question by restating a talking point, even if it 
means saying something such as: “I don’t know the 
answer to your question, but the real issue here is …” 
By pre-identifying a set of talking points within a sci-
entific and policy comfort zone and staying within 
those points, the health-care provider can assure both 
that the major issues will come through clearly in any 

news story or policy hearing, and also that his or her 
credibility will remain intact.

Examples of responses to common 
questions about environmental 
exposures
It is difficult to predict what environmental health 
concerns or questions a health-care  provider may 
encounter. Some questions can be anticipated due to 
their ongoing prevalence in the news media, popu-
lar press, or on the Internet. Others may be based on 
specific community concerns. The questions from an 
individual patient may be very similar to those asked 
in a public meeting and likewise, whether speaking 
to an individual or group, the clinician’s response 
may be similar. The overall approach involves hav-
ing some knowledge of the toxicity of the contami-
nant of concern, assessing the route and likelihood of 
exposure, and being able to communicate a science-
based approach to reducing unnecessary exposures. 
Furthermore, health-care providers also can offer 
advice to groups or individuals about reducing expo-
sure to other contaminants.

Common questions
A young pregnant woman comes in for a prenatal 
appointment. She has been reading a lot of information 
on the Internet and is worried about contaminants in her 
drinking water causing harm to her baby. She lives on a 
limited budget and wonders if investing in an expensive 
water filtration unit is worth the expense.

Before investing in a water filter, check the local 
water utility company’s annual water quality report. (For 
help in interpreting water quality reports, this website 
can help: www.safe-drinking-water.org/rtk.html). In 
most cities, healthy adults can drink tap water without 
concern. Pregnant women and young children may be 
more vulnerable to some contaminants in water, such as 
lead or trihalomethanes. People who have private wells 
should get their water tested for common contaminants. 
If any pollutants are identified in drinking water, a filter 
that is appropriate for removal of the specific contami-
nants can be chosen. Different types of filters take out 
different contaminants, so there is no “one size fits all” 
solution (see Box 15.3 for information about water filtra-
tion systems).

Bottled water is not necessarily a better alternative 
to filtered water. Up to 40% of bottled water is ordinary 
tap water that has been filtered and packaged. Bottled 
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water quality is actually subject to less stringent regula-
tory standards than tap water and can contain residues 
of the plastic it is bottled in.

Box 15.3. Types of water filtration.

In general there are two types of water filters, point 
of entry and point of use. All filtration systems require 
regular maintenance for proper functioning.

•	 Point of entry units are more expensive, are installed 
in the pipes outside the home and treat all the 
water before it enters the house.

•	 Point of use filters such as countertop filters (e.g. 
filter pitchers), faucet filters, and under-the-sink 
units generally use activated charcoal to remove 
bad tastes, and odors and chemical contaminants. 
Charcoal water filters are simple to install, relatively 
economical and effectively remove many toxins 
found in the environment and comprise the 
majority of filters in use.

For many people, an •	 activated carbon filter 
bearing NSF Standard 53 certification will filter 
out most pollutants of concern, including 
endocrine disruptors such as heavy metals and 
pesticides. However, some contaminants that are 
suspected endocrine disruptors, such as arsenic 
or perchlorate, may not be removed by charcoal 
filters.

In •	 reverse osmosis filtration, water is forced through 
a membrane and then filtered through charcoal; 
a method that removes most contaminants, 
including arsenic and perchlorate. However, this 
filtration system wastes a lot of water and is much 
more expensive.

A farmer has been unable to conceive any children 
with his wife and was recently told his sperm count is low. 
His job involves mixing and applying pesticides and he 
does not always wear protective equipment. He wonders if 
the pesticides could have caused his infertility problems.

Patients may approach their health provider with 
concerns that a past exposure is related to a specific 
condition, such as infertility or a pregnancy loss. In 
some cases the patient is simply struggling to under-
stand a bad health outcome; in other situations a legal 
case may be pending. This is often a challenging case 
for a physician as most health outcomes have multi-
factorial causes, including, in some cases, chemical 
exposures.

Although health providers may not be able to 
give an immediate answer, they can take a thorough 
history to determine if the exposure was substantial 
(Table 15.2); give education about the health condition 

and the associated etiologies; discuss the uncertainty 
and challenges in determining individual risk; and 
provide guidance on how to avoid future exposure. 
Referral to an appropriate consulting specialist may be 
necessary for complex exposures and determination of 
causality.

Special concerns and issues around 
breastfeeding and infant formula
A pregnant woman who is near her due date is in for a 
check-up. She has been preparing for her new baby and 
has many questions about breastfeeding. She is concerned 
because she recently read that many chemicals have been 
found in breast milk. She worries about the effects of pass-
ing these contaminants onto her new baby and wonders if 
it would be better to use formula.

Breast milk has been found to potentially contain 
many contaminants including endocrine disruptors 
such as PCBs, dioxins and furans, pesticide residues, 
flame retardants (PBBs and PBDEs), and plasticiz-
ers [23]. Providers should reassure their patients that 
despite this problem, the benefits of breastfeeding still 
outweigh the risks from pollution. Breastfeeding may 
even protect a baby against the adverse effects of expo-
sures that occurred in utero [24].

Because of the benefits to baby and mother, the 
American Academy of Pediatrics recommends breast-
feeding for at least the first 6 months of life and the 
World Health Organization recommends breast-
feeding up until 2 years of age. Breast milk provides 
vital nutrients and antibodies that are passed from 
the mother to infant. These help prevent infections 
and promote growth of the brain and nervous sys-
tem. Breastfeeding also is beneficial to the mother as 
it promotes bone strength, weight loss, and reduces  
the chances of pre-menopausal breast and ovarian 
cancer [25].

Baby formula is not an equivalent substitute for 
breast milk. Formula is lacking in many of the vital 
trace nutrients and antibodies found in breast milk. 
Studies have demonstrated that formula-fed babies get 
sick more often than breast-fed babies [25]. Although 
formula may not contain many of the contaminants 
found in breast milk, such as PCBs and dioxins, infant 
formula may contain other toxicants such as mela-
mine, manganese, lead, or cadmium [26–29]. In addi-
tion, exposure to toxicants can occur if infant powder 
formula is diluted with water contaminated with pes-
ticides, heavy metals, or micro organisms. Soy formu-
las are a particular concern due to very high levels of 
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plant-derived estrogens (phytoestrogens) in soy prod-
ucts. The amounts of phytoestrogens are 2200–4500 
times greater in soy milk than in breast milk and the 
long-term health effects are not well studied [29].

Resources
Providers who are faced with questions of environ-
mental or occupational exposures in their patients 
need quick, reliable sources of information. Provided 
here are scientifically based resources that health-care 
providers can use to help in the care of their patients 
with exposures to contaminants, including endocrine 
disruptors.

Clinical referrals
The Association of Occupational and Environmental 
Clinics has a clinical directory for finding specialists in 
occupational and environmental medicine in the USA, 
Canada and Germany (www.aoec.org/directory)

Pediatric Environmental Health Specialty Units 
(PEHSU) (www.aoec.org/pehsu.htm) provides educa-
tion and consultation for health professionals and oth-
ers about the topic of children’s environmental health 
in the USA, Mexico and Canada.

Information on chemical toxicity
US Centers for Disease Control and Prevention (CDC):

Agency for Toxic Substances Disease Registry (ATSDR) 
produces “toxicological profiles” for hazardous 
substances. (www.atsdr.cdc.gov/toxpro2.html)

The National Institute for Occupational Safety and 
Health (NIOSH)(www.cdc.gov/niosh/homepage.
html) provides information on chemical safety, 
workplace health hazard evaluations, and 
reproductive health and occupational exposures.

The US National Library of Medicine (www.nlm.nih.
gov/) has links to databases including:
PubMed (www.pubmed.gov)  references abstracts 

from thousands of biomedical journals
ToxNet (toxnet.nlm.nih.gov) is a network of databases 

on toxicology, hazardous chemicals, and 
environmental health.

US Household Hazardous Substance Database (house-
holdproducts.nlm.nih.gov/products.htm)  links over 
6000 consumer brands to health effects from material 
safety data sheets (MSDS) and allows scientists and 
consumers to research products based on chemical 
ingredients.

The United Nations Environment Programme, 
Chemical Information Exchange Network / Réseau 
d’Echange d’Information sur les produits Chimiques 
(CIEN/REIC). High production volume chemicals are 
summarized in the Screening Information Data Set 
(SIDS).

International Chemical Safety Cards summarize 
information on chemicals for their use at the “shop 
floor” level by workers and employers in factories, 
agriculture, construction, and other workplaces. The 
ICSCs are available on the Internet in many languages: 
(www.ilo.org/public/english/protection/safework/cis/
products/icsc/)

Other useful websites
Our Stolen Future (www.OurStolenFuture.org.) pro-
vides regular updates about the cutting edge of science 
related to endocrine disruption and information about 
ongoing policy debates, as well as new suggestions 
about what people can do to minimize risks related to 
hormonally disruptive contaminants.

The National Pesticide Information Center (npic.
orst.edu/) is a cooperative effort of Oregon State 
University and the US Environmental Protection 
Agency (EPA), providing on-line information 
about pesticide safety and toxicity. The organization 
also runs a toll-free hotline for pesticide questions 
(1–800–858–7378).

References
1. Princeton Survey Research Associates. National Survey 

of Public Perceptions of Environmental Health Risks. 
April 2000. http://healthyamericans.org/docs/index.
php?DocID=18

2. Gottlieb M, Miller M, Nelson J, Palmigiano M. Tools 
for a Healthy Beginning: Prenatal Environmental Health 
Toolkit. Web Survey completed September 2006 and 
presented as a poster presentation at UCSF-CHE 
Summit on Environmental Challenges to Reproductive 
Health and Fertility.

3. US EPA. Chemical Hazard Data Availability Study. 
What do We Really Know about the Safety of High 
Production Volume Chemicals? EPA’s 1998 Baseline 
of Hazard Information that is Readily Available to 
the Public. Prepared by EPA’s Office of Pollution 
Prevention and Toxics (April 1998). Available at: http://
www.epa.gov/HPV/pubs/general/hazchem.pdf

4. Centers for Disease Control and Prevention. Third 
National Report on Human Exposure to Environmental 
Chemicals. Atlanta (GA): CDC, 2005. Available 
at: http://www.cdc.gov/ExposureReport/report.htm



226

Chapter 15: Communicating with patients and the public

5. Rodrigues JL, Batista BL, Nunes JA, Passos CJ,  
Barbosa F. Evaluation of the use of human hair for 
biomonitoring the deficiency of essential and exposure 
to toxic elements. Sci Total Environ. 2008. 405(1–3):  
370–6.

6. Seidel S, Kreutzer R, Smith D, McNeel S, Gilliss D. 
Assessment of commercial laboratories performing  
hair mineral analysis. J Am Med Assoc 2001; 285(1): 
67–72.

 7. Risher JF, Amler SN. Mercury exposure: evaluation 
and intervention the inappropriate use of chelating 
agents in the diagnosis and treatment of putative 
mercury poisoning. NeuroToxicology. 2005; 
26(4): 691–9.

 8. Weizsaecker K. Lead toxicity during pregnancy. 
Primary Care Update Ob/Gyns 2003; 10(6):  
304–9.

 9. Driscoll T, Takala J, Steenland K, Corvalan C, 
Fingerhut M. Review of estimates of the global burden 
of injury and illness due to occupational exposures. 
Am J Ind Med. 2005; 48(6): 491–502.

10. Schenker MB, Gold EB, Beaumont JJ. et al. Association 
of spontaneous abortion and other reproductive effects 
with work in the semiconductor industry. Am J Ind 
Med. 1995; 28(6): 639–59.

11. Solomon GM, Morse EP, Garbo MJ, Milton DK. 
Stillbirth after occupational exposure to N-methyl-2-
pyrrolidone. A case report and review of the literature.  
J Occup Environ Med. 1996; 38(7): 705–13

12. Teitelbaum DT. The toxicology of 1,2-dibromo-3-
chloropropane (DBCP): a brief review. Int J Occup 
Environ Health 1999; 5(2): 122–6.

13. Slutsky M, Levin JL, Levy BS. Azoospermia and 
oligospermia among a large cohort of DBCP 
applicators in 12 countries. Int J Occup Environ Health 
1999; 5(2): 116–22.

14. World Health Organization Guidelines for  
Drinking-water Quality. http://www.who.int/ 
water_sanitation_health/dwq/guidelines/en/index.
html

15. United Nations Environment Programme Global 
Environment Monitoring System (GEMS). Water 
Programme. http://www.gemstat.org/

16. The European Pollutant Emission Register. http://eper.
ec.europa.eu/eper/introduction.asp?i=

17. Occupational Safety and Health Administration.  
OSHA Standards: Reproductive Hazards. www.osha.
gov/SLTC/reproductivehazards/standards.html

18. Paul M, Kurtz S. Analysis of reproductive health hazard 
information on material safety data sheets for lead 
and the ethylene glycol ethers. Am J Ind Med 1994; 
25(3): 403–15.

19. Council Directive 92/85/EEC of 19 October 1992. 
Protection of pregnant workers and workers who have 
recently given birth or are breastfeeding. http://europa.
eu/scadplus/leg/en/cha/c10914.htm

20. Covello, V. Risk communication and occupational 
medicine. J Occup Med 1993; 35(1): 18–19.

21. Commission for Racial Justice. Toxic Wastes and Race 
in the United States: a National Report of the Racial and 
Socioeconomic Characteristics of Communities with 
Hazardous Waste Sites. New York: United Church of 
Christ, 1987.

22. Mott L. The disproportionate impact of environmental 
health threats on children of color. Environ Health 
Perspect 1995; 103 (Suppl. 6): 33–5.

23. Solomon GM, Weiss PM. Chemical contaminants 
in breast milk: time trends and regional variability. 
Environ Health Perspect. 2002; 110(6): A339–47.

24. Jacobson JL, Jacobson SW. Breast-feeding and 
gender as moderators of teratogenic effects on 
cognitive development. Neurotoxicol Teratol. 2002; 
24(3): 349–58.

25. Schack-Nielsen L, Larnkjaer A, Michaelsen KF. Long 
term effects of breastfeeding on the infant and mother. 
Adv Exp Med Biol. 2005; 569: 16–23.

26. Hozyasz KK, Ruszczynska A. High manganese levels in 
milk-based infant formulas. Neurotoxicology. 2004 Jun; 
25(4): 733.

27. Eklund G, Oskarsson A. Exposure of cadmium from 
infant formulas and weaning foods. Food Addit 
Contamin 1999; 16(12): 509–19.

28. Navarro-Blasco I, Alvarez-Galindo JI. Lead levels in 
retail samples of Spanish infant formulae and their 
contribution to dietary intake of infants. Food Addit 
Contam. 2005; 22(8): 726–34.

29. Setchell KD, Zimmer-Nechemias L, Cai J, Heubi JE. 
Isoflavone content of infant formulas and the metabolic 
fate of these phytoestrogens in early life. Am J Clin Nutr. 
1998; 68 (Suppl 6): 1453S–61S.



 
Chapter

16
 contaminants” have been described as chemicals 
 originating from outdoor sources either as direct emis-
sions or by-products of industrial activity, applications, 
transportation, or waste generation. These chemicals 
contaminate outdoor media such as air, water bodies, 
or food crops, and then come into contact with peo-
ple who breathe contaminated air, drink contaminated 
water or eat contaminated food. More recently, there 
has been increased attention on chemical  contaminants 
found in indoor environments, where they often occur 
because of their use in various consumer products. 
Exposure to indoor environmental contaminants 
occurs either through use of the product or by leach-
ing from the product and contamination of indoor air, 
surfaces, or dust (see Chapter 2).

Many chemicals are found in both outdoor and 
indoor environments, resulting in multiple sources of 
exposure. These exposures can increase the risk of sub-
sequent illness; a risk that can be modified by extrin-
sic and intrinsic factors such as social and economic 
 status, disease status, age, gender, and exposure to 
other  environmental contaminants [3].

Many approaches can be taken to reduce or 
 eliminate harmful environmental exposures includ-
ing the following: personal and individual choice, 
 voluntary market restrictions by the entity that is 
a source of environmental contaminants, market 
 incentives or  pressures on industries to remove harm-
ful contaminants, or public policies that systematically 
address exposures through regulation. Development 
of public policies that can prevent or reduce harmful 
 environmental exposures on a population level, or a 
public-health approach, is often the most efficient, 
equitable, and ethical means to address exposures to 
 environmental contaminants. Many environmental 
contaminant exposures are externalities of production 
over which the  individual has no control (e.g. power 

Interpreting science in the policy 
context
Tracey J. Woodruff and Sarah J. Janssen

Introduction
Over 40 years have passed since the publication of 
Rachel Carson’s Silent Spring foretold the harmful 
effects of chemical pollution in wildlife [1] and the 
subsequent tragedies of Love Canal and Bhopal that 
brought critical attention to the human harm caused by 
environmental contamination. The overwhelming evi-
dence catapulted public concern about environmental 
contaminants and led to a number of legislative and 
policy changes at the federal and state levels to address 
concerns about harm from environmental exposures. 
Focused effort in certain areas has brought about sig-
nificant improvements, such as decreased blood lead 
level in children, improved air quality, and declines in 
several persistent pollutants, such as DDT, in the envir-
onment. Yet, there is remaining concern about existing 
chemicals that have not yet been addressed and newer 
ones that have since emerged.

Observed, unexplained increases in certain 
chronic conditions, such as childhood cancer,  diabetes, 
impaired fecundity, and reproductive cancers, and a 
continuously growing base of science linking environ-
mental contaminant exposure to increased risk of both 
reproductive and other health effects signifies further 
attention is needed. Preventing and reducing illness 
depends on public policies that focus on removing or 
limiting exposure to harmful chemicals. Public poli-
cies provide a structured, more universal approach that 
can address the broad, often non-specific sources of 
environmental exposures. Yet this relatively straight-
forward approach requires scientific  knowledge and an 
 understanding of exposure sources, what contributes 
to these sources, and knowledge about the potential 
health consequences of exposure to particular envi-
ronmental contaminants (Fig. 16.1).

Environmental contaminants can come from 
a variety of sources. Traditionally  “environmental 
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Fig. 16.1. Conceptual framework to represent relationships between environmental factors and health (adapted from Kyle et al. [2]).
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plants,  diesel trucks). Personal choice and market 
forces rely on personal and equal knowledge of facts and 
resources, which are asymmetrically distributed in the 
population. Public  policy solutions, which can include 
 mandates and market incentives, can be  difficult to 
achieve because a  number of external forces come to 
bear on the initiation, development, and implemen-
tation, such as special interests, politics, economics, 
feasibility, availability of alternatives, and conflicting 
science. All approaches to remove or reduce expo-
sure to harmful chemicals, whether through personal, 
market-driven or government-based restrictions, are 
informed by some level of scientific knowledge that 
links exposures to the potential for human harm. The 
most effective approach has proven to be public policy 
solutions that are informed by scientific research (see 
example in Box 16.1).

Box 16.1. Public policy and lead contamination.

The history of lead tragically illustrates how scientific 
understanding of toxicity can often take decades to 
result in policy change. While very high lead exposures 
were recognized to cause encephalopathy, coma, and 
death in children as early as 1900, it was not until the 
1940s that childhood lead poisoning was also noted 
to cause persistent impairments in intellect, behav-
ior, and sensory-motor function [4]. A specific toxic 
threshold for lead was established for the first time in 
the 1960s at 60 μg/dL, only modestly below the level 
at which encephalopathy occurs (80 μg/dL)[5]. It was 
only in the late 1970s, however, that lead was removed 
from indoor paint and gasoline. Interestingly, the deci-
sion to remove lead from gasoline was not driven by 
concern for public health but rather by requirements 
for reducing smog-producing emissions from cars. 
The conventional wisdom at the time was that remov-
ing lead from gasoline would not significantly impact 
blood lead levels. However, blood lead levels dramati-
cally declined in step with the phase-out of lead from 
gasoline. Over the next 30 years, ongoing research has 
shown long-term neurological effects at progressively 
lower levels of exposure [6]. The “action level” for clini-
cal interventions was most recently set at 10 μg/dL, the 
“official” 1990 standard that still holds today in many 
countries. However, despite studies demonstrating 
there is no threshold for harm and with observations 
of significant adverse effects occurring below a blood 
level of 10 μg/dL [7, 8], there have been no changes in 
the lead standard anywhere in the world.

This chapter will focus on how science is  evaluated 
and used in decision-making for public policy measures 
and other actions that focus on reducing exposure to 
harmful environmental contaminants. We will briefly 

review the current statutory approaches to regulations 
and policy decisions, and will explore what is lacking 
and needed for more effective and protective policy 
decisions. Much of the science that has been described 
in earlier chapters can be used to inform public  policies 
resulting in reduced exposure to environmental 
 contaminants that may pose a risk to reproductive 
health. We will briefly discuss the current regulatory 
landscape in the USA and Europe that addresses the 
collection of and data requirements for environmental 
contaminants. Although significant and evolving theo-
ries on the impacts that  environmental contaminants 
have on reproductive health exist, there are  limitations 
in the current approach resulting in public policy 
 lagging behind the state of the  science. We will describe 
alternative policy options that can address these limita-
tions. While other factors such as technological feasi-
bility, costs, politics, and public opinion influence the 
development, passage, implementation, and enforce-
ment of laws and regulations that address harmful 
exposures to environmental contaminants, a discus-
sion of these are beyond the scope of this chapter.

Defining the scope of the problem
The dramatic increase in industrialization over the past 
three centuries has changed the quality and  quantity 
of human exposures to both natural and synthetic 
chemicals. In particular, there has been a dramatic rise 
in chemicals production in the USA since World War 
II, with an increase of more than 20-fold. The number 
of chemicals registered for commercial use has grown 
by over 30% since 1979 (Fig. 16.2) [3]. Manufactured 
and mined chemicals are now everywhere in our 
environment.

In the USA, as of 2006, the US EPA estimated there 
are approximately 75 000 chemical substances listed in 
the EPA’s Toxic Substances and Control Act inventory 
[9]. While many of these chemicals are used in small 
quantities or within closed manufacturing systems, 
about 2800 are used or imported in high volumes (over 
1 million pounds annually) [10]. In addition, there are 
also pesticides (with about 900 active ingredients and 
2500 inert ingredients identified in the late 1990s), 
nuclear material, and chemicals in food (about 3000), 
and chemicals in drugs and cosmetics (about 5000) [11]. 
This brings the total number of chemicals to about 87 000, 
though it is difficult to ascertain the complete number 
of chemicals, because no single entity records the uni-
verse of chemicals used in the USA. Likewise, there is 
no international registry of chemicals in production or 
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use. The European Chemicals Agency maintains a list of 
chemicals commercially available in the EU. There are 
currently over 100 000 chemicals on this list [12].

Common environmental pollutants include: pesti-
cides and herbicides such as atrazine and chlorpyrifos; 
volatile organic compounds such as benzene, toluene, 
and chloroform; heavy metals such as lead, mercury, 
and arsenic; air contaminants such as carbon mon-
oxide, ozone, particulate matter, and environmental 
tobacco smoke; and persistent organic pollutants, such 
as the dioxins, polychlorinated biphenols (PCBs), the 
pesticide dichlorodiphenyltrichloroethane (DDT) 
and its breakdown product dichlorodiphenyldichlo-
roethylene (DDE) (see Chapters 1 and 2). Although 
some chemicals have been in commerce for several 
decades, the technology for measuring them in envi-
ronmental or biological media has only recently been 
developed. In the past decade, additional environmen-
tal contaminants have emerged to include persistent 
chemicals used in common consumer products such 
as perfluorinated chemicals, flame retardants, and 
antimicrobial compounds. These chemicals all have 
in common that they are halogenated organic chemi-
cals. In addition, this list of chemicals does not cover 
the emergence of novel manufactured materials such 
as nanomaterials, which are based on manipulation of 
matter at the scale of individual atoms or molecules 
[13]. Given the small scale, these materials are typi-
cally defined as having at least one dimension smaller 
than 100 nanometers and often have unique chemical 
and biological properties at this scale that differ from 
their normal-sized counterparts [13]. The number of 
materials and products that use nanomaterials is rap-
idly growing, yet there is currently no regulatory or 
policy structure to address potential health risks from 
these materials [13].

There are multiple sources of environmental 
contaminants (see Chapter 2), including industrial 
processes, transportation, building, and consumer 
products. These sources can emit or discharge environ-
mental contaminants into air, water, food, and dust, to 
which humans are exposed through breathing,  eating, 
drinking, and direct contact (e.g. personal-care prod-
ucts) [14–17]. For example, exposure to air pollution 
is  ubiquitous and has been demonstrated through 
both monitoring and modeling studies to exist at con-
centrations that pose a risk to human health [18, 19]. 
Similarly, data from government agencies show there 
are multiple contaminants in drinking water [20, 21], 
and that there are contaminants in the food supply 
which come from both intended application (such as 
pesticides or food additives) [22] and from unintended 
applications (such as discharge or contaminants from 
water use) [23].

Data on sources of exposure are complemented by 
information on measured levels of environmental con-
taminants in people’s bodies, referred to as biomoni-
toring data. Some European countries, such as Sweden, 
have been monitoring the presence of halogenated 
organic contaminants since the 1960s and have stored 
samples for future testing as new contaminants emerge 
[24]. There has been some biomonitoring in the USA 
since the 1970s for contaminants such as lead in 
 children [25]; however, it was not until the early 2000s 
that more comprehensive data were published on  levels 
of contaminants in the US population. The number of 
chemicals that have been measured in a representa-
tive sample of the US population has grown from 116 
(years 1999–2000), to 148 (years 2001–2002), and 
then 275 for 2003–2004, and the number is expected 
to rise with further assessments [26]. The national 
data have been accompanied by more biomonitoring 

Fig. 16.2. Chemicals production in the 
USA from 1947 to 2007.
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data  produced by studies of individual populations, 
from both researchers [27–30] and non-governmental 
organizations [31–33]. Likewise, biomonitoring has 
expanded in the EU [34] and there are ongoing bio-
monitoring programs in Germany [35], Canada [36], 
and at the World Health Organization [37].

International studies show that many  chemicals 
are detected in some portion of the population 
and a  number of chemicals including perchlorate, 
 bisphenol-A, phthalates, flame retardants (PBDEs), 
environmental tobacco smoke, and mercury are 
detected in almost every person sampled [38–40]. Thus, 
every person has multiple measurable contaminants in 
their body. For a number of these chemicals, the meas-
ured levels in people’s bodies can be above  levels of 
concern identified by the government or that have been 
identified as associated with adverse health outcomes 
in epidemiologic or animal studies, e.g. mercury [10], 
phthalates [41–43], and perchlorate [44–46].

While monitoring environmental  contaminants in 
exposure media such as air and water has  predicted 
changes in exposure to the population, data on 
 biomonitoring has provided compelling and  tangible 
evidence of human contact with environmental 
 contaminants. Detecting environmental contami-
nants in people does not provide a prevention-ori-
ented approach to reducing or eliminating harmful 
exposures. However, biomonitoring has prompted 
policy and  regulatory actions. For example, the pres-
ence of the flame retardants, PBDEs, in breast milk was 
first revealed in 2000 after archived samples in Sweden 
were tested [24]. The testing revealed an exponential 
rise in levels from the 1970s. This revelation prompted 
a restriction on the use of PBDEs in Europe and an 
evening-off of levels in the population. Subsequent 
testing of PBDEs in the US population revealed that 
the levels of flame  retardants were up to 40 times 
higher than European levels. United States flamma-
bility standards are more  stringent than European 
standards resulting in the use of more chemicals in the 
USA in items such as upholstered furniture and subse-
quently higher  levels of exposure in the US population 
[31]. This was a policy decision that – while intended 
to protect public health – has resulted in unintended 
and widespread exposure in the population with 
potentially adverse health impacts.

Although it is difficult to extrapolate these large 
study findings to an individual’s health outcome, pop-
ulation level effects can be predicted. The extensive 
presence of measured environmental contaminants 
in the human population necessitates approaches that 

identify and mitigate exposure to harmful chemicals 
prior to discovering high levels of contaminants in 
people.

Approaches to address toxicity from 
environmental chemical exposures 
and the role of policy
A critical component for informing and supporting 
public policies to address environmental contaminants 
is identifying whether and how a particular chemical 
or group of chemicals could adversely affect human 
health. One part of this process entails evaluating and 
using the available scientific information and data to 
assess a chemical’s potential for human harm, which 
has generally been labeled as “risk assessment” [47]. 
The risk assessment is defined by using some or all of 
four separate steps: hazard identification (identifying 
potential health problems from chemical  exposure); 
exposure assessment (determining the extent of 
human exposure, i.e. amount, duration, etc.); dose–
response assessment (estimate of the magnitude of 
exposure and the probability of occurrence of adverse 
health effects); and risk characterization (assessing the 
magnitude and nature of the risk of harm to the human 
population) (Fig. 16.3) [47]. Although risk assessment 
is often associated with the quantitative assessment of 
the risks of an environmental chemical, this is actually 
only one part, and often the final part, of the assess-
ment process.

While each step draws upon the data at hand, each 
step also requires making judgments and decisions 
starting with problem formulation [47] to deciding 
which data to use in the assessment, to how to account 
for unknowns and variability in the data, and ending 
with how to identify – both qualitatively and quanti-
tatively – the potential for harm. For example, most 
of the data used to evaluate the potential for human 
harm comes from animal studies. To extrapolate the 
animal findings to potential effects in humans requires 
 scientific-based judgments of how humans will respond 
compared with responses in animals.

The risk-assessment scenario assumes that there 
is a reasonable set of data for each step in the proc-
ess; however there are many chemicals which lack data 
for key steps or have no data at all. This lack of data 
presents a dilemma for assessing chemicals with lim-
ited data, because in the risk-assessment process, the 
absence of data means no risk assessment will be done. 
If the public policy is based on “knowing” the  hazard 
or quantifying the risk through risk assessment, then 

Fig. 16.2. Chemicals production in the 
USA from 1947 to 2007.
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for unknown risks the default for likelihood of harm 
becomes essentially zero. For many chemicals we 
know that there is a small likelihood of a zero risk of 
harm. For example, if a chemical increased the risk of 
reproductive cancers in animals, even without sup-
porting data, there is concern that this chemical would 
also contribute to other types of non-cancer repro-
ductive effects (an example is diethystilbestrol; see 
Box 16.2). Furthermore, the numerical risk number 
is usually intended to cover risks to the full range of 
the population, including sensitive subpopulations 
such as children, those with pre-existing diseases, and 
genetic variability. There are often not enough data 
on all the extrinsic or intrinsic factors that can influ-
ence risk of chemical exposure. However, based on 
biological understanding and previous findings from 
other  environmental contaminants, we known certain 
 subpopulations, such as younger  developmental ages, 
are more sensitive to chemical exposures. For exam-
ple, the US EPA uses a factor to account for increased 
sensitivity of children to mutagenic (DNA-damaging) 
carcinogens based on findings from animal data for 
similar chemicals in this group. Given the body of 
knowledge, even if the experiment for a particular 
chemical has not been conducted to assess a particular 
aspect of the risk assessment, an assumptive value, or 
default, is used in place of data until data are obtained, 
because there is reasonable certainty that the value is 
not zero.

There are a variety of uses of risk assessment in 
the policy and regulatory process, such as identifying 
hazards for labeling, ranking hazards and risks from 
different chemicals for priority setting, setting stand-
ards for cleaning up contaminated waste sites, and 
 setting national, state, or local standards for exposures 
to contaminants in sources such as air or drinking 
water. The scope, emphasis, and use of hazard iden-
tification and risk characterization will vary often 
based on the intended use of the information. Some 
 policy approaches only use hazard identification, some 
require full risk assessments, and others may base deci-
sions primarily on opportunities for exposure. Each 
approach evaluates the potential for environmental 
contaminants to adversely impact human health.

In this section, we present some of the typical 
types of scientific information that are used to identify 
potential human health hazards from environmental 
 chemicals and what are some of the judgments/issues 
that arise when evaluating the information for use in 
the decision-making policy process.

Identifying hazards

Sources and interpretation of data on 
potential adverse health effects
Scientific data on the potential for chemicals to adversely 
influence health come from multiple sources, and 

Fig. 16.3. Primary steps in risk  assessment 
and risk characterization (adapted from 
National Research Council [47]; Office of 
Environmental Health Hazard Assessment 
[48]).Hazard Identification

Dose–response assessment

Exposure assessment

Risk characterization

What is the nature and
magnitude of risk associated
with existing conditions?

What risk decreases
(benefits) are associated with
each of the options?

Are any risks increased?
What are the significant
uncertainties?
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are associated with the agents of concern?

For each determining advance effects, what is
the relationship between dose and the
probability of the occurrence of the adverse
effects in the range of doses identified in the
exposure assesment?

What exposure/doses are incurred by each
population of interest under existing conditions?

How does each option affect existing
conditions and resulting exposures/doses?

Risk assessment
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 generally fall within four broad  categories:  chemical 
 structure activity relationships (using information on 
the chemicals’ properties to assess potential for harm 
or to compare with known chemicals with similar 
 properties), in vitro testing, in vivo animal testing or 
animal  bioassays, and human studies. Within each of 
these areas  multiple types of testing methodologies, 
 strategies, and approaches are used. In vivo  animal 
 bioassays play a critical role in human health risk 
assessment as they are a preferable method to assess the 
potential for human harm and to develop strategies for 
prevention of harmful exposures. Unlike pharmaceu-
ticals, environmental contaminants were not intended 
for human use, and so it is unethical to purposefully 
expose people to chemicals to assess for harmful effects. 
Given that there is general conservation of biologi-
cal function across  animal species, including humans, 
 animal studies provide important insights into poten-
tial human harm.

However, there are limitations in how traditional 
toxicologic studies have been designed that decrease 
their utility for studying reproductive or develop-
mental outcomes. Traditional toxicologic studies have 
tended to look for endpoints such as fetal death, severe 
birth defects, or the development of cancer under con-
ditions of treatment using high doses of one chemical 
at a time. This methodology does not mimic human 
exposures to chemical contaminants which are often 
at lower levels and occur as mixtures over long peri-
ods of time and spanning critical windows of devel-
opment. Animal studies using mixtures of chemical 
contaminants that affect the same physiologic system 
have found impacts at lower levels of exposure than 
testing done with single chemicals [49, 50]. Also, 
more subtle endpoints than previously considered in 
 toxicological testing are associated with environmen-
tal contaminants (such as decreased testosterone levels 
and changes in gene expression). The advancement of 
scientific ability to evaluate early perturbations in the 
disease process increases the opportunity to identify 
potentially harmful chemicals using early biological 
markers of disease [3].

Animal bioassays have evolved to provide  critical 
information on many different types of exposure 
 scenarios (acute, chronic, early-life exposure  versus 
later in life exposure) and endpoints (e.g. cancer, devel-
opmental, reproductive, and immunologic). However, 
 interpreting the data for use in human health risk 
 assessment is complicated by uncertainties in the data 
and the needs of the policy and decision-making process. 

Policy and decision-making about exposures to envi-
ronmental chemicals must be responsive to a number of 
extrinsic factors that influence the approach to evaluat-
ing the available science. These factors can include the 
involuntary nature of most exposures, the public’s con-
cern about potential harm, and the public health con-
sequences of new or continued exposure to potentially 
harmful chemicals, all of which compel timely decision-
making.

This creates a tension between efficient and timely 
prevention of harmful exposures and the pace and exac-
titude of scientific inquiry. The scientific process is a pur-
posefully deliberate one that requires sorting through 
often-conflicting and incomplete studies to ascer-
tain “true” relationships [51, 52]. Thus, there is a high 
emphasis on avoiding “false positives,” and meeting this 
goal is a time- and resource-intensive process. The pub-
lic policy process, alternatively, must balance the needs 
of the public and the consequences of continued or inad-
vertent exposure to potentially harmful chemicals. Thus, 
there is a higher emphasis on efficiently avoiding “false 
negatives,” as delays in identifying harmful exposures 
have public health consequences. Consequently, the 
“level of proof” or extent of data necessary for a decision 
on whether a hypothesis is true or false in the labora-
tory setting is different than for deciding actions that can 
reduce or prevent harmful exposures among the public.

There are a number of characteristics of the human 
population that can influence the likelihood of “false 
negatives” or can underestimate risks based on data 
from animal bioassays or limited human epidemiologic 
studies (Table 16.1) [3]. These overlap with some of the 
features of the methods used in the scientific study of 
the relationship between environmental contaminants 
and health, which can influence the interpretation of the 
findings. For example, animal bioassays typically use 
animals that are of a single strain, relatively  genetically 
homogeneous, and are usually exposed to one chemical 
at a time – at high doses and often – during adulthood. 
These features can influence the rate of “false negatives” 
in a broad sense, where different health endpoints, sus-
ceptible life stages, or populations may not be identified 
or the risks underestimated. There are some aspects that 
can contribute to “false positives.” For example, expo-
sures used in animal bioassays tend to be in the high-
dose range to maximize the likelihood of observing a 
“true” response with a reasonable number of animals, 
and this may overestimate effects at the lower dose 
range. On balance, it appears that a higher propor-
tion of these features increase the chances of finding 

Fig. 16.3. Primary steps in risk  assessment 
and risk characterization (adapted from 
National Research Council [47]; Office of 
Environmental Health Hazard Assessment 
[48]).Hazard Identification

Dose–response assessment

Exposure assessment
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effects in the range of doses identified in the
exposure assesment?

What exposure/doses are incurred by each
population of interest under existing conditions?

How does each option affect existing
conditions and resulting exposures/doses?

Risk assessment



234

Chapter 16: Interpreting science in the policy context

a false negative [51]. While minimizing false positives 
can contribute to more comprehensive  science, it can 
also have untoward consequences for public health as 
potentially harmful chemicals and exposures can go 
unidentified. In a public health context, an emphasis on 
reducing false negatives may be more important if the 
goal is to reduce harm.

Box 16.2. Diethylstilbestrol

Diethylstilbestrol (DES), a synthetic estrogen, pro-
vides a salient example of the need to evaluate sci-
ence based on reducing false negatives over reducing 
false positives. Diethylstilbestrol was prescribed 
for women from the late 1940s through the 1970s 
[53]. When it was prescribed starting in 1947, it had 
undergone   limited toxicologic investigation, and it 
was assumed to be safe, and was even promoted as 
being beneficial during pregnancy [53]. However, it 
was later discovered in 1971 that DES lead to vaginal 
clear-cell adenocarcinoma in the prenatally exposed 
daughters [54], a clear case of a false negative. Since 
the discovery of the prenatal effects of DES, there 

have been over 20 000 publications, yet there are 
still uncertainties about DES exposure and subse-
quent health effects [51]. At low levels of exposure, 
DES has been associated with the development of 
infertility, uterine fibroids, and even obesity [55–57]. 
Diethylstilbestrol serves as a model for the potential 
adverse effects of other estrogenic chemicals such as 
BPA and a cautionary tale for assuming the safety of 
chemicals with little supporting data.

Consequently, in the USA, there have been general 
policy principles used in the evaluation of scientific 
information – such as using animal data and applying 
public health defaults in the face of unknown informa-
tion. While more science can increase the knowledge, it 
does not necessarily lead to better or more timely deci-
sions, and vigorous debate over the  science has often 
resulted in a delay in  decision-making, even for the 
evaluation of chemicals with extensive information (e.g. 
dioxin, formaldehyde, trichloroethylene, etc.) [47].

Approaches in evaluating the science that 
 acknowledge uncertainty while allowing for efficient 

Table 16.1. Features of the human population that can influence risks from exposure to environmental contaminants.

Feature Definition Example Implications

Chemical background Concurrent or pre-existing 
body burdens of environmental 
chemicals

Over 90% of the US population has 
measurable levels of plasticizers, 
pesticides, flame retardants, and 
perfluorinated chemicals

Exposure to an individual 
chemical in addition to other 
exposures can increase risk of 
subsequent disease

Biological background Health status, as influenced 
by age, pre-existing 
disease, genetics, and other 
intrinsic biological factors

About 10% of adults are 
deficient in thyroid hormone; 
low thyroid hormone 
during pregnancy can cause 
neurodevelopmental harm in 
children

Chemical exposure has 
greater effect on people 
with pre-existing disease, 
genetic predisposition, etc.

Population variability 
and defining normal

An individual may have a 
smaller range of normal 
physiological function than 
would be observed over 
the whole population

Individual variability in normal 
thyroid hormone levels is 
smaller than the range of 
normal in the population

Chemical exposures 
which perturb physiologic 
systems within the “normal” 
population range may 
still have effects at the 
individual level

Small individual effects 
versus population 
effects

Chemical exposure may 
produce a small increase in 
risk or effect at the level of 
the individual but result in 
large shifts in effect at the 
population level

Observed prenatal phthalate 
levels slightly decreases the 
ano-genital distance in male 
babies

US population exposure to 
phthalates is ubiquitous, 
so small changes can shift 
the population distribution 
of the measurement, 
resulting in increased 
effects for a segment of the 
population

Periods of susceptibility Exposure during vulnerable 
periods of development 
can pose a risk of 
irreversible effects, both in 
the short and long term, 
and diminished capacity for 
recovery

Exposure to solvents during 
pregnancy can result in 
miscarriage or preterm 
delivery or can cause 
permanent neurological 
damage to the fetus (e.g. fetal 
alcohol syndrome)

Exposures during 
susceptible periods can 
increase risk of permanent 
adverse effects that may 
manifest early or not until 
later in life
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and timely decision-making are critical to successful 
 environmental health policy and decision- making. 
Some of these approaches can be qualitative, such 
as ascribing different levels of confidence for health 
 hazard (e.g. cancer [52]), or quantitatively. There has 
been a movement since the early 1990s to apply a more 
 “precautionary” approach to evaluating the weight 
of evidence of environmental chemicals and taking 
actions even when there are scientific uncertainties. The 
 precautionary approach, first adopted into international 
policy as part of the Rio Declaration from the 1992 Rio 
Conference on the Environment and Development, 
essentially states that action should be taken if the sci-
ence indicates serious or irreversible harm even if there 
is scientific uncertainty [58]. This approach, called the 
“Precautionary Principle,” shifts the level of evidence 
required for chemical regulation away from definitive 
proof of harm to allow for policy actions that prevent 
possible harm even when there is uncertainty.

Overview of chemical policy regulation
Throughout the world, there are varying degrees of 
oversight for chemical production, use and disposal. 
Developing countries have lagged behind other devel-
oped countries in banning some of the most toxic chem-
icals, and although international treaties have been 
negotiated to phase out some of the worst offenders (e.g. 
Stockholm Convention on persistent organic pollut-
ants (POPs) or the Basel Convention on the transport 
of chemical waste), adoption and implementation of 
these treaties have been slow to non-existent. Chemical 
policy regulation continues to evolve throughout the 
world, and in this section we will highlight evolving 
North American and European chemicals policy.

North American chemicals policy
In the USA, several different federal agencies have the 
authority to regulate chemical exposure depending on 
the source and location of exposure. Chemical expo-
sure in the workplace is regulated by the Occupational 
Safety and Health Administration (OSHA), chemicals 
found in pharmaceuticals and personal-care products 
are regulated by the Food and Drug Administration 
(FDA), and chemicals that are found as outdoor envi-
ronmental contaminants in media such as air or drink-
ing water sources are regulated by the Environmental 
Protection Agency (EPA). The EPA also regulates 
chemicals used as pesticides in food and consumer 
products, which creates some redundancy in the regu-
lation of single chemicals. For example, phthalates are 

found in the workplace; as yet, no workplace stand-
ards exist (OSHA). Additionally, some phthalates are 
approved as both food additives (regulated by the 
FDA) and as pesticide inert ingredients (regulated by 
the EPA). The scientific data required by each agency 
to regulate chemicals differ according to their federal 
statutes. The Toxic Substances Control Act (TSCA) 
authorizes the EPA to regulate chemicals under certain 
conditions while the Federal Food Drug and Cosmetic 
Act (FFDCA) authorizes the FDA to regulate chemi-
cals only under their jurisdiction.

While the FDA statute requires that the safety of a 
chemical is demonstrated before approval, under the 
EPA’s federal statute (TSCA), the EPA does not typi-
cally require chemical companies to submit sufficient 
toxicity information on new chemicals and they cannot 
require data on pre-1979 marketed chemicals unless a 
number of stringent criteria have been identified. As a 
result, there are large data gaps in the toxicity knowl-
edge of the more than 87 000 chemicals in commerce in 
the USA, and since TSCA went into effect in 1979, the 
EPA has required toxicity testing data for fewer than 
200 of these chemicals [59]. Moreover, of the tens of 
thousands of chemicals that existed in commerce prior 
to 1979, the EPA has evaluated only 2% for toxicity 
[59]. As a consequence of their limited ability to regu-
late chemicals under this statute, the EPA has restricted 
or banned only five chemicals or chemical classes, and 
the last regulation took place in 1990 [59]. A 2005 gov-
ernmental review of this process concluded that pro-
grams that rely on voluntary submission of toxicity 
data have not provided sufficient information on the 
toxicity of chemicals and made several recommenda-
tions for providing the Agency with additional author-
ity to assess the hazards of chemicals and control those 
of greatest concern [59]. Even though laws have been 
introduced, there have not yet been any  substantive 
changes regarding how chemicals are regulated by the 
US government. However, individual states, such as 
California and Maine, are beginning to take action.

Although the FDA has a statute that requires safety 
information on chemicals prior to their approval, this 
has not prevented widespread exposure to poten-
tially harmful chemicals. For some chemicals, such as 
bisphenol-A (BPA), approval as a food additive was 
first granted in the 1950s, before the toxicity of this 
chemical was fully understood. As a result, there has 
been widespread exposure in the population for several 
decades, As laboratory methods have become more 
sophisticated at detecting low levels of exposure, the 
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current levels of exposure have been associated with 
developmental harm. Although required to establish 
the safety of a food additive before approving its use, 
the US FDA has not yet banned the use of BPA as a food 
additive and continues to assure the public that current 
levels of exposure are safe, despite scientific guidance 
to the contrary [60, 61].

Canada has a different chemicals policy from the 
USA that requires chemical companies to  conduct 
 testing of “new” (post-1994) chemicals based on 
 production or import volume. Canada created a 
Domestic Substances List (DSL) Categorization, which 
examined information available on the roughly 23 000 
previously unassessed chemicals that have been in 
commerce in Canada over the last two decades. Thus 
far, Canada has identified 200 substances that are of 
“high priority” [62] including persistent, bioaccumu-
lative toxins and chemicals with a high likelihood of 
exposure. In contrast to the shortcoming of chemical 
policies in the USA, when  evaluating the same scien-
tific evidence, Canada has declared that bisphenol-A 
is a “dangerous substance” and has banned its use 
from baby bottles and placed restrictions on use in 
infant formula [63]. This difference in policy occurred 
because Canada uses a different weight of evidence 
when determining the safety of BPA. In April 2008, 
Canada’s Health Agency concluded

… bisphenol-A exposure to newborns and infants is 
below levels that may pose a risk, however, the gap 
between exposure and effect is not large enough.

Thus Canada has taken a more precautionary approach 
to regulating BPA by concluding the margin of expo-
sure between effect and potential harm was not large 
enough to warrant continued exposure.

European Union chemicals policy
The most comprehensive chemicals policy in existence is 
in the European Union where, since 2004, a set of direc-
tives targeting the management of  chemicals and prod-
ucts produced or imported into the region have been 
enacted. As aforementioned, many of the European 
Union chemicals policies have been guided by the 
“ precautionary principle,” which has steered a number 
of directives in the EU including the following:

(1) The Cosmetics Directive, prohibiting the use of 
1000 known or suspected carcinogens, mutagens, 
or reproductive toxicants in cosmetics (2004) [64].

(2) The Waste in Electrical and Electronic Equipment 
(WEEE) directive, requiring producers to take 

back products at the end of their useful life 
(2005) [65].

(3) The Restriction of Hazardous Substances in 
Electrical and Electronic Equipment (RoHS) 
regulation, prohibiting the use of lead, cadmium, 
mercury, and certain flame retardants in 
electronics sold in the EU [66].

(4) The Registration, Evaluation, Authorisation and 
Restriction of Chemicals (REACH) regulation 
of 2006 which requires producers and users of 
chemicals in commerce in Europe to register and 
provide public information on their chemical 
production, use, hazard and exposure potential. 
For chemicals identified as substances of very 
high concern, REACH will allow their use only if 
explicitly authorized [67].

While it will be many years before the full implemen-
tation of REACH, coupled with the directives that 
require product stewardship (WEEE) and restrict 
some hazardous substances (RoHS and the Cosmetics 
Directive), these chemical policies will make publicly 
available new information on chemical toxicity and 
will affect global markets. As a result, REACH has the 
potential to reduce chemical exposures worldwide, 
especially to some of the most toxic chemicals that are 
produced at high volumes. This new chemical policy 
will also require new substitutes to be tested for toxicity, 
and it has the potential to limit the current  problem of 
replacing one toxic chemical with another. For exam-
ple, as the PBDEs have been phased out of use, they 
have been replaced by other  halogenated flame retard-
ants that have similar  persistent and  bioaccumulative 
toxicities [68].

These new chemicals policies could result in a glut 
of toxic chemicals on the world market. In response, 
measures should be enacted to limit “dumping” of toxic 
chemicals from one country to another.

Conclusion
Manufactured and mined chemicals are ubiquitous in 
the environment, in wildlife, and in humans. There is 
increasing growth of chemical manufacturing both in 
developed and developing countries, posing increased 
exposures to the human population. This increas-
ing load, coupled with concerns about unexplained 
increases in many chronic diseases warrant close 
attention to environmental chemicals as a prevent-
able risk factor of chronic disease. Making personal, 
market-based, and government-based decisions about 
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exposures to environmental chemicals requires some 
type of knowledge about potential consequences of 
exposure. The current legal and regulatory structures 
in many countries do not typically require toxicity 
information for most chemicals – either those on the 
market or those proposed for manufacture. While sci-
entific information is only one factor that plays a role in 
personal or public decision-making, it plays a critical 
role in making informed decisions.

Most forms of public policies and decision-making 
require some toxicological knowledge for inform-
ing actions, though scientific information is only one 
part of the process, as decisions and policies are also 
influenced by politics, economics, and other external 
forces.

While in the past it was often efficient to regulate 
within a country or region to protect local citizens, 
globalization of markets has shown that products and 
chemicals are increasingly moving among countries of 
the world, whether legal or not (e.g. lead in toys) and 
that while efforts within countries are important, ulti-
mately internationally binding agreements are needed 
to ensure prevention of harmful exposures.
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and reproductive health for exposed individuals, their 
offspring, and subsequent generations.

Challenges
Attempts to link individual chemicals to specific 
reproductive outcomes – the way much of the research 
to date has been approached – may not be appropri-
ate in this complex situation. Rather it is necessary 
to recognize that we are all exposed simultaneously 
to low doses of a large number of chemicals, many 
with the capacity to alter a range of reproductive 
outcomes, and recent work has shown these effects 
to be dose additive. On the other hand, most ani-
mal testing is conducted on chemicals singly and at 
higher doses, so that these testing scenarios are not 
appropriate to evaluate risks from realistic exposure 
scenarios in which the effective cumulative dose is 
actually not low. Exceptions include an isolated and 
well-defined high exposure (e.g. the pharmaceutical 
given to pregnant women, diethylstilbestrol (DES), 
which was a potent transplacental carcinogen) or 
a chemical disaster (e.g. massive dioxin exposure 
from a local factory in Seveso, Italy), or occupational 
exposures to specific chemicals. Such peak, isolated 
exposures provide unique insights into actions of 
endocrine disruptors, and DES is discussed exten-
sively in this volume. However, multiple chemical 
exposures are ubiquitous, including from food and 
water, personal-care products (cosmetics, shampoo, 
deodorant, lotions), household dust, new linens, 
 carpets, curtains, plastic shower curtains, tin and 
aluminum can linings, home furnishings, and pes-
ticides. The issue of low- vs. high-level exposures is 
complex, and questions have arisen whether animal 
models, with which most toxicology studies are con-
ducted, are really translatable to human exposures 
and human health outcomes.

Conclusions – what does all this 
mean, and where are we going?
Shanna H. Swan, Patricia Hunt,  and Linda C. Giudice

Some important concepts
In this book, leaders in environmental health and 
 science have summarized the most current informa-
tion about environmental contaminants and expo-
sures, and their relevance to reproductive health and 
reproductive disorders. Several themes emerge. One 
key theme is that exposure to environmental agents at 
all life stages – during embryonic and prenatal devel-
opment, neonatally in childhood, adolescence, and 
adulthood – have the potential to adversely influence 
reproduction. Reproductive effects of these exposures 
include pubertal development, fertility, pregnancy 
outcome, and reproductive cancer risk. As discussed 
throughout this volume, timing, route of exposure, and 
dose are all important considerations in assessing risk 
of these exposures, as are synergistic effects of multiple 
chemicals, interactions with cofactors (e.g. nutrition or 
stress), and latency of effects.

Many chemicals that affect reproductive health are 
endocrine disruptors – mimetics or antagonists of nat-
urally occurring steroid hormones, or chemicals that 
have the capacity to alter the metabolism, half-life, 
secretion, and excretion of endogenous hormones. 
These naturally occurring hormones are critical to a 
range of reproductive processes and are important in 
minimizing reproductive cancer risk. There is a wide 
range of mechanisms by which these endocrine dis-
ruptors may act, including binding to endogenous hor-
mone receptors, promoting altered gene expression, 
direct mutation/alteration of DNA sequences, and 
epigenetic changes in histones or DNA that can result 
in transgenerational transmission of effects. While the 
human genome sequence was completed in 2000[1,2] 
the epigenome comprises the next generation of scien-
tific advancement – the “second genome” [3] and is of 
critical importance in understanding effects of envi-
ronmental contaminants on reproductive processes 
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Toxicity testing
Advances in health technologies to monitor biological 
actions of chemicals, along with advances in systems 
biology, including bioinformatics, computational tech-
nologies to quantify and characterize effects of thou-
sands of chemicals on cellular functions, biochemical 
pathways and cellular components offer an opportu-
nity to revolutionize toxicology testing. The US EPA 
established the National Center for Computational 
Toxicology to develop software and methods for pre-
dicting toxicity (http://www.epa.gov/ncct/). Also, the 
NIEHS has partnered with the NIH Chemical Genomics 
Center to conduct high throughput screening of multi-
ple chemicals in a timely and cost-effective manner [4]. 
The optimal cell type for chemical screening of envi-
ronmental contaminants remains to be determined, 
but the California Institute for Regenerative Medicine 
convened a workshop in Summer 2008 wherein human 
stem cells were considered an appropriate cell type for 
chemical screening [5]. The future of toxicology testing 
in the twenty-first century is summarized in a special 
report from the National Academy of Sciences (NAS) 
[6] that highlights the vision for toxicity testing in the 
future and is a “must read.”

Risk assessment
Regarding assessment of risk, the NAS has recently 
published a summary of special analysis of science 
and decisions: advancing risk assessment [7] that is 
particularly relevant to environmental risk assess-
ment. In addition, a report by the National Academy 
of Sciences’ panel on Phthalates and Cumulative Risk 
Assessment: The Task Ahead [8] recommends cumu-
lative risk assessment. In addition, the uncertainty 
inherent to correlations, extrapolated studies from 
animals (wildlife and laboratory/ experimental), and 
epidemiologic studies must be addressed. Importantly, 
assessment of risk must be linked to action(s) to be 
taken regarding the output of risk assessment [7].

Public policy
In addition to understanding mechanisms under-
lying the actions of environmental contaminants 
on reproductive health, prevention of harm is of 
paramount importance, as is education of the pub-
lic for preservation and maximizing reproductive 
(and other) health outcomes. Having rigorous sci-
entific and epidemiology studies is essential in the 

 translation to human health and risk assessment. 
To this end, the National Health and Nutrition 
Examination Survey (NHANES) provides periodic 
and regular monitoring of biomarkers of environ-
mental contaminant measurements. The National 
Children’s Study, launched this year, will provide 
unparalleled data collected by assessing prenatal 
exposures in 100 000 pregnant women nationally, 
and following their offspring with frequent assess-
ments for up to 21 years. Also, responsible chemi-
cal policies, including inventories of chemicals in 
communities, states, and nationally, responsible dis-
posal and re-use of chemicals, and educating a new 
workforce in research and education in green chem-
istry are all part of the future. Recently, the state of 
California has issued a set of Green Chemistry ini-
tiatives consistent with these goals [9].

Summary
The task before us is large and the stakes are high. The 
health of our citizens, the health of future generations 
and, indeed, the continuation of our species depend 
upon the combined actions of scientists, legislators, 
community leaders, and individuals. To this end, we 
are responding to the challenge of assessing repro-
ductive risk from widespread exposure to over 80 000 
chemicals by embarking upon a new era of data col-
lection, epidemiologic studies, mechanistic analyses, 
toxicity testing, green chemistry, and engaging the 
public and key stakeholders in understanding, con-
trolling, and treating the threats to reproductive 
health.
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