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Founded in 1916, the Endocrine Society is
N | the world’s oldest, largest, and most active

ENDOCR' N E B organization devoted to research on hor-
SOC' ETY /] mones and the clinical practice of endo-

Hormone Science to Health crinology. The Endocrine Society’s mem-

bership consists of over 18,000 scientists,

physicians, educators, nurses, and students
in more than 100 countries. Society members represent all basic, applied and
clinical interests in endocrinology. Included among the Society’s members are the
world’s leading experts on the health effects of EDCs.

Endocrine Society members have been at the forefront of scientific advancements
in the field of EDCs since it was first recognized that exogenous chemicals can
have effects on endocrine systems. The Society held its first public meeting on
EDCs in conjunction with its Annual Meeting in San Francisco in 2005. The So-
ciety’s landmark 2009 Scientific Statement on EDCs was the first comprehensive
review of the EDC literature, and it represented the first public statement on the
issue from a major mainstream international medical society.

IPEN is a leading global network of 700
ﬁﬁ non-governmental organizations (NGOs)
L“N working in more than 100 developing
a toxics-free future countries and countries with economies

in transition. IPEN works to establish and

implement safe chemicals policies and practices to protect human health and the
environment. It does this by building the capacity of its member organizations to
implement on-the-ground activities, learn from each other’s work, and work at the
international level to set priorities and achieve new policies. Its mission is a toxics-
free future for all.

IPEN has been engaged in the SAICM process since 2003, and its global network
helped to develop the SAICM international policy framework. At its founding, in
1998, IPEN focused on advancing the development and implementation of the
Stockholm Convention on persistent organic pollutants (POPs). Today, its mission
also includes promoting safe chemicals management through the SAICM process
(where it holds the public interest organization seat on the SAICM Bureau), halt-
ing the spread of toxic metals, and building a movement for a toxics-free future.
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FOREWORD

Scientific understanding of the health impacts of endocrine-disrupting chemi-
cals (EDCs) has been growing in recent years, and in 2012, this issue entered the
international chemical policy arena via the Strategic Approach to International
Chemicals Management (SAICM) as noted in Annex I. SAICM is a multi-stake-
holder policy framework to foster the sound management of chemicals with a
goal of ensuring that, by the year 2020, chemicals are produced and used in ways
that minimize significant adverse impacts on the environment and on human
health.

To raise global awareness about endocrine-disrupting chemicals (EDCs) the En-
docrine Society and IPEN have joined together to develop this EDC Guide. The
guide draws from each organization’s strengths to present a more comprehensive
picture of global EDC exposures and health risks than either could have done
alone. Endocrine Society authors contributed the scientific and health-related
content; IPEN provides knowledge of global policies and perspectives from
developing and transition countries.

In preparing and distributing this guide, we hope to help global policymakers,
government leaders, and public interest organizations throughout the world bet-
ter understand what EDCs are and the impact EDCs have on human health. We
further hope that greater awareness will lead to additional programs to enhance
knowledge of EDCs, to foster new research into the effects of these chemicals,
and to promote a greater appreciation for the critical need for endocrine prin-
ciples to be applied in formulating EDC policy and regulations.

Sincerely,
Richard J. Santen, MD Olga Speranskaya, PhD
President, Endocrine Society Co-Chair, IPEN
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EXECUTIVE SUMMARY

Scientific knowledge about endocrine-disrupting chemicals (EDCs) has been
increasing rapidly in recent years. Along with evidence on the impact of these
chemicals on human health, there is a growing body of literature that suggests
that relying upon traditional scientific methods for assessing the human health
impact of chemicals is inadequate when assessing EDCs and such methods, in
fact, may result in dangerous and faulty policy.

EDCs are defined by the Endocrine Society as: “an exogenous
[non-natural] chemical, or mixture of chemicals, that interferes with
any aspect of hormone action.” Hormones are natural chemicals pro-
duced in cells within endocrine glands, which are located throughout
the body.

Hormones coordinate the development of every individual from a single fertil-
ized cell to the many millions of specialized cells that make up the blood, bones,
brain, and other tissues. More than a century of biological research has proven
that as an individual develops, the changing hormonal needs of each organ
require hormones to be present in precise amounts at particular times, and that
the needs of each organ and tissue change through the life cycle. Circulating in
very low concentrations, hormones regulate the body’s response to different
nutritional demands (e.g. hunger, starvation, obesity, etc.); they are critical to
reproductive function; and they are essential to normal development of the body
and brain. As a whole, the endocrine system is one of the body’s major interfaces
with the environment, allowing for development, adaptation and maintenance of
bodily processes and health. In other words, they play key roles in determining
the quality of life, and many hormones are absolutely essential for survival.

Because of the endocrine system’s critical role in so many important biological
and physiological functions, impairments in any part of the endocrine system can
lead to disease or even death. By interfering with the body’s endocrine systems,
EDC exposure can therefore perturb many functions.

EDCs are a global and ubiquitous problem. Exposure occurs at home, in the of-
fice, on the farm, in the air we breathe, the food we eat, and the water we drink.
Of the hundreds of thousands of manufactured chemicals, it is estimated that
about 1000 may have endocrine-acting properties. Biomonitoring (measurement
of chemicals in body fluids and tissues) shows nearly 100% of humans have a
chemical body burden based on detectable levels in blood, urine, placenta and
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umbilical cord blood, and body tissues such as adipose tissue (fat). Some com-
mon examples of EDCs include DDT and other pesticides; bisphenol A (BPA) and
phthalates used in children’s products, personal care products and food contain-
ers; and flame retardants used in furniture and floor coverings. In addition to the
known EDCs, there are countless suspected EDCs or chemicals that have never
been tested.

Exposures to known EDCs are relatively high in contaminated environments in
which industrial chemicals leach into soil and water; are taken up by microorgan-
isms, algae, and plants; and move into the animal kingdom as animals eat the
plants, and bigger animals eat the smaller animals. Animals at the top of the food
chain, including humans, have the highest concentrations of such environmental
chemicals in their tissues.

There is good reason to suspect that increasing chemical production and use

is related to the growing incidence of endocrine-associated pediatric disorders
over the past 20 years, including male reproductive problems (cryptorchidism,
hypospadias, testicular cancer), early female puberty, leukemia, brain cancer, and
neurobehavioral disorders. At the same time, the global production of plastics
grew from 50 million tons in the mid-1970s to nearly 300 million today, and sales
for the global chemical industry have sharply increased from USD$171 billion in
1970 to over USD$4 trillion in 2013. Chemicals such as polychlorinated biphenyls
(PCBs), BPA, and phthalates, are now detectable in serum, fat, and umbilical cord
blood in humans around the globe. In fact, the concept of “better living through
chemistry” was introduced by the chemical industry in the 1930s. This pervasive
notion underlies the global escalation in chemicals production.

Over the last two decades there has been burgeoning scientific evidence based on
field research in wildlife species, epidemiological data on humans, and labora-
tory research with cell cultures and animal models that provides insights into
how EDCs cause biological changes, and how that may lead to disease. How-
ever, endocrinologists now believe that a shift away from traditional toxicity
testing is needed. The prevailing dogma applied to chemical risk assessment is
that “the dose makes the poison.” These testing protocols are based on the idea
that there is always a simple, linear relationship between dose and toxicity, with
higher doses being more toxic, and lower doses less toxic. This strategy is used
to establish a dose below which a chemical is considered “safe,” and experiments
are conducted to determine that threshold for safety. Traditional testing involves
chemicals being tested one at a time on adult animals, and they are presumed
safe if they did not result in cancer or death.

A paradigm shift away from this dogma is required in order to assess fully the
impact of EDCs and to protect human health. Like natural hormones, EDCs
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There is good reason to suspect that increasing chemical
production and use is related to the growing incidence of
endocrine-associated pediatric disorders over the past 20
years, including male reproductive problems (cryptorchidism,
hypospadias, testicular cancer), early female puberty,
leukemia, brain cancer, and neurobehavioral disorders.

exist in the body in combination due to prolonged or continual environmental
exposures. Also like natural hormones, EDCs have effects at extremely low doses
(typically in the part-per-trillion to part-per-billion range) to regulate bodily
functions. This concept is particularly important in considering that exposures
start in the womb and continue throughout the life cycle. A new type of testing is
needed in order to reflect that EDCs impact human health even at the low levels
encountered in everyday life.

Rather than the old toxicological method of a single-exposure, dose-response
approach using pure compounds, it is vital that new risk assessment procedures
simulate more closely what occurs in nature. Rather than pure compounds, we
need to know the effects of combinations of compounds or mixtures. We also
need to recognize that because certain life stages are particularly vulnerable to
EDCs, especially early in development, testing EDC effects on adults, which is
the norm in traditional risk assessment, may not extrapolate to the exposed fetus
or infant.

Introduction to EDCs (December 2014/ 3



1. MAJOR HEALTH AND
SCIENCE INSTITUTIONS
HIGHLIGHT CONCERNS
ABOUT EDCs

Significant advances in research into endocrine-disrupting chemicals (EDCs) and
their health effects have elevated concerns in recent years about these chemi-

cals among a number of international scientific and health organizations. The
Endocrine Society was the first to take a public stance on the state of EDC science
with the 2009 publication of its Scientific Statement on EDCs (1). At that time,

the Society’s membership asserted that there was sufficient evidence to conclude
that EDCs pose a public health risk. The Society’s 2012 Statement of Principles on
EDCs and Public Health Protection, letters to the European Commission (March
2013), and to the Secretariat of the Strategic Approach to International Chemicals
Management (SAICM, June 2013) encouraging science-based action on EDCs
further advanced awareness and understanding of EDCs.

Since the Endocrine Society’s inaugural statement in 2009, the number of medical
societies voicing concern over EDCs globally has grown in parallel with the body
of literature revealing negative health effects of chemicals that interfere with hor-
mone action. In the United States, the American Medical Association - the largest
organization of US medical professionals - adopted a policy in November 2009
(D-135.982, Regulation of Endocrine-Disrupting Chemicals) calling for improved
regulatory oversight of EDCs based on “comprehensive data covering both low-
level and high-level exposures””. In the same month, the American Public Health
Association called for “a precautionary approach to reducing American expo-
sure to endocrine-disrupting chemicals.” The American Chemical Society issued
a 2012-2015 policy statement on testing for endocrine disruption?, recommending

*  https://ssl3.ama-assn.org/apps/ecomm/PolicyFinderForm.pl?site=www.ama-assn.org&uri=%2fresou
rees%2fthtml%2fPolicyFinder%2fpolicyfiles%2fDIR %2fD-135.982. HTM

+  http://www.apha.org/policies-and-advocacy/public-health-policy-statements/policy-
database/2014/07/09/09/03/a-precautionary-approach-to-reducing-american-exposure-to-endo-

crine-disrupting-chemicals

+

http://www.acs.org/content/dam/acsorg/policy/publicpolicies/promote/endocrinedisruptors/2012-
05-testing-for-erine-disruption.pdf


https://ssl3.ama-assn.org/apps/ecomm/PolicyFinderForm.pl?site=www.ama-assn.org&uri=%2fresources%2fhtml%2fPolicyFinder%2fpolicyfiles%2fDIR%2fD-135.982.HTM
https://ssl3.ama-assn.org/apps/ecomm/PolicyFinderForm.pl?site=www.ama-assn.org&uri=%2fresources%2fhtml%2fPolicyFinder%2fpolicyfiles%2fDIR%2fD-135.982.HTM
http://www.apha.org/policies-and-advocacy/public-health-policy-statements/policy-database/2014/07/09/09/03/a-precautionary-approach-to-reducing-american-exposure-to-endocrine-disrupting-chemicals
http://www.apha.org/policies-and-advocacy/public-health-policy-statements/policy-database/2014/07/09/09/03/a-precautionary-approach-to-reducing-american-exposure-to-endocrine-disrupting-chemicals
http://www.apha.org/policies-and-advocacy/public-health-policy-statements/policy-database/2014/07/09/09/03/a-precautionary-approach-to-reducing-american-exposure-to-endocrine-disrupting-chemicals
http://www.acs.org/content/dam/acsorg/policy/publicpolicies/promote/endocrinedisruptors/2012-05-testing-for-erine-disruption.pdf
http://www.acs.org/content/dam/acsorg/policy/publicpolicies/promote/endocrinedisruptors/2012-05-testing-for-erine-disruption.pdf

The American Chemical Society issued a 2012-2015
policy statement on testing for endocrine disruption,
recommending expanded education and research,
updated testing protocols, and the development of safer
alternatives to EDCs.

expanded education and research, updated testing protocols, and the develop-
ment of safer alternatives to EDCs.

A number of international and global health organizations also have taken up the
call for improved EDC policies. In February 2013, the World Health Organiza-
tion (WHO) and United Nations Environment Programme (UNEP) launched
their joint 2012 report on the state of the science of EDCs" (2). The report outlines
the current understanding of EDCs and their effects on human health; it also
recommends improved testing and reduced exposures to EDCs. Also in 2013,

the Collegium Ramazzini - an international academy of renowned occupational
and environmental health experts - issued a statement on EDCs in the European
Union' calling for the expansion of the scope of the REACH (Registration, Evalu-
ation, Authorisation and Restriction of Chemicals) legislation and more inclusive
assessment of the totality of scientific evidence in regulatory decision-making.
Again in 2013, a large group of independent scientists issued the Berlaymont
Declaration expressing concern over EDCs and calling on the European Commis-
sion to improve its regulatory regime governing these chemicalst. The Declara-
tion has been signed by nearly 100 scientists from 19 countries, including Chile,

*

http://www.who.int/ceh/publications/endocrine/en/
http://www.collegiumramazzini.org/download/EDCs_Recommendations(2013).pdf
http://www.brunel.ac.uk/__data/assets/pdf_file/0005/300200/The_Berlaymont_Declaration_on__
Endocrine_Disrupters.pdf

o
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China, Czech Republic, Mexico, South Africa, and several European Union
member states.

The above examples are not an exhaustive list and do not include statements by
large medical associations that address EDCs in the context of the larger universe
of toxic chemicals. In October 2013, the American College of Obstetrics and Gy-
necology and the American Society of Reproductive Medicine issued a joint com-
mittee opinion “calling for timely action to identify and reduce exposure to toxic
environmental agents”” (3). The British Royal College of Obstetrics and Gynaeco-
logy issued a 2013 Scientific Impact Paper on chemical exposures during preg-

+ o

nancy’ “to inform women who are pregnant or breastfeeding of the sources and

routes of chemical exposure in order for them to take positive action in regard to
minimising harm to their unborn child” (4). Finally, the International Conference
on Children’s Health and Environment issued a 2013 Jerusalem Statement! on its

“commitment to protect children’s health from environmental hazards.”

As the global scientific and medical community continues to express concern
over EDCs and their harmful effects on human health, public policies should be
grounded in the latest available scientific evidence.

*  http://www.acog.org/~/media/Committee%200pinions/Committee%200n%20Health%20Care%20
for%20Underserved%20Women/co575.pdf ?dme=1&ts=20140912T1804036966
+  https://www.rcog.org.uk/en/guidelines-research-services/guidelines/sip37/

++

http://www.isde.org/Jerusalem_Statement.pdf


http://www.acog.org/~/media/Committee%20Opinions/Committee%20on%20Health%20Care%20for%20Underserved%20Women/co575.pdf?dmc=1&ts=20140912T1804036966
http://www.acog.org/~/media/Committee%20Opinions/Committee%20on%20Health%20Care%20for%20Underserved%20Women/co575.pdf?dmc=1&ts=20140912T1804036966
https://www.rcog.org.uk/en/guidelines-research-services/guidelines/sip37/
http://www.isde.org/Jerusalem_Statement.pdf

2. INTRODUCTION TO
THE HUMAN ENDOCRINE
SYSTEM AND EDCs

I. BACKGROUND ON THE HUMAN ENDOCRINE SYSTEM

The endocrine system consists of a series of glands that are distributed through-
out the body (Figure 1). Each gland produces one or more hormones. Hormones
are natural chemicals that are produced in cells within a gland and released into
the circulatory system, where they travel through the bloodstream until they
reach a target tissue or organ. There, they bind to specific receptors, triggering

a response such as production of another hormone, a change in metabolism, a

Brain
Pineal
Hypothal

Pituitary

Parathyroid
Thyroid

Cardiovascular
System

Mammary
Glands
{female)

Figure 1. Diagram of major endocrine glands in the human body,
shown in a female (left) and male (right).
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behavioral response, or other responses, depending upon the specific hormone
and its target. Some endocrine glands produce a single hormone, while others
produce multiple endocrine hormones (Table 1). For example, the parathyroid
gland produces a single known hormone (parathyroid hormone), whereas the
pituitary gland makes eight or more hormones, including prolactin and growth
hormone. Prolactin is involved in making breast milk, and it is only synthesized
and released from the pituitary glands of women who are breast feeding their in-
fants. By contrast, growth hormone is synthesized throughout life, as it is impor-
tant for growth and development in childhood and for building and maintaining
muscles and the skeleton in adulthood. It is also notable that some endocrine
glands have other, non-endocrine functions. The pancreas is a good example: it
produces the hormone insulin, which circulates in the blood and is necessary for
normal regulation of blood sugar levels; and it makes digestive enzymes that go
directly to the digestive tract and are not part of the endocrine system because
they are not released into the blood. Clearly, endocrine systems and functions
are complex and diverse, with each gland and hormone playing unique roles in
health and well-being.

These examples, together with the additional information provided in Table 1,
underscore a critical point about all endocrine systems: they are absolutely neces-
sary for human health. Endocrine glands and the hormones they produce enable
the body to adapt to environmental change; they allow metabolic adjustments

to occur in response to different nutritional demands (e.g. hunger, starvation,
obesity, etc.); they are critical to reproductive function; and they are essential

to normal development of the body and brain. Thus, as a whole, the endocrine
system is one of the body’s major interfaces with the environment, allowing for
development, adaptation, and maintenance of bodily processes and health.

Because of the endocrine system’s critical role in so many important biological
and physiological functions, impairments in any part of the endocrine system can
lead to disease or even death. For example, diabetics have deficiencies in insulin
release and/or action, and people with type I diabetes will die without insulin
replacement. Aldosterone is also critical for life, and adrenal diseases affecting
aldosterone function can be life-threatening. Often, under- or over-secretion of
hormones such as thyroid hormone results in metabolic disturbances and many
physical and neurobiological changes, due to thyroid hormone’s key role in
day-to-day cellular metabolism and brain function. Other hormonal dysfunctions
include infertility, growth disturbances, sleep disorders, and many other chronic
and acute diseases. Thus, endocrine hormones must be released at the appropri-
ate amounts, and endocrine glands must be able to adjust hormone release in
response to the changing environment, to enable a healthy life.



TABLE 1. MAJOR ENDOCRINE GLANDS

Major hormone(s)

Endocrine Location in secreted by the

Gland the body gland General effect(s)

Pituitary Just under 1. Growth hormone 1. Growth
the brain, and 2. TSH 2. Metabolism
above the roof 3. ACTH 3. Stress and immune responses
of the mouth  4.LH 4 & 5. Reproduction in both

5. FSH males and females

6. Prolactin 6. Milk production

7. Oxytocin 7. Milk release during nursing,

8. Vasopressin and uterine contraction during
delivery of a baby
8. Electrolyte balance and blood
pressure.

Pineal Next to the Melatonin 24-hour biological rhythms of
base of the sleep, wakefulness and activity.
brain

Thyroid Both sides 1. Thyroid hormones 1. Metabolism
of the lower 2. Calcitonin 2. Calcium balance.
throat

Parathyroid Adjacent to

Parathyroid hor-

Calcium balance

the thyroid mone
gland
Hypothalamus Base of brain 1. GHRH 1. Growth
2. TRH 2. Metabolism
3.CRH 3. Stress and immune responses
4. GnRH 4. Reproduction
5. Dopamine 5. Lactation (dopamine is the
prolactin-inhibiting hormone).
Pancreas Abdomen 1. Insulin 1& 2. Blood sugar and other
2. Glucagon nutrient requlation.
Adrenal Above the 1. Glucocorticoids 1. Stress and immune responses
kidney (cortisol) 2. Blood pressure and water
2. Mineralocorti- balance
coids (aldosterone) 3. Growth of muscle and bone.
3. Sex steroids
(DHEA and others)
Ovary (fe- Abdomen Sex steroids, espe-  Reproduction in females
male) cially estrogens and
progesterone
Testis (male) Scrotum Sex steroids, es- Reproduction in males

pecially androgens
(testosterone)

The numbers of hormones in the third column, “Major hormone(s) secreted by the gland,” corresponds to
the numbers in the fourth column, “General effects,” describing the functions of these hormones.
Abbreviations: ACTH: adrenocorticotropic hormone; CRH: corticotropin-releasing hormone; DHEA:
dehydroepiandrosterone; FSH: follicle-stimulating hormone; GHRH: growth hormone-releasing hor-
mone; GnRH: gonadotropin-releasing hormone; LH: luteinizing hormone; TRH: thyrotropin-releasing
hormone; TSH: thyroid-stimulating hormone.



Il. WHAT ARE EDCs, HOW ARE THEY USED, AND WHERE ARE
THEY FOUND?

EDCs were recently defined by the Endocrine Society (endocrine.org), the largest
international group of scientists and physicians working and practicing in the
field of endocrinology, as: “an exogenous [non-natural] chemical, or mixture of
chemicals, that interferes with any aspect of hormone action” (5). There are over
85,000 manufactured chemicals, of which thousands may be EDCs. A short list of
representative EDCs and their applications is provided in Table 2. There are doz-
ens of other processes and products that include EDCs, too numerous to include
in this table.

TABLE 2. SOME KNOWN EDCS AND THEIR USES

Category/Use Example EDCs
Pesticides DDT, chlorpyrifos, atrazine,
2,4-D, glyphosate
Children's products Lead, phthalates, cadmium
Food contact materials BPA, phthalates, phenol
Electronics and Building materials Brominated flame retardants, PCBs
Personal care products, medical tubing Phthalates
Antibacterials Triclosan
Textiles, clothing Perfluorochemicals

Abbreviations: BPA: bisphenol A; 2,4-D: 2,4-dichlorophenoxyacetic acid; DDT: dichlorodiphenyltrichlo-
roethane; PCBs: polychlorinated biphenyls

People and animals come into contact with EDCs by a variety of routes (Table 3),

including consumption of food and water, through the skin, by inhalation, and by
transfer from mother to fetus (across the placenta) or mother to infant (via lacta-

tion) if a woman has EDCs in her body.


http://endocrine.org
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TABLE 3. EXAMPLES OF EDC ROUTES OF EXPOSURES IN HUMANS

How we are exposed
to EDCs

Where the EDCs come
from

EDC example(s)

Oral consumption of
contaminated food or
water

Industrial waste or pesticides
contaminating soil or ground-
water

PCBs, dioxins, perfluori-
nated compounds, DDT

Oral consumption of
contaminated food or
water

Leaching of chemicals from
food or beverage containers;
pesticide residues in food or
beverage

BPA, phthalates,
chlorpyrifos, DDT

Contact with skin and/
or inhalation

Household furniture treated
with flame retardants

BFRs

Contact with skin and/
or inhalation

Pesticides used in agriculture,
homes, or for public disease
vector control

DDT, chlorpyrifos,
vinclozolin, pyrethroids

Intravenous

Intravenous tubing

Phthalates

Application to skin

Some cosmetics, personal
care products, anti-bacterials,
sunscreens, medications

Phthalates, triclosan, Para-
bens, insect repellants

Biological transfer from
placenta

Maternal body burden due to
prior/current exposures

Numerous EDCs can cross
the placenta

Biological transfer from
mother’s milk

Maternal body burden due to
prior/current exposures

Numerous EDCs are
detected in milk

Abbreviations: BFR: brominated flame retardant; BPA: bisphenol A; PCBs: polychlorinated biphenyls

To understand how EDCs perturb the endocrine system, it is necessary to have

some basic understanding of how natural hormones work in the body. The

chemical composition and three-dimensional shape of each endocrine hormone

is unique. Every hormone in turn has a corresponding receptor (or receptors)

localized on the target cells. A receptor’s shape is complementary to its hormone,
similar to the way in which one key (hormone) is specific to a lock (receptor). The
response of a given tissue or organ to a hormone is determined by the presence of
receptors on target cells and receptor activation by hormone binding. The abil-
ity of a hormone to activate its receptor depends upon several factors, including
how much hormone is synthesized and released by the endocrine gland, how it is
transported through the circulation, how much reaches the target organ, and how
potently and for how long the hormone can activate its receptor. These properties



are fundamental to normal hormonal signalling. EDCs can interfere with any -
and all - of these steps.

EDCs often disrupt endocrine systems by mimicking or blocking a natural hor-
mone. In the case of hormone mimics, an EDC can “trick” that hormone’s receptor
into thinking that the EDC is the hormone, and this can inappropriately activate
the receptor and trigger processes normally activated only by a natural hormone.
In the case of hormone blockers, an EDC can bind to a hormone’s receptor, but

in this case, the receptor is blocked and cannot be activated, even if the natural
hormone is present.

The best known example is endocrine disruption of estrogenic hormones, which
act upon the body’s estrogen receptors (ERs). In both males and females, ERs are
present in many cells in the brain, in bone, in vascular tissues, and in reproductive
tissues. While estrogens are best understood for their roles in female reproduction,
they are important for male reproduction, and are also involved in neurobiologi-
cal functions, bone development and maintenance, cardiovascular functions, and
many other functions. Natural estrogens exert these actions, after being released
from the gonad (ovary-female or testis-male), by binding to ERs in the target tis-

sues.

Estrogen receptors are not the only receptors that are attacked in this manner by
EDCs, although they are the best studied. Receptors for androgens (testosterone),
progesterone, thyroid hormones, and many others, are interfered in their func-
tioning by EDCs. In addition, because EDCs are not natural hormones, a single
EDC may have the ability to affect multiple hormonal signalling pathways. Thus,
it is quite likely that one type of EDC can disrupt two, three, or more endocrine
functions, with widespread consequences on the biological processes that are con-
trolled by those vulnerable endocrine glands.
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3. IMPACTS OF EDCs

I. HISTORICAL PERSPECTIVE ON EDCs

Since 1940 there has been an exponential increase in the number, and abundance,
of manufactured chemicals, some of which have been released (intentionally or
not) into the environment. This chemical revolution has irreversibly changed
ecosystems in a manner that has had severe impacts on wildlife and human health.
Rachel Carson’s book Silent Spring, published in 1962, was the first public warn-
ing that environmental contamination, in particular the pesticide DDT, might be
responsible for the reduced numbers of birds due to reproductive failure caused by
this and other toxic chemicals.

However, whether chemical exposures caused toxicity in humans was unclear, with
the exception of massive chemical spills or contamination. In addition, although it
is now well-accepted that some chemicals and pharmaceuticals can cross the pla-
centa, fifty years ago it was thought that the placenta acted as a barrier, protecting
the developing fetus from any exposure. Two unfortunate clinical events trans-
formed and ultimately negated this perspective. The first was the realization that
pregnant women given thalidomide to alleviate nausea during the first trimester
sometimes gave birth to infants with severe malformations. Clearly, the fetus was
vulnerable to pharmaceuticals given to the mother. The second breakthrough
discovery was that of diesthylstilbestrol (DES) given to pregnant women to avert
miscarriage. DES is similar in its properties to natural estrogen hormones. Girls
who had been exposed to DES in the womb often had reproductive tract malfor-
mations and some developed rare reproductive cancers in adolescence that were
normally only seen in postmenopausal women (6). Because of the long latency
between exposure (fetus) and disease (adolescence), the connection to DES was
not initially obvious. However, experimental work in mice exposed with DES as
fetuses also demonstrated reproductive disorders in the offspring as they matured
to adulthood. This cause-and-effect relationship between fetal DES, reproductive
tract malformations, and cancer later in life in girls was tied together to experi-
mental DES effects in mice, and the field of endocrine disruption was born.

Meanwhile, wild American alligators in Florida exposed to dicofol, an organo-
chlorine pesticide chemically related to DDT, exhibited genital and reproductive
malformations. The discovery of deformed frogs in Minnesota (US) by school chil-
dren on a nature field trip further illuminated the problem of chronic pollution by
agricultural runoff. Many other examples of associations between these and other
EDCs have since been confirmed in wildlife of every class (7).



When humans are tested for the presence of EDCs in their
blood, fat, urine, and other tissues, the results consistently
demonstrate a variety of EDCs in all individuals
worldwide.

Not surprisingly, chemical contamination of the environment has been proven to
affect humans and further discussion of this will be provided below. But the most
direct evidence for cause and effect came from several large-scale disasters in
which humans were exposed to varying amounts of chemicals, including both high
levels, which were acutely toxic, and lower levels, which have now been shown to
cause more chronic, subtle, and long-lasting effects. One example is the explosion
of a chemical manufacturing plant in Seveso, Italy, that exposed residents to high
levels of dioxins. Two more tragic exposure examples are Yusho in Japan (PCBs),
and Yucheng in Taiwan (polychlorinated dibenzofurans) in which contaminated
cooking oil caused mass poisoning. Of recent concern is the poisoning of school-
children in India in July 2013 through oil contaminated with the organophosphate
pesticide monocrotophos, which resulted in 23 deaths. The long-term endocrine-
disrupting effects of monocrotophos remain to be seen, although there is evidence
of estrogenicity from studies on mice and fish (8, 9). Another common route of
human exposure is in agriculture with the routine seasonal spraying of crops with
pesticides. This established practice can create a body burden that affects exposed
workers, nearby residents, consumers of the food, and even future generations, as
described below.
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Il. EDC EXPOSURES TO THE INDIVIDUAL, AND TO FUTURE
GENERATIONS

Exposure to environmental chemicals is life-long. Animals and humans living

in contaminated environments carry personal body burdens - the amount of
chemicals contained in an individual’s tissues - from direct exposure accumulated
throughout their lives. Some of these EDCs are persistent and bioaccumulative
(i.e., build up over time in body tissues). When humans are tested for the pres-
ence of EDCs in their blood, fat, urine, and other tissues, the results consistently
demonstrate a variety of EDCs in all individuals worldwide. These measurements
reflect contact with EDCs through food, water, skin absorption, and from the
atmosphere. Fat is a particularly important reservoir for EDCs, as these chemi-
cals’ compositions tend to make them fat-soluble. In addition, measures of EDC
body burdens reflect not only contemporary contact with EDCs; they also include
past exposures, sometimes decades ago, to persistent chemicals such as PCBs

and others. Beyond an individual’s own lifetime of exposures is the inheritance of
exposures to EDCs from his/her ancestors. For example, during pregnancy, some
of the chemicals stored in a woman’s body fat may cross the placenta and affect her
developing embryo. Some EDCs are detectable in breast milk and can be passed to
the suckling infant. In addition, there is now evidence that EDCs induce changes
to germ cells - precursors to sperm and egg cells - making their effects heritable
not just to one’s own children, but also to grandchildren, great-grandchildren, and
beyond. In other words, children can inherit the negative consequences induced
by the exposures of their ancestors. This is very important, because it underscores
the point that the introduction of a chemical into the environment, if it affects the
germ cells, will be inherited long after the chemical is cleaned up or breaks down.

I1l. EDCs AND ENDOCRINE DISEASE

It has been estimated that, globally, upwards of 24% of human diseases and
disorders are attributable to environmental factors (10) and that the environment
plays a role in 80% of the most deadly diseases, including cancer and respiratory
and cardiovascular diseases (11). Because perturbation of the endocrine system

is fundamental to the most prevalent of these diseases, EDCs may be primary
contributors. The incidence of endocrine-associated pediatric disorders, includ-
ing male reproductive problems (cryptorchidism, hypospadias, testicular cancer),
early female puberty, leukemia, brain cancer, and neurobehavioral disorders, have
all risen rapidly over the past 20 years. The prevalence of developmental dis-
ability in US children increased from 12.84% to 15.04% between 1997-2008 (12).
The preterm birth rate in the US, UK and Scandinavia has increased by more
than 30% since 1981, an outcome associated with increased rates of neurological



disorders, respiratory conditions and childhood mortality, as well as obesity, type 2
diabetes, and cardiovascular disease in adulthood. Data from human, animal, and
cell-based studies have generated considerable evidence linking EDC exposure to
these and other human health disorders.

The increased endocrine disease rates parallels increased production of manufac-
tured chemicals. Global production of plastics grew from 50 million tons in the
mid-1970s to nearly 300 million tons today. Similar trends hold for other chemi-
cal sources including pesticides, fire retardants, solvents, and surfactants. Sales

for the global chemical industry have sharply increased from USD$171 billion in
1970 to over USD$4 trillion in 2013 (13). These and other chemicals such as PCBs,
BPA, and phthalates, are detectable in human serum, fat, and umbilical cord blood
(14-16).

THE PRETERM BIRTH RATE IN THE US, UK AND SCANDINAVIA
HAS INCREASED BY MORE THAN 30% SINCE 1981, AN OUTCOME
ASSOCIATED WITH INCREASED RATES OF NEUROLOGICAL

DISORDERS, RESPIRATORY CONDITIONS AND CHILDHOOD
MORTALITY, AS WELL AS OBESITY, TYPE 2 DIABETES, AND
CARDIOVASCULAR DISEASE IN ADULTHOOD.

While associations between increased human chemical exposures and increased
disease rates are suggestive they do not ‘prove’ that the two are linked. Data from
cell-based studies, animal studies, and other experimental systems over the past
few decades, however, have provided a wealth of evidence supporting this direct
link. Proving a chemical contributes to a human disease would require exposing

a group of humans and then observing the resulting disorder. Though this type

of testing is done for pharmaceuticals, it would be unethical and impossible for
testing the impact of toxicants on humans. Conclusions about EDC-related health
effects, therefore, have to be made using data from epidemiology studies, which
can only reveal associations, and by making inferences about human risk from
experimental data obtained from animals or cell-based models. An additional
challenge is that humans are exposed to a complex mixture of chemicals across
the lifespan, making it difficult to establish if health effects result from exposure
to a few problematic chemicals or a collective combination of chemicals. Thus, al-
though environmental exposures are recognized to contribute to endocrine-related
disorders, finding a ‘smoking gun’ linking any specific EDC to any specific disease
is difficult.

Introduction to EDCs (December 2014 17



In many ways, the present debate about EDCs parallels the long and contentious
debate surrounding the risks of smoking. Tobacco smoke was first shown to cause
lung cancer in 1950, but debate about this link and how to regulate tobacco raged
for decades, with executives from the biggest tobacco companies famously testify-
ing before the US Congress in 1994 that the evidence showing cigarette smoking

CHILDHOOD NEUROPSYCHIATRIC DISORDERS INCLUDE
DEPRESSION, MOOD DISORDERS, LEARNING DISABILITIES,

EXECUTIVE FUNCTION DEFICITS, AND CONDUCT DISORDERS.

caused diseases such as cancer and heart disease was inconclusive. Today smoking
remains the single biggest cause of cancer in the world and kills one person every
15 minutes (17). For EDCs the available data linking chemicals or a class of chemi-
cals to chronic disease is, in some cases, comparable in strength and breadth to the
evidence linking smoking with lung cancer. Thus, despite the insistence by some
groups that the evidence is inconclusive, the body of data revealing EDC-related
health effects is sufficient to warrant concern that EDCs adversely impact public
health.

NEUROLOGICAL AND BEHAVIORAL DISORDERS

Numerous public health agencies including the World Health Organization, the
United Nations, and the National Toxicology Program in the US have expressed
concern about EDC effects on the brain and behavior (18, 19). Childhood neuro-
psychiatric disorders are increasing in prevalence with as many as 11in 6 children
in the US now diagnosed with at least one (12). These disorders include attention
deficit hyperactivity disorder (ADHD) and Autism Spectrum Disorder (ASD), as
well as depression and other mood disorders, learning disabilities, executive func-
tion deficits, and conduct disorders.

As a class, PCBs have the strongest and longest-known associations with neurolog-
ical disorders. In humans, there is evidence for impaired neurodevelopment (20,
21), lower 1Q, and problems with attention, memory, and fine motor skills such

as writing. Some of these studies were completed in communities living near the
Arectic, a place long thought to be pristine but now known to bioconcentrate PCBs
and other persistent pollutants to some of the highest levels on the planet (22).
Some PCB metabolites alter thyroid activity, long recognized to elevate risk of
impaired neural development. Similarly, polybrominated diphenyl ethers (PBDEs)
are associated with reduced IQ, and other cognitive deficits (23). PBDE:s affect
neurotransmitter activity, synaptic organization, and neuron viability suggesting



that they impact not only brain development but also brain aging. Links have been
reported between pesticide exposures and neurodegenerative disorders such as
Parkinson’s Disease (24) and with depressive behaviors (25). Brominated flame
retardants, perfluorinated compounds, and pesticides (organophosphates such as
chlorpyrifos and organochlorines), are linked to ADHD, ASD, and related learning
disabilities (26), but the evidence remains inconclusive. Experimental animal data
show numerous neurobiological changes caused by EDCs, including neuronal
development, properties of synaptic organization, neurotransmitter synthesis and
release, and structural organizational effects on the developing brain. In conjunc-
tion with a growing literature on behavioral effects of EDC exposures, especially
during development, these studies underscore the brain as a vulnerable target of
EDCs (27).

OBESITY, METABOLIC DYSFUNCTION AND RELATED DISORDERS

Obesity rates are rising rapidly globally. While lifestyle factors such as diet and
activity level are clearly primary contributors, accumulating evidence suggests that
other factors, including chemical exposures, may also be playing a role. Chemi-
cals referred to as “obesogens” are thought to enhance weight gain by altering or

Chemicals referred to as “obesogens” are thought to
enhance weight gain by altering or reprogramming key
parts of the endocrine system governing metabolism,
energy balance, and appetite, resulting in obesity and its
related adverse health outcomes.




reprogramming key parts of the endocrine system governing metabolism, energy
balance, and appetite, resulting in obesity and its related adverse health outcomes
(28-31). Laboratory animal work shows that developmental exposure is particu-
larly effective in predisposing an individual to weight gain and subsequent related
adverse health outcomes including type-2 diabetes, cardiovascular disease, altered
lipid metabolism and altered glucose sensitivity (32-34).

The most well studied obesogenic EDCs to date are tributyltin (TBT) and triphen-
yltin (TPT) (30); these and other chemicals act through hormone receptors called
PPARYy (34). Disruption of thyroid hormone function is another mechanism by
which obesogenic chemicals can act, due to the thyroid gland’s important role in
normal maintenance of metabolism. Some effects of PCBs and PBDEs may be me-
diated via the thyroid axis (35, 36). A brominated flame retardant, Firemaster 550,
was shown to alter thyroid hormone levels in pregnant rats and their offspring,
with the pups growing up to develop obesity, cardiac disease, early puberty and
insulin resistance (37). Although that work needs to be repeated and extended,

it is noteworthy that Firemaster 550 is now one of the most commonly used fire
retardants in the US; it is a ubiquitous contaminant of household dust, and bio-
monitoring studies have identified Firemaster 550 in human urine (38). Although
the field of environmental obesogens is relatively new, phthalates, perfluorinated
compounds, BPA, dioxins, and some pesticides are emerging as potential obeso-
gens, meriting further study.

REPRODUCTIVE DISORDERS

Among the strongest associations between EDC exposures and adverse outcomes
are those for reproductive development, physiology, and pathology. The increased
prevalence over the past 50 years of hormone-sensitive cancers (e.g. breast,
prostate), compromised fertility, early puberty, decreased sperm counts, genital
malformations, and unbalanced sex ratios (39) are at least partially attributable
to increased chemical abundance and exposures. The increase in early puberty in
girls, while contributed to by many factors including nutrition, stress, and ethnic-
ity, may in part be due to exposures to estrogenic EDCs (40, 41). Such estrogenic
compounds are also associated with uterine fibroids, ovarian dysfunction, and sub-
fertility in humans and in animal models (39, 42, 43). BPA is linked with reduced
egg quality and other aspects of egg viability in patients seeking fertility treatment
(44, 45) - effects which closely parallel those seen in animal models (46). Danish
women under 40 working in the plastics industry were more likely to have sought
fertility assistance than unexposed women of the same age (47). In men, sperm
counts have declined as much as 50% over the last half century in certain regions
(48, 49). Several chemicals, most notably phthalates, are associated with a variety
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Considering how many cancers involve hormones, such as
prostate, breast, uterine, and other reproductive tissues, it
may not be surprising that estrogenic and other hormone-
active chemicals such as BPA, phthalates and some
pesticides, are thought to contribute to carcinogenic risk.

of adverse effects on the male urogenital tract, including cryptorchidism, hypospa-
dias, prostate disease and testicular cancer (50).

CANCER

Like other complex diseases, most cancers result from the interplay of genetic
predisposition and the environment encountered by the individual. Relatively
few cancers are linked to a single gene, underscoring the key role played by the
environment. In fact, 2 in 3 cancer cases are environmentally-linked in some way,
leading the American Cancer Society to conclude that most cancers are prevent-
able with lifestyle changes such as improved diet, more exercise, and reduced
smoking. Certain jobs are associated with an elevated risk of cancers, particularly
those with high burdens of chemical exposure, including painting, fire-fighting,
working in the coal, steel, or rubber industries, textile and paper manufacturing,

and mining,.

The list of known chemical carcinogens is long and includes metals, vinyl chloride,
benzidine (used in dyes), solvents such as benzene, polycyclic aromatic hydro-
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carbons (PAHs), dioxins, fibers and dust (silica, asbestos, etc.), some pesticides
including those on the Stockholm Convention’s list of Persistent Organic Pollut-
ants, and numerous pharmaceuticals including the synthetic estrogens. Some
(although not all) of these chemicals are EDCs. Considering how many cancers
involve hormones, such as prostate, breast, uterine, and other reproductive tissues,
it may not be surprising that estrogenic and other hormone-active chemicals such
as BPA, phthalates and some pesticides, are thought to contribute to carcinogenic
risk (51, 52).

The question of which EDCs have the greatest impact, and when in life (prenatal,
childhood, adult) EDC exposure most significantly contributes to cancer risk,
remain unresolved issues. Studies using cellular and animal models have revealed
that early life exposure to chemicals such as BPA, phthalates, perflourinated
compounds, PCBs, and some pesticides can heighten cancer risk later in life (52).
Emerging epidemiological studies are beginning to establish correlative relation-
ships in humans (53). Establishing such links in humans is difficult because it
requires having information about exposures that may have occurred years or even
decades earlier. There is no question, however, that based on the critical and broad
effects of the environment on cancer prevalence and manifestation, minimizing
chemical exposures will have a tremendous positive impact on cancer risk and
probability of survival.

OTHER DISEASES AND DISORDERS

Animal work and epidemiological studies in humans indicate that EDC exposure
contributes to other health conditions including cardiovascular disease and diabe-
tes. A new frontier in research is the immune and inflammatory effects of EDCs.
Inflammation is associated with a wide range of chronic diseases including obesity,
cognitive deficits, cardiovascular disease, respiratory disorders, cancer, and even
autism. The immune and endocrine systems often work together in responding to
environmental challenges, and the convergence of their signaling pathways may
underlie some of the inflammatory effects.

22



TABLE 4. TRADITIONAL CONCEPTS IN CHEMICAL TESTING AND WHY THEY
ARE INADEQUATE TO DETERMINE ENDOCRINE-DISRUPTING ACTIVITY.

Traditional Approach to Chemical
Testing: ‘The Dose is the Poison’

Why this approach is insufficient for
Endocrine-Disrupting Chemicals

Tests individual chemicals one at a time

Every person in the world now carries a
body burden of chemicals that did not
exist before 1940. Many more are being
produced and released into the environ-
ment each year. Testing chemicals one at
a time can't keep pace with exposure and
doesn't take into account how combina-
tions of chemicals within the body are
impacting human development or health.

Assumes individual chemicals have a
“safe or acceptable” level of exposure
below which there are no adverse effects

The endocrine system requlates virtu-
ally every aspect of human health from
development in the womb, to growth, to
reproduction, and overall health. Recent
science shows that even very small
amounts of these chemicals or mixtures
of these chemicals disrupt the endocrine
system, reducing intelligence, disrupting
reproductive systems, and causing other
health problems. There may, in fact, be
no safe level, especially when individuals
have hundreds of these chemicals in their
bodies.

Tests are focused on adult animals

Hormones regulate body systems begin-
ning in the womb and throughout life.
Tests conducted only on adult animals
can't capture the impact of chemicals
on the endocrine system throughout the
body'’s life cycle.

Presumes doses below the amounts which
cause test animals to die or develop a
target disease (usually cancer) are ‘safe’

Endocrine-disrupting chemicals have
many impacts beyond death or disease.
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4. RECENT ADVANCES IN
THE SCIENCE OF EDCs,
AND THE NEED FOR A NEW
SCIENTIFIC PARADIGM TO
EVALUATE EDC RISK

There is widespread, conclusive agreement about the hazards posed by cigarette
smoke, lead, radioactive materials, and many chemicals. Decades of laboratory
research, together with clinical evidence in individuals and epidemiological data
from human populations, have provided conclusive evidence for cause-and-effect
links between exposure and disease or death. In the case of chemical assessment
and management, the ability to directly link an exposure to an adverse health
outcome, or death, can be proven in cases of known exposures to high levels of a
particular chemical. For example, the large-scale examples described earlier of
industrial contamination (Seveso) and cooking oil (Yusho, Yucheng) resulted in
severe birth defects and neurocognitive impairments in children born to women
who, while pregnant, consumed the contaminated oil or were directly exposed to
dioxins. Thus, traditional toxicological testing has been very important in identify-
ing and characterizing such chemicals that pose a threat to humans and wildlife.
However, because most people are exposed to a variety of EDCs, usually at low
doses, in mixtures, and at different life stages, the ability to directly relate a disease
in adulthood - for example, type 2 diabetes — to exposures to EDCs during life,
especially during critical developmental periods, is much more difficult. The fol-
lowing sections describe how a new way of thinking is needed to properly under-
stand effects of EDC exposures and their long-term manifestations as impaired
quality of life, chronic disease, and cancers (Table 4). An additional brief summary
of these concepts is provided at the end of this section (Box 2).
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We now know that direct exposures of an individual

to EDCs cause a range of behavioral, endocrine, and
neurobiological problems. This requires a paradigm shift
in how to conduct risk assessment.

I. THE NEED FOR A PARADIGM SHIFT TO MOVE OUR SCIENTIFIC
UNDERSTANDING OF EDCs FORWARD

The Chemical Revolution was accompanied by environmental contamination
leading to cancers, heavy metal poisoning, and air and water pollution. This in
turn led to the need for testing to create general safety standards. Toxicological
testing of pure chemicals at varying dosages successfully flagged certain chemicals
in the environment that caused overt toxicity, cancers, and death. Based on infor-
mation from dose-response curves, efforts were made to determine a threshold
below which exposures did not result in any obvious acute toxicity, and to use

this information to extrapolate downwards to establish a ‘safe’ level of exposure.
We now know that the type of testing and the range of doses used in standard
toxicological risk assessment are often inaccurate when applied to EDCs (54.). The
‘old science’ approach makes several assumptions and is based on testing protocols
that are not realistic. For example, most testing is performed in adult animals (e.g.
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rats) using acute exposures to a single chemical. However, all humans and animals
are exposed to a variety of EDCs in varying levels and mixtures throughout their
lives. Thus, while the traditional toxicological methods can be useful, they must be
transcended in identifying EDCs and determining their consequences.

Over the last two decades there has been burgeoning scientific evidence based on
field research in wildlife species, epidemiological data on humans, and laboratory
research with animal models, providing insights into how EDCs cause biological
changes, and how that may lead to disease. We now know that direct exposures of
an individual to EDCs cause a range of behavioral, endocrine, and neurobiological
problems. This requires a paradigm shift in how to conduct risk assessment. For
example, rather than the old toxicological method of a single-exposure, dose-
response approach using pure compounds, it is vital that new risk assessment
procedures simulate more closely what occurs in nature. Rather than single com-
pounds, we need to know the effects of combinations of compounds or mixtures.
We also need to recognize that because certain life stages are particularly vulner-
able to EDCs, especially early in development, that testing EDCs in adults may not
extrapolate to the exposed fetus or infant. We will elaborate upon these concepts
below.

Il. DEVELOPMENTAL EXPOSURE AND WINDOWS OF
VULNERABILITY

Hormones coordinate the development of every individual, from a single fertil-
ized cell to the many millions of specialized cells that make up the blood, bones,
brain, and other tissues. These endogenous chemicals, first from the mother, the
placenta, and from the developing fetus itself, circulate in very low concentra-
tions, typically in the part-per-trillion to part-per-billion range. Hormones signal
when genes need to be active and when to be silent. As complexity builds, the
ever-changing mixture of natural hormones ensures normal development; too
little or too much leads to disease and pathology. More than a century of biological
research has proven that the programming and regulation of life processes require
hormones in particular amounts at particular times and, further, that each organ’s
and tissues’ needs change through the life cycle.

Early life, especially the fetus and infant, is a period of vulnerability, when any
disruption to natural processes may change, sometimes irreversibly, the structure
and/or function of a physiological system. The ¢timing of release, in addition to
the amount of hormone, is absolutely crucial to normal development. It stands to
reason, then, that because EDCs interfere with hormone actions, their exposures
during a sensitive developmental period can have both immediate as well as more
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BOX 1: THE DEVELOPMENTAL ORIGINS OF HEALTH AND
DISEASE (DOHAD)

DOHaD, also referred to as the “Fetal basis of adult disease” (FeBAD), is based on scien-
tific evidence that the roots of many diseases and dysfunctions occur very early in life,
especially the embryo, fetus, infant, and child. For example, under- or over-nutrition of
a pregnant woman has an influence on the fetus's propensity to develop metabolic dis-
orders including obesity, diabetes, and others, later in life. This research has since been
extended to environmental influences such as cigarette smoking, pollution, and environ-
mental chemicals. Other evidence has shown that the developing germ cells - precur-
sors to the sperm and egg cells of the fetus - are quite vulnerable to disruptions from
even low doses of EDCs. More recently, the nervous system, the development of which
begins in early gestation and continues well into childhood, has been found to be very
sensitive to EDC exposures. Certain cancers, especially reproductive cancers, seem to
have their origins in early life. While the manifestation of disease or disorder may not
be apparent at birth, following a latent period the results of these exposures become
evident, often in adolescence, adulthood or aging. Thus, DOHaD is a key concept in
understanding the influence of EDC exposures during these vulnerable periods.

latent consequences. The timing of exposure is key to understanding which organ
or tissue may be affected, as the development of different parts of the body occurs
at different rates. Thus, an organ that is developing during the time of the harmful
exposure is more likely to be affected than an organ that has already completed
development.

The outcomes of exposures during vulnerable periods may be physical malforma-
tions, functional defects, or both. Consider again the example of DES given to
pregnant women, whose female fetuses often had structural malformations of the
reproductive tract, together with an increased propensity for rare vaginocervical
carcinomas later in life. Another very real and complex aspect of the windows of
vulnerability concept is that the same exposure can have different effects depend-
ing on when in development the exposure occurred. For instance, in rodents, first
trimester exposure of a fetus to the pesticide chlorpyrifos, a known EDC, can alter
thyroid structure and function in the offspring when they become adults, while
second trimester exposure to chlorpyrifos can increase insulin levels in the adult
offspring.

Some disturbances in hormone levels may not cause obvious structural changes,
but may still lead to functional changes, disease, or dysfunction, later in life. This
concept of windows of vulnerability is referred to variously as the “Fetal basis of
adult disease (FeBAD)” or the “Developmental origins of health and disease (Do-
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HAD)” (Box 1). This field is well accepted by researchers who acknowledge that
children are more vulnerable than adults to EDCs because their bodies are still
developing. Children are also at greater risk of exposures than adults for a number
of reasons including that: 1) they are exposed to many fat-soluble contaminants
in breast milk or in formula; 2) they put their hands and objects in their mouth
far more often than adults; 3) they live and play close to the ground; and 4) they
have greater skin area relative to their body weight than adults allowing for more
absorption of chemicals (55). The harm of exposures to children is thus due to dif-
ferences in the ways they may be exposed, their developmental vulnerability, and
a longer life expectancy with a much longer horizon for exposure to manifest as
disease. Furthermore, they have limited understanding of danger, and are politi-
cally powerless to avoid exposures.

While this discussion has focused on the particular vulnerability of the embryo, fe-
tus, infant, and child, every phase of the life cycle, from childhood to adolescence,
adulthood, and aging, is sensitive to hormones and EDCs. Traditional toxicological
testing invokes the concept that “the dose makes the poison” (Table 4. The new
scientific insights of EDCs suggests that “the timing makes the poison” in consid-
ering the vulnerability of the developing organism.

Ill. THRESHOLDS, LOW DOSES, AND THE CONCEPT OF NO SAFE
DOSE

The assumption that each chemical has a ‘safe or acceptable exposure’ has led

to the generally accepted dogma that every compound has a threshold, and that
exposures to levels below that threshold are safe. The ‘old science’ paradigm on
which this conclusion is based emphasizes a carcinogenic/survival index, tests only
single pure compounds, ignores mixture effects, and presumes a threshold dosage
below which there is no observed adverse effect (NOAEL). In the tests to deter-
mine a safe threshold, different concentrations of a single chemical are adminis-
tered. Toxicity is usually established in a two-year chronic study in rodents (usually
adults) that determines the dosage at which one-half of the animals die or develop
the target disease (usually a cancer). From this point studies establish the highest
dose that has no observable toxicity (again, the endpoint is usually cancer or organ
failure). This dosage in turn is divided by an arbitrary ‘safety factor’, usually 100.
For chemicals that have received little testing, an additional factor of 10 (leading
to a safety factor of 1000) might be utilized. The definition of ‘safe’ is extrapolated
from these studies of death and dying despite the fact that other, more subtle
effects may be induced even at these lower levels. Without actually looking for
perturbations in an endpoint that is not as obvious as death, it is not possible to
know if hormone levels are being affected, and whether/how that might change
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the predisposition to develop a disease. Considering that the consequences of some
endocrine disorders may not be observed for weeks, months, or years, the inabil-
ity of toxicological testing to quantify such non-observable outcomes is a serious
limitation of this approach to determining risk.

The “safe exposure threshold” approach began to be questioned in the 1980s as
scientists began to better understand how natural hormones work in the body,
how precisely the synthesis and release of hormones is regulated by our endocrine
glands and how the body changes during development. (For example, there are
periods of life when an individual may normally have no exposure at all to a par-
ticular natural hormone, and exposure to an EDC acts upon pathways that would
otherwise be completely inactive at that life stage. At these times, even in very low
concentrations, any exogenous EDC will exceed the body’s natural endogenous
hormone levels, which are zero). This led to a call for the development of biologi-
cally (vs. hypothetical) based dose-response models that could realistically reflect
how the body responds to hormones and chemicals.

The development of accurate risk assessments of safety has been hindered by

the cost of biological testing in animals. However, the first, and most important,
experiment proving that there can be no threshold for EDCs (56) took place in the
1990s. In the red-eared slider turtle, it is the temperature during the mid-trimes-
ter of development that determines whether the individual will develop as a male
or a female, similar to how the X and Y chromosome determine sex in humans.
With that exception, (sex chromosome vs. temperature), the remaining biologi-
cal processes of sexual development are remarkably similar between turtles and
humans. This makes the turtle a unique biomedical model of sex determination.

Importantly, the effect of temperature can be overcome by application of hor-
mones (57) or EDCs (56, 58) to the embryo. To test whether or not low dosages of
hormones or EDCs can alter whether an individual becomes a male or a female,
2400 turtle eggs were exposed to an EDC that mimics estrogen’s effects during a
key developmental period when sex is determined (56). For example, if estrogen,
or an estrogenic EDC such as a PCB, is added to eggs that are incubated at a tem-
perature that normally produces only males, all of the offspring will be females.
Further, these females will be sterile when they grow up. Using this model, a key
experiment was performed demonstrating that extraordinarily low dosages of hor-
mones or EDCs, given at key developmental periods when sex is determined, can
permanently change whether an individual becomes a male or a female (56).

To understand this, recall that estrogen is a natural hormone that affects an organ-
ism at very low concentrations. Therefore, any additional exposure to a synthetic
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BOX 2: SUMMARY OF GAPS BETWEEN MODERN SCIENCE
AND REGULATORY POLICY

Although consensus is building on how exposures to EDCs are relevant to humans, not
all controversies have been resolved. One issue revolves around the difficulty in under-
standing how very low dose exposures are biologically relevant. This concept is easier
to understand in the context of development. There are times in life when there is
literally no exposure to a natural hormone; thus, any exposure to even minute amounts
of hormonally active substances will by definition change target cells that are sensitive
to hormones. As basic scientists and clinicians with expertise in endocrinology have
become increasingly involved in research and practice on EDCs, the evidence for low-
dose effects is growing. Nevertheless, there is still a gap between endocrine science
and reqgulatory policy. It is important that decisions about regulation of chemicals be
based on the most modern scientific understanding of how hormones act, and how EDCs
perturb these actions.

EDC that mimics estrogen’s effects may result in levels that by default exceed the
threshold for adverse effects in that organism. To test the traditional toxicological
hypothesis of safe levels of exposure, a huge study was performed involving more
than 2400 eggs (57). What was found was that even the lowest dose of exogenous
estradiol increased the proportion of expected females by more than 10% beyond
the temperature control. The most striking feature of these studies is that it rep-
resented the first evidence that a threshold dose may not exist when an exogenous
EDC mimics an endogenous hormone by acting through the same endogenous
mechanism.

The work with turtles is important for two reasons. First, it puts to rest the argu-
ment that it is not possible to determine ‘no threshold, as these studies incontro-
vertibly prove no threshold. Second, the biological processes of development in
this species can be directly extrapolated to all other species, including humans.
Since the early work in turtles, there have been many studies showing that even
extremely low dosages of EDCs can alter biological outcomes and, importantly,
that the effects of low doses cannot be predicted by the effects observed at high
doses (54).

IV. MIXTURES

In a laboratory the emphasis is on rigorous control of the environment, so that ele-
ments can be manipulated and outcomes assessed. For example, some work is con-
ducted in homogeneous cultures of a cell line, grown under identical conditions
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from one culture plate to the next. Animal work is conducted in a laboratory with
row after row of cages of mice, each genetically identical to the others, with a very
specific type of bedding, food, water, light cycle, and controlled temperature. The

essence of traditional toxicological methods is the administration of a single, pure
chemical in exact dosages, with all other conditions equal to allow comparison of
the chemical to a control (placebo) group.

However, the world is not like a laboratory. Humans are genetically unique (other
than identical twins); they live in very different environments; they migrate to new
environments; each person has his/her own dietary and nutritional exposures, etc.
Each person is exposed to mixtures of EDCs at various developmental periods -
that is, each person has a unique “exposome,” the sum of everything to which he or
she is exposed. The ‘new science’ of EDCs recognizes these realities: that exposure
in nature is chronic; that EDCs are ubiquitous and global; and that there is bioac-
cumulation and biomagnification of EDCs up the food chain. Furthermore, with
the exception of occupational exposures, it is rare that environmental exposure
involves pure compounds. Instead, exposures involve mixtures of compounds, as
well as degradation products of single compounds.

Thus, modern science must include studies on effects of single compounds, but
more importantly, their mixtures, to better approximate the additive or synergistic
effects of compounds in the body. There is still some controversy as to whether
EDCs exhibit synergistic activity. The heat of that debate stems from the fact that a
number of EDCs have a lower potency than natural hormones and, when consid-
ered individually, these chemicals may exist in the environment in concentrations
believed to be too low to be of concern. However, in the absence of a so-called

‘safe dose, these low environmental levels may still have biological actions. Much
debate in this area has been based on the old science of extrapolating low-dose
effects from high-dose experiments, rather than on real life physiology of hormone
actions, or the real-world nature of exposures — the modern paradigm shift that is
needed in understanding biological actions of EDCs.
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5. EXPOSURE OF HUMANS
TO EDCs

EDCs are a global and ubiquitous problem. Exposure occurs at home, in the office,
on the farm, in the air we breathe, the food we eat, and the water we drink. Of the
hundreds of thousands of manufactured chemicals, it is estimated that about 1000
may have endocrine-acting properties. Biomonitoring (measurement of chemicals
in body fluids and tissues) show nearly 100% of humans have a chemical body
burden. In addition to the known EDCs, there are countless suspected EDCs or
chemicals that have never been tested.

Exposures to known EDCs are relatively high in contaminated environments in
which industrial chemicals leach into soil and water, are taken up by microorgan-
isms, algae, and plants, and move into the animal kingdom and up the food chain.
Top predators, including humans, have amongst the highest concentrations of
such environmental chemicals in their tissues. Of great concern is evidence that
some chemicals are transported by air and water currents to other parts of the
world that are quite distant from their original source. In fact, there are regions
that never had any chemical industry, such as the polar regions, yet humans and
animals who live in those regions have detectable levels of some EDCs. Moreover,
the persistence of some chemicals, especially those chemicals that are persistent
organic pollutants (POPs), means that even some banned chemicals will persist in
the environment for years if not decades. Some of these POPs such as polychlori-
nated biphenyls (PCBs), dioxins, and DDT, are known endocrine disruptors.

Exposure to EDCs may indeed be in the form of pesticides, algicides, and other
chemicals designed to kill unwanted organisms. Spraying of homes, agricultural
crops, and ponds releases airborne and sedimented chemicals that are inhaled, get
on skin, and are ingested from sprayed food. It is not surprising that some of these
chemicals are EDCs. Many, especially those used for pest control (e.g. for exter-
mination of insects or rodents), were specifically designed to be neurotoxicants

or reproductive toxicants. The high sensitivity of reproductive and neural systems
to natural hormones, and the similarity of these physiological processes in both
invertebrates and vertebrates, means that chemicals designed to perturb these
functions in one species will affect another - including humans. Herbicides in
widespread use such as atrazine, 2,4-D, and glyphosate, are considered EDCs, and
the fungicide vinclozolin is a known EDC. Further discussion of two pesticides,
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Exposure to EDCs may also be in the form of pesticides,
algicides, and other chemicals designed to kill unwanted
organisms. Spraying of homes, agricultural crops, and
ponds releases airborne and sedimented chemicals that
are inhaled, get on skin, and are ingested from sprayed

Jood. It is not surprising that some of these chemicals
are EDCs.

DDT and chlorpyrifos, the first banned in many parts of the world but the second
still registered in most countries, appears below.

Other routes of exposure to EDCs include food and water containers that contain
chemicals that may leach into foodstuffs and beverages. A well-known example

is bisphenol A (BPA) and there is growing evidence that substitutes for BPA are
also EDCs. Intravenous and other medical tubing contains some classes of known
EDCs such as phthalates, allowing direct contact between chemicals and the
bloodstream.

The following sections include examples of commonly used EDCs from three
categories: pesticides (DDT, chlorpyrifos), products (children’s products - inor-
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BOX 3: HUMAN HEALTH CONSEQUENCES OF EXPOSURE
TO DDTS

e Reduced fertility

e Urogenital birth defects (males)
*  Impaired breast feeding

e Type 2 diabetes

e Cancer

ganic lead; electronics — brominated flame retardants), and food contact materials
(BPA). These are just a few of the many known sources of EDCs (see Tables 2 and
3). Other categories include personal care products (phthalates, triclosan, mer-
cury, alkylphenol polyethoxylates), textiles and clothing (perfluorochemicals), and
building products (high-volume use of brominated flame retardants and chemicals
in insulation), among others.

A) PESTICIDES
i. DDT

Where it is used

DDT is an organochlorine insecticide that was used extensively worldwide in the
194:0s, 1950s and 1960s. Its use included insect control in the commercial and
private production of crops and livestock, and in homes, gardens, public places,
and institutions. Due to DDT’s toxicity to wildlife and its persistence, numerous
countries banned DDT use in the 1970s. Despite this, DDT is still used extensively,
particularly in India and Africa, for controlling insects that transmit human dis-
eases such as malaria, leishmaniasis, dengue and Chagas disease.

The Stockholm Convention on Persistent Organic Pollutants (POPs), which was
adopted in 2001 and is now ratified by 179 countries, was intended to restrict
global use of DDT to disease vector control in accordance with WHO guidelines as
an Indoor Residual Spray until viable alternatives are available. Although the goal
was to reduce and ultimately eliminate all use, global use has not changed signifi-
cantly since the Stockholm Convention went into effect (59). Moreover, despite
the restriction of DDT to its use in vector control only, monitoring reports suggest
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illegal agricultural use may still be occurring in some countries such as India,
Ethiopia, and Ghana (60-63).

As of December 2013, countries that have notified their intention to use DDT
under the Stockholm Convention are Botswana, Eritrea, Ethiopia, India, Mada-
gascar, Marshall Islands, Mauritius, Morocco, Mozambique, Namibia, Senegal,
South Africa, Swaziland, Uganda, Venezuela, Yemen, and Zambia®. Myanmar
has withdrawn its notification of DDT use, and China has notified discontinua-
tion of production and use’. Ethiopia, India, and Namibia have notified actual or
proposed production of DDT®.

Where people are exposed, evidence of exposure, and where risks are

People who live and work in areas where DDT is being used to control malaria are
exposed to DDT and its metabolite DDE (together termed DDTs) in their home
and workplace. For instance, South African adults living in homes sprayed with
DDT have an average blood DDT concentration of just under 100 ug/g serum
lipid, compared to less than 10 ugDDT/g in people living in nearby communities
without DDT spraying (64, 65).

The majority of people worldwide are still exposed to DDTs through their food
supply. DDTs are stored in animal fats, and consequently the foods that frequently
contain the highest levels of DDTs are meat, fish, poultry, eggs, cheese, butter and
milk. DDTs remain widespread food contaminants, and the levels can be sub-
stantial in areas of continued DDT use and production, as well as past production
(66). Due to the longer half-life of DDE than DDT, there may be detectable DDE
even if the shorter half-life DDT is no longer detectable (67). As a testament to the
public health benefits of banning DDT use, average blood DDE concentration of
people in countries with long-time bans is < 1 ug/g serum lipid, compared with se-
rum levels of DDE in people living in dwellings sprayed with DDT (215 ugDDE/g
serum lipid (67).

Children have higher levels of DDTs in their bodies than adults living nearby,
whether they live in a community actively using DDT (61), or in a country that
banned it long ago (67). Exposure can begin in the fetus through placental trans-

*  Stockholm Convention ,DDT Register Pursuant to Paragraph 1 of Part II of Annex B of the Stockholm
Convention: http://chm.pops.int/Implementation/Exemptions/AcceptablePurposesDDT/tabid/456/
Default.aspx

t  Stockholm Convention, Withdrawal from the DDT Register http://chm.pops.int/Implementation/

Exemptions/AcceptablePurposesDDT/DDTRegisterWithdrawnnotifications/tabid/2684,/Default.

aspx

Stockholm Convention, DDT Register. See link to Annex B above.

++
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fer, or in a breastfeeding infant (68). According to measurements conducted by the
United Nations Environmental Programme and the World Health Organization
from 2001- 2013, high DDT levels in human breast milk were found in Ethiopia
(2013), Tajikistan (2009), Solomon Islands (2011), India (2009), Haiti (2005), Pa-
cific States (2011), Hong Kong SAR (2002), Mauritius (2009), Mali (2009), Mol-
dova (2009), Togo (2010), Uganda (2009), Fiji (2002), Sudan (2006), Philippines
(2002), Ukraine (2001), Djibouti (2011), Cote d’Ivoire (2010), and others (listed
from highest level first) (Figure 2). However, breast feeding has very important
health benefits to children, including decreased risk of infections, Sudden Infant
Death Syndrome, and childhood obesity (69). The World Health Organization rec-
ommends women breast-feed their children for at least the first two years of life.

Elderly people also tend to have higher levels of DDTs because the DDTs accumu-
late throughout life and because exposures in the past tended to be much greater
than in the present in many countries. Indeed, age is often the most powerful pre-
dictor of levels of DDTs (70). For instance, in a community living near an old DDT
manufacturing plant, average adults had 159 ng DDT/ml serum, while the average
DDT level in people over 70 years old was 350 ng/ml (66). This raises the possibil-
ity that elderly persons, who also have a higher chronic disease burden, may have
a greater sensitivity to their DDT burden than younger adults, and this should be
kept in mind when working with populations exposed to DDTs.

The persistence of DDTs from prior use, coupled with global migration patterns of
humans, both contribute to high levels of DDTs in people even in countries with
long-time bans. It takes between four and 10 years for concentrations of DDTs in
people to decrease by half (the so-called “half-life” (71)). Hence, while monitoring
studies have established that banning DDT succeeds in lowering human exposure,
levels of DDTs can remain high in people years later (67). For instance, more than
30 years after DDT was banned in the United States and near the time of the
phase-out and ban of DDT in Mexico, agricultural workers who migrated from
Mexico had much higher levels of DDTs than typically seen in the US. Further,
people living in a US community 10 km from a manufacturing plant site that used
to produce DDT also had substantially higher levels of DDTs in their bodies than
the general population (66). Thus even countries that do not use DDT should
recognize the possibility of higher exposures to DDTs within their population, such
as in migrants and in people living in communities that are near sites of previous
DDT production.

There is elevated exposure to DDTs in circumpolar countries because these chemi-
cals are semi-volatile and undergo long-range transport, meaning they rise into
the air in temperate regions and deposit at the earth’s surface in colder regions.
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These environmental sources of DDTs accumulate in animals and are amplified
up the food chain. In fact, intake of DDTs by Inuit people is comparable to that of
people living in regions using DDT to control malaria (72).

Several aspects of climate change predictions indicate that exposure to DDTs

will increase over the next decades, although the processes are complex. Climate
change is expected to increase the incidence of malaria, potentially leading to
increased demand for and use of DDT (73). Melting glaciers contributed 46% of
the DDTs entering the Canadian Archipelago, and over 60% of the DDTs entering
Canadian subalpine lakes; melting sea ice and permafrost provide further DDT
(74, 75). Climate change also increases partitioning of POPs from water and soil to
the atmosphere and higher wind speeds increase airborne transport, so deposition
in the Arctic is likely to increase again. Because DDTs accumulate at the top of the
food chain to levels that are thousands of times higher than at the bottom, and
hundreds of thousands fold higher than in the water, it is likely that DDTs released
from melting glaciers will increase concentrations of DDTs in people who eat from
the Arctic food chain. Additionally, exposure to EDCs has been demonstrated to
affect the thyroid hormone system, which due to its role in maintenance of body
temperature would likely affect the ability of Arctic wildlife to adapt to climate
change (76).

Science on why DDT is an EDC

DDT was one of the first recognized EDCs, with a broad range of effects on
reproduction and hormonal systems. It was used indiscriminately as a pesticide
for decades, until attention was called to its devastation of entire ecosystems by
Rachel Carson in her landmark book, Silent Spring. Laboratory animal studies
and human observations consistently show associations between DDTs and nega-
tive health consequences, making DDTs one of the most widely accepted classes

of EDCs. In animals and cell lines, DDTs modify the thyroid, estrogen, androgen,
renin-angiotensin, insulin, and neuroendocrine systems. These pathways are in-
volved in normal functioning of reproductive, cardiovascular, and metabolic pro-
cesses, among others. Some effects of DDTs are as estrogen mimics, and DDTs also
interfere with androgen (testosterone) pathways in the body (77). In mammals (in-
cluding humans), gonads of females (ovaries) and males (testes) make estrogens
and androgens, albeit at different levels. Females have higher estrogens and lower
androgens, and males have higher androgens and lower estrogens. By disrupting
the body’s major normal sex hormones individually, and by causing changes in

the ratios of sex hormones, DDTs are associated with a plethora of reproductive
problems. Numerous studies indicate that high exposure to DDTs reduces male,
and possibly female, fertility, including in humans (67). For instance, men living
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in homes with indoor DDT spraying have decreased sperm quality (64) that may
lead to diminished fertility. There is also some evidence to suggest that exposure to
DDTs shorten the lactation period (67). A brief summary of these and other health
effects of DDT in humans is provided in Box 3.

Like most EDCs, the health consequences of DDT exposures are most pronounced
when exposure occurs in developing fetuses and children. When girls are exposed
to DDTs early in life before the breast is fully matured, this is associated with in-
creased risk of breast cancer later in life (78). Several human studies indicate that
DDT increases risk of urogenital birth defects such as cryptorchidism (failure of
the testes to descend), and a rat study also showed that fetal DDT exposure caused
male reproductive abnormalities (67). Evidence that early life exposure to DDTs
may contribute to an earlier onset of puberty (menarche) in girls, together with
adult studies showing that DDTs are associated with longer menstrual cycles and
earlier menopause, suggest that DDT may disrupt the menstrual cycle across life
(67). A recent study of rats showed that high doses of DDT to grandparent rats in-
creased obesity of their rat grandchildren (79); though the dose was much higher
than found in people, it certainly calls attention to the potential effect that high
DDT use worldwide in the middle of last century may be having on the current
worldwide obesity epidemic.

Negative Endocrine Health Outcome: Type 2 Diabetes (T2D)

Numerous epidemiological studies have demonstrated a strong positive associa-
tion between the DDT metabolite DDE and T2D risk (80). These studies came
from countries that have banned DDT use for decades, and also from areas con-
taminated with higher levels of DDTs. The diabetes epidemic continues to grow
dramatically in countries where DDT is still in use, such as in South Africa and
India (81-83). These documented human associations are corroborated by studies
demonstrating that both low prenatal- and high adult- exposure to DDT caused
features of T2D in adult rodents (84-86). Indeed experimental studies have shown
that DDT increases circulating blood glucose, a hallmark of diabetes, in part by
increasing enzymes that make glucose (85). Under normal circumstances, in-
creased glucose levels cause the pancreas to produce insulin, which in turn reduces
glucose. Mice exposed to DDT become insulin resistant, a central feature of T2D,
because their DDT exposure reduces the normal ability of the pancreas to secrete
insulin in response to high glucose (84).
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ii. Chlorpyrifos

Where it is used

Organophosphorus pesticides (OPs) are some of the most commonly used insec-
ticides worldwide, and chlorpyrifos is a typical OP. It is used to control household
pests such as cockroaches, flies, termites, fire ants, mosquitoes, and lice. Chlorpy-
rifos is used agriculturally to combat pests on cotton, grain, seed, nut, fruit, wine,
and vegetable crops. It is also used in forestry, nurseries, food processing plants,
on golf courses, and in water supplies to combat larvae, especially mosquitoes. It
has numerous other uses, such as impregnated bags to cover ripening bananas in
plantations, in cattle ear tags, and in paint. It is acutely toxic to some species that
are beneficial to agriculture, such as earthworms and honeybees.

Where people are exposed, and where risks are

Relative to organochlorine pesticides, chlorpyrifos degrades more rapidly in the
environment. However, it can still be persistent, meeting the Stockholm Conven-
tion criteria for persistence under some circumstances [e.g. (87-91)]. Its regular
use in agriculture and home gardens can cause its accumulation in soil, water,
food, and air (92). After residential applications, chlorpyrifos is detected in floor-
ing, furniture, toys, dust, and air (93). In a study of urban apartments, chlorpyrifos
lingered on absorbent and soft surfaces for as long as two weeks after applica-
tion, including areas not directly sprayed (93). Furthermore, all indoor air and
dust samples collected in a study of homes and day cares in the United States had
chlorpyrifos present, even though the majority had not used pesticides for at least
a week (94). In one study, chlorpyrifos was still measured in the air inside houses
eight years after it had been applied for termite control (95).

There is some evidence that chlorpyrifos can accumulate up the food chain in
certain species, and it has been measured in fish in the Arctic as a result of global
transport (87, 96-98). Residues are commonly found in vegetables, fruit, rice, and
cereal products in many countries. It is also found in fish, dairy products, drinking
water, and even soft drinks in some countries. A survey of chlorpyrifos in pasteur-
ized milk from Mexico found that 8% of milk sampled exceeded the regulatory
threshold, a sizable proportion when considering how common milk is among
households with children (99).

Biomonitoring/body burden studies (evidence of exposure)

Chlorpyrifos is relatively short lived in people (half is removed from the blood and
fat in about 24 and 60 hours, respectively). Instead of accumulating in the body,
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There is some evidence that chlorpyrifos can accumulate
up the food chain in certain species, and it has been
measured in fish in the Arctic as a result of global
transport.




chlorpyrifos transforms to metabolites that can also cause harm. Chlorpyrifos and
its metabolites have been found in urine, maternal and cord blood, the meconium
(first feces) of newborn infants, breast milk, cervical fluid, sperm, and infants’ hair
(100-105).

Exposure to chlorpyrifos occurs from agricultural and household use, use on live-
stock and pets, and through residues in food and water. It can result from spray
drift, and inhalation of air and dust in vehicles, homes, and childcare centers and
other buildings in which it is used. A survey of schoolchildren in Chile found that
80% of them had metabolites of chlorpyrifos in their urine; and this was associ-
ated with eating fruits and vegetables (106).

OPs are detectable in nearly all agricultural workers who have been examined,
including those from countries where the use of OPs is declining (107). A bio-
monitoring study conducted in Egypt among agricultural workers who primarily
work with chlorpyrifos found that their OP exposure levels varied according to the
extent of OP contact within their job duties (107). Elevated levels of chlorpyrifos
metabolites have been have been found in the urine of both adults and children
involved in banana plantation work and small-scale farming in Nicaragua (108).

The primary route of chlorpyrifos exposure is thought to be through the skin for
most occupational chlorpyrifos exposures. However, measurements of chlorpyrifos
levels in ambient air breathed by farmers in Tambon Bang Rieng, Thailand, found
that farmers were inhaling concentrations up to 0.61 mg/m?, more than twice the
acceptable daily intake for all routes of exposure (109).

Residential use of chlorpyrifos is a major source of exposure to non-agricultural
workers and to children. One study of cities in the United States estimated that
140 pgof daily chlorpyrifos exposure comes from food while daily chlorpyrifos
exposure from air was 27 times that amount (93). Children are at further risk of
chlorpyrifos exposure through air because after chlorpyrifos treatment, its con-
centrations are greater closer to the floor in the low areas where children breathe
compared to the areas where adults breathe (92). Indeed, infants in United States
homes treated with chlorpyrifos absorbed approximately 2.7 mg/kg (92), and the
urinary metabolites of chlorpyrifos were about 120 ng metabolite/kg body weight
per day in children (94). This is appreciably higher than the levels of urinary me-
tabolites of chlorpyrifos found in pregnant women in both the United States and
Mexico (average 1.4-1.8 ng/ml, respectively) (110).

Science on why chlorpyrifos is an EDC

Developmental neurotoxicity is the primary adverse health outcome observed in
experimental and human observational studies of chlorpyrifos, and these effects
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are at least partially caused through cholinesterase- and endocannabinoid- signal-
ing (111). The neurotransmitter acetylcholine is involved in signaling of nerve cells
in the brain, and it is metabolized by the enzyme cholinesterase. The endocannabi-
noid pathways of the brain are also important for neural functions. This is why
chlorpyrifos’s most potent effects are on the brain. Developmental exposures to
chlorpyrifos at levels typically observed in people caused hyperactivity and reduced
learning in rodents, the latter associated with changes in thyroid hormone (112,
113). Additional endocrine disruption by chlorpyrifos is suggested by changes in
the endocrine adrenal gland weight and structure in rodent experiments.

Cholinergic symptoms, e.g. salivation, urination, defecation, gastrointestinal
distress, and vomiting that are caused by nervous system damage, are present in
acute chlorpyrifos poisonings of adult people, and nerve damage was observed
weeks later. Adult agricultural workers use OP pesticides as mixtures, and workers
with moderate OP exposure, inclusive of chlorpyrifos, also have signs of neurotox-
icity, such as impaired peripheral nervous system function (114). Two studies of US
residents exposed to mixtures of pesticides found that chlorpyrifos was associated
with Parkinson’s disease (115, 116). Although it is difficult to find human studies
that have examined the neurotoxicity effects of chlorpyrifos in isolation from other
pesticides, a study of chlorpyrifos applicators found they did not perform as well
on neurological tests compared to people with much lower chlorpyrifos exposure
(117). They also reported memory problems, fatigue, and loss of muscle strength
1?).

Developmental susceptibility appears to be an important risk factor for human
neurotoxicity associated with exposure to chlorpyrifos. Indeed the majority of sci-
entific experts on a scientific panel on chlorpyrifos toxicity agreed that chlorpyrifos
should be banned from home use due to resulting neurodevelopment defects (92).
For example, prenatal and childhood chlorpyrifos exposures are linked to atten-
tion deficit hyperactivity disorder, and impaired mental- and motor- skill develop-
ment in young children (92, 110). Extensive animal studies also support a strong
role of chlorpyrifos in causing neurotoxicity during development” (118).

Emerging experimental evidence indicates that developmental exposure to chlor-
pyrifos also alters the regulation of lipid and glucose metabolism. Developing rats
exposed to doses comparable to levels typical in people had elevated cholesterol,
triglycerides, and insulin in adulthood (119). These findings raise the possibility
that people exposed to chlorpyrifos would have increased risk of type 2 diabetes
and cardiovascular disease. To date, this prediction has not yet been evaluated in
well-designed human studies.

*  http://www.panap.net/sites/default/files/monograph-chlorpyrifos.pdf
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Negative Endocrine Health Outcome: Thyroid Disruption

Most studies of chlorpyrifos focus on its nervous system toxicity, but reports on its
effects on the thyroid hormone system are emerging, and suggest that chlorpyrifos
may be a risk factor for hypothyroidism. A chlorpyrifos metabolite was associ-
ated with decreased thyroid stimulating hormone and increased T4 in men in one
study (120), and had the opposite association with these thyroid hormones of men
in another study (120). Experimental studies in animals also indicate that devel-
opmental chlorpyrifos exposure alters the thyroid hormone system (121). Very

low prenatal chlorpyrifos exposure, below the level that produces any cholinergic
toxicity or behavioral changes, reduced brain thyroxine levels from early life into
adulthood in rats (121). This is consistent with several studies in mice demonstrat-
ing that developmental chlorpyrifos exposure also decreased circulating thyroid
hormones in male and female mice (122, 123). Other actions of chlorpyrifos,
including neuroendocrine, estrogenic, and androgenic effects, have been reported.

B) CHEMICALS IN PRODUCTS

EDCs are found in many common-use, household, and personal products that
come into contact with the body or are around us in our home and work envi-
ronments. For example, children’s products, electronics, food contact materials,
personal care products, textile/clothing, and building products are regular parts of

daily life around the world (www.ipen.org/site/toxics-products-overview).



http://www.ipen.org/site/toxics-products-overview

Consumers have little to no choice in whether or not they are exposed to chemi-
cals in these products, because there is generally not full disclosure about these
items’ chemical constituents. Some of these chemicals are released into the air
and remain in the indoor environment, particularly in poorly ventilated buildings.
From the air, some chemicals can settle out into carpets and dust. This is of great
concern with infants and children who often pick up and put items from the floor
into their mouths, or eat food that has fallen on the floor. Personal care products
are applied to skin, and there are also chemicals in toothpastes and antimicrobial
soaps that are absorbed or even ingested in small amounts.

BOX 4: PHTHALATES

Phthalates are a class of plasticizers used to soften polyvinyl chloride (PVCs), add
fragrance to a product, or enhance pliability in plastics and other products. Phthalates
are classified as low molecular weight (3-6 carbon backbone) and high molecular weight
(>6 carbon backbone), with the low molecular weight classes thought to pose the most
significant health risks. Phthalates act by interfering with androgen (testosterone)
production. Because androgens are critical to male development, including genital
development, boys are thought to be most vulnerable to exposure. However, androgens
also play important roles in females, making phthalates relevant to both sexes. Use of
some phthalates has been restricted from toys since 1999 in the EU and 2008 in the US.
Phthalates are found in:

e Shampoo, lotion, nail polish and other personal care products;

e Cosmetics;

e Baby products including lotion, shampoo, powders and teethers;

e Toys;

e Scented products such as candles, detergent and air fresheners;

e Automobiles (phthalates are responsible for the ‘new car’ smell);

*  Medical equipment including tubing, blood bags, and plastics in the NICU;

e Building materials including vinyl flooring, wall paper, paint, glue and adhesives;

e Enteric coatings of pharmaceuticals;

e Art supplies including paint, clay, wax and ink.
Phthalate exposure is linked to:

e Genital abnormalities in boys;

e Reduced sperm counts;

e Decreased ‘male typical’ play in boys;

e Endometriosis;

e Elements of metabolic disruption including obesity.
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We will focus here on two representative classes of products: children’s products
and electronics. For each one we have selected one example: Heavy metals and
more specifically lead, in the case of children’s products; and brominated flame
retardants (BFRs) in the case of electronics. Lead is a widely-accepted toxicant,
and lead exposure to children in particular is strongly associated with neurologi-
cal and cognitive dysfunctions, at lower levels it may also act as an EDC. BFRs are
in an assortment of items that come into common contact with humans through
computers and other electronics, fabrics, and clothing. There are many other
chemicals in these products - such as cadmium and phthalates (Box 4 in chil-
dren’s products, too numerous to mention in this guide.

i. Children’s products - Inorganic lead

Where it is used

Lead is a naturally occurring element found in the Earth’s crust, and its wide-
spread occurrence in the environment is largely the result of human activity.
Majors sources of environmental lead pollution include mining, smelting, refining,
and informal recycling of lead; use of leaded petrol (gasoline); production and use
of lead-acid batteries and paints; jewelry making, soldering, ceramics, and leaded
glass manufacture in informal and cottage (home-based) industries; electronic
waste; and use in water pipes and solder. Significant sources of exposure to lead
still remain, particularly in developing and transition countries (124). Experiences
in developed countries demonstrate that reductions in the use of lead in petrol
(gasoline), paint, plumbing, and solder can result in substantial reductions in lead
levels in the blood.

Where people are exposed, evidence of exposure, and where risks are

Lead may enter the body via ingestion of contaminated food, water, and house
dust; and inhalation of lead-contaminated air. Smoking tobacco may also increase
lead exposure. Other important cultural sources of lead exposure include lead-
glazed pottery, some traditional medicines, and makeup (e.g. kohl). Blood lead
levels reflect current exposure while bone lead levels may be a better marker of
long term exposure since lead accumulates in skeletal bone over time, compris-
ing 90-95% of lead burden in adults and 80-95% in children (125). The distribu-
tion of lead worldwide is greatest in developing regions, particularly within those
countries that still use leaded gasoline. Additional subpopulations that may face
elevated risks include children of lower-income families living in degraded hous-
ing, communities living in ‘hotspots’ (such as certain industrial activities), and oc-
cupational groups (126). Exposures and risks may also vary by life stage; pregnant
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women and young children are particularly at risk from lead toxicity. Bone lead
stores are mobilized in pregnancy and lactation for women with prior lead expo-
sure, which is a concern since lead released into maternal blood and breast milk
can adversely affect the fetus or newborn (127). Young children represent another
vulnerable subpopulation (Box 5) because in children: 1) the intake of lead per
unit body weight is higher, 2) more dust may be ingested, 3) lead absorption in the
gastrointestinal tract is higher, 4) the blood-brain barrier is not yet fully developed
and 5) neurological effects occur at lower exposure levels than in adults (124).

Science on why lead is an EDC

Lead is a toxicant that affects multiple body systems, including the neurological,
haematological, gastrointestinal, cardiovascular, and renal systems. Lead exposure
is estimated to account for 0.6% of the global burden of disease, due to its adverse
effects on mental retardation in children and consequences of elevated blood
pressure in adults (128). Chronic, low-level lead exposure also has adverse health
effects in children and adults and no blood lead level threshold for these effects
has been identified (127).

Although most knowledge on lead focuses on its properties as a heavy metal, lead
is also an EDC. It is a known reproductive toxicant (129), and can act on endocrine
systems (130). Lead has the ability to activate the estrogen receptor and initiate
transcription of estrogen-activated genes; corresponding estrogenic changes have
been observed in experimental animal models. Animal models, in vitro studies,
and human epidemiological studies, support adverse female reproductive function

BOX 5: LEAD IN CHILDREN'S PRODUCTS

In many countries, an important route of entry for chemicals and metals is through con-
sumer products, especially products aimed at children. More than 100 out of 569 (18%)
children’s products tested by IPEN (2012) in Armenia, Belarus, Kazakhstan, Kyrgyzstan,
Russia, and Ukraine contained lead levels that exceeded local regulation limits for lead
in soil. In the Philippines, 15% of 435 children’s products tested by IPEN in 2011 con-
tained lead at or above the US requlatory limit. Similar tests by IPEN of 500 children’s
products in five cities in China in 2011 revealed 48 products (10%) that contained lead
at or above the requlatory limit in China and 82 products (16%) that exceeded the 90
ppm requlatory limit for lead content in paint used in the US and Canada (http://www.
ipen.org/site/toxics-products-overview).
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effects of lead exposure. In humans, lead alters reproductive hormones in peripu-
bertal girls (131) and healthy premenopausal women (132).

Negative Endocrine Health Outcome: Female Reproductive Health

Epidemiologic studies report associations between lead exposure and reproductive
health impacts in women across the lifespan (133). Most of these studies examine
effects of low-level, chronic exposures in US women. Two cross-sectional stud-

ies showed that low-level lead exposure is associated with delayed onset of key
pubertal events such as menarche (first menstrual bleeding), breast development,
and pubic hair development (134, 135). In a recent study, low-level cumulative
lead exposure (measured by bone lead levels) was associated with early menopause
among 434 women (136). Two other studies that examined the association be-
tween lead exposure and age at menopause found similar results. One was a study
among former smelter workers who were found to have earlier menopause com-
pared to community-based controls (137). The second study was a cross-sectional
analysis of 1,782 nationally representative US women among whom increased
odds of earlier natural menopause was seen with higher blood lead levels (138).
The collective evidence on delayed pubertal timing coupled with those on earlier
menopause suggests that lead exposure, even at low levels, may shorten women'’s
reproductive lifespan.

ii. Electronics

Where they are used

Polybrominated diphenyl ethers (PBDEs) are persistent organic pollutants (POPs)
that have widely been used as flame retardants in consumer products since the
1970s including computers, electronics and electrical equipment, textiles, foam
furniture, insulating foams, and other building materials (139). Historically, three
different mixtures known as PentaBDE, OctaBDE, and DecaBDE have been com-
mercially available. The predominant use of PentaBDE has been in polyurethane
foam within furniture, while OctaBDE and DecaBDE have been used in electron-
ics and other plastic products. In many countries PentaBDE and OctaBDE have
been phased out and replaced by other brominated flame retardants, including
Firemaster 550, tetrabromobisphenol A (TBBPA) and hexabromocyclododecane
(HBCD) (388, 140). Due to their persistent and bioaccumulative properties, and
ability to transport long distances, PentaBDE, OctaBDE and HBCD have been
added to Annex A of the Stockholm Convention for global elimination (141).
DecaBDE is currently under evaluation for addition to the Convention and is still
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widely available in developing countries. A brief summary on the recent San Anto-

nio Statement on brominated flame retardants (BFRs) is provided in Box 6.

Where people are exposed, evidence of exposure, and where risks are

BFRs are not chemically bound to products and are therefore released into the
environment where they may enter the human body via ingestion and inhalation
of contaminated house dust and/or food. Even though PBDE exposures in Europe
and the US are declining since they were phased out over a decade ago (14:2), they
remain a public health concern since PBDEs have long elimination halflives in
the body (143, 144), may persist in the indoor environment (145), and can biomag-
nify in the food web (146). Additionally, there may be a slow replacement time for
PBDE-containing consumer products in the home. An additional source of PBDE
exposure in developing countries is the processing of 20 - 50 million tons of waste
primarily in Africa and Asia’”.

The listing of PBDEs in the Stockholm Convention includes specific exemptions
that allow for recycling and the use in articles of recycled materials containing
these chemicals (141). Recycling of electrical and electronic equipment, which
occurs in Africa and Asia, leads to BFR exposures in workers during the recycling
stage and in use of recycled products (147). For example, one study of recycled

*  http://www.basel.int/Implementation/PartnershipProgramme/PACE/Overview/tabid/3243/Default.

aspx
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plastics in India found concentrations of Deca-PBDE detected in 50% of samples
examined (148). The contamination of recycled plastic products with BFRs also
occurs in Europe. For example, a recent study found DecaBDE, TBBPA, and a va-
riety of other flame retardant chemicals in recycled black thermo cups and kitchen
utensils on the European market (149).

Sources and routes of exposure can vary by life stage and by individual PBDEs
(144, 150). For example, serum concentrations of BDE-47, -99, and -100 (charac-
teristic of PentaBDE)(151) are highly correlated with dust exposures (140, 152). In
contrast, BDE-153 [a minor component of PentaBDE and OctaBDE (151)] shows
strong correlations with dietary exposures (including breast milk) and less con-
sistent relationships with dust exposures. Children, on average, have three times
higher concentrations than adults (153); this is likely due to exposures from breast
milk and increased dust intake due to their hand to mouth behaviors and close
time on the ground (154).

Exposures in North America are an order of magnitude higher than in Europe
and Asia (155). Residents of California historically have the world’s highest non-
occupational exposures to PentaBDE congeners because of the state’s unique flam-
mability standard for foam furniture (156). Higher concentrations of PentaBDE

BOX 6: SAN ANTONIO STATEMENT

Nearly 150 scientists from 22 countries have now signed the “San Antonio Statement
on Brominated and Chlorinated Flame Retardants” presented at the 30th International
Symposium on Halogenated Persistent Organic Pollutants, held in 2010 in San Antonio,
Texas. The San Antonio Statement addresses the growing concern in the scientific com-
munity about the persistent, bioaccumulative, and toxic properties of brominated and
chlorinated organic flame retardants (BFRs and CFRs, respectively) and the exposure to
humans and wildlife as a result of intensive use.

The scientist signatories are experts on the health effects and environmental fate of
BFRs and CFRs and environmental contaminants in general. The International Panel on
Chemical Pollution (IPCP), an international network of scientists working on various
aspects of chemical pollution, also has approved the statement.

The statement calls attention to a continuing pattern of substituting one dangerous
flame retardant for another, and recommends improved use and disposal of BFRs and
CFRs, use of safer alternatives, as well as better labeling and availability of information
about BFRs and CFRs in consumer products. Finally it calls for more scientific attention
to the actual need for flame retardants in products.
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congeners are also found among low-income communities (154)) and those
occupationally exposed (157). Occupations with higher exposures include firefight-
ing, manufacturers of flame retardant products, people involved in recycling flame
retardant products, computer technicians, and carpet installers (157-160). Mean
PBDE body burdens among child waste recyclers in Nicaragua were between 500
- 600 ng/g lipid, about 10 fold higher than US children and among some of the
highest recorded to date (161).

Science on why BFRs are EDCs

BFRs are potential EDCs because both the original compounds as well as their
break-down metabolites may interfere with the thyroid system. Thyroid hormones
(TH) play a critical role in fetal and childhood development (162). In animal stud-
ies, PentaBDE mixture as well as their components reduce thyroid hormones in
developing and adult rodents, possibly by activating liver enzymes that increase
TH clearance from serum (163-165). Metabolites of PBDEs called hydroxylated
PBDEs [OH-PBDEs (166)] have more potent actions on the thyroid system, and
structural similarities between PBDEs and thyroid hormones enable the chemicals
to interact with thyroid hormones-binding proteins (167). In addition, some OH-
PBDEs can bind to thyroid and estrogen hormone receptors (168, 169).

Several epidemiological studies find that PBDE exposures during early life are
associated with thyroid hormone disruption during early life, and that the devel-
oping fetus is particularly vulnerable (170-173). Pregnancy represents a period
of increased demand on the thyroid gland. Serum TH levels increase by almost
50 percent during the first trimester (174). TH insufficiency during pregnancy
can impair the health of mother and offspring (175). Even modest reductions in
maternal thyroid hormone during early pregnancy are associated with long last-
ing developmental deficits in their children, including reduced 1Q (176). Thus,
PBDE exposure may impair the function of the thyroid gland of pregnant women,
something that could have lifelong effects on the neurobiological health of their
offspring.

Negative Endocrine Health Outcome - Adverse neurodevelopmental outcomes

One of the greatest public health concerns of PBDEs is neurodevelopmental
toxicity. Experimental, animal, and human studies find that PBDEs can cause
neurodevelopmental toxicity both by altering brain development directly and by
interfering with thyroid hormone regulation (23). In human studies, prenatal and/
or early postnatal exposures to PBDEs are associated with neurodevelopmental
harm in children including deficits in concentration, fine motor coordination,

Introduction to EDCs (December 2014 51



and cognition (177-179). For example, in the largest study to date, Eskenazi et al.
(178) examined associations between prenatal and childhood PBDE exposures and
neurobehavioral development at 5 and 7 years of age among a Californian migrant
farmworker community in the US. They found that a ten-fold increase in both pre-
natal and childhood PBDE exposures were associated with an average reduction in
five IQ points among seven-year-old children. These neurodevelopment effects are
similar in magnitude to those observed due to lead and polychlorinated biphenyl
ethers (PCBs) during early development.

C) FOOD CONTACT MATERIALS
i. Bisphenol A

Where it is used

BPA is found in a variety of food containers such as hard, rigid plastics, and the
epoxy-based linings of canned foods. Until the past few years, most rigid, reusable
plastic containers, such as water bottles, were made of polycarbonate and con-
tained BPA. Now, alternative, BPA-free products, made from different materials,
are readily available. Because of rising health concerns, use of BPA in some plastic
containers, such as baby bottles, is now banned in many countries and being vol-
untarily reduced or phased out in others. BPA remains a common component of
the epoxy resins that line the interior of canned foods such as soup, canned vegeta-
bles, and beans. This liner is important because it helps protect the contents from

contamination by pathogens, which can cause serious food-borne illnesses such as
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BOX 7: BPA IN RUSSIA

In 2010, The Chapaevsk Medical Association (CMA) tested 21 food samples from three
Russian cities for levels of BPA, and found that 81% of the samples were contaminated.
Canned infant food was found to have some of the highest levels of contamination.
Results were shared at several seminars and workshops with physicians, chemists,
government officials, industry leaders, and other NGOs. Among other recommendations,
CMA suggests continued bio-monitoring in humans (particularly infants) for BPA levels,
implementing epidemiological impact studies in the general public, and starting a public
information and awareness campaign about the dangers of BPA in foods and consumer
products. Source: http://www.ipen.org/project-reports/survey-bisphenol-russian-foods

botulism. Not all can linings contain BPA but it is impossible for the consumer to
know which do and which do not. BPA can leach from these linings into the food,
thereby exposing consumers. Other common household products containing BPA
include polycarbonate eyeglasses, thermal paper receipts, and plastic water pipes.

Where people are exposed, evidence of exposure, and where the risks are

BPA is a high-volume production chemical, and global production is predicted

to exceed 5.4 million metric tons by 2015. Exposure appears to be universal (Box
7); the US Centers for Disease Control have estimated that greater than 96%

of all Americans have BPA in their bodies (180). BPA has been found in urine,
blood, umbilical cord blood and amniotic fluid. Because children are more likely
to eat and drink from plastics, spend so much time on the floor, and put so many
items in their mouths, exposure levels are typically higher in children than adults.
Conversely, people who use fewer plastics, personal care products, and make other
lifestyle changes that reduce contact with BPA-containing items have lower body
burdens (181, 182).

Most people are exposed by consuming food and beverages into which BPA has
leached from the container. Leaching is enhanced by environmental factors such
as heat, sunlight, and acidity, so acidic foods such as tomatoes are more likely to
leach BPA from can linings. Common activities such as reheating food in or on
plasticware in the microwave and storing water bottles in a hot car are known to
enhance the transfer of BPA from plastics. Other possible but not well studied
routes of exposure include inhalation or ingestion of contaminated house dust,
and dermal exposure from handling BPA-containing thermal paper receipts.
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BPA is used in so many products that exposure is thought to be ubiquitous, and
nearly continual. Unlike DDT and some other EDCs, BPA is rapidly metabolized
and does not bioaccumulate in the body, so reducing exposure can rapidly reduce
body burden. Several studies have shown that basic lifestyle changes, such as
minimizing the use of canned foods and plastic containers, can rapidly reduce BPA
levels in urine and other body fluids (181, 182). Increasing availability of BPA-free
plastics and can linings will also likely reduce exposure, but concerns have been
raised about the replacement compounds and if they too might be EDCs (183).

Although the introduction of BPA-free food containers to global markets is clearly
advantageous for reducing human exposure, BPA remains a high-volume produc-
tion chemical so alternative sources of exposure remain a significant concern. En-
vironmental contamination is also a persistent problem. Unfortunately, less than
1/3 of all plastic bottles are recycled in the US, so much of it ends up in landfills or
aquatic systems. In 2000, BPA was detected in 41% of 139 US streams in 30 states
(184 and this trash ultimately ends up in the ocean. Greater than 90% of all ocean
trash is plastic, and it can linger there for decades or longer (185). The situation

is even worse in developing countries. BPA, leaching from some of this trash, has
been detected in seawater and marine species meaning that it will continue to
remain a significant environmental contaminant as it will take centuries for all of
this plastic trash to weather and degrade.

Science on why BPA is an EDC

BPA is one of the most extensively-studied and well-known EDCs. First syn-
thesized in 1891, BPA was identified as an estrogen mimic in the early 1930’s so
its endocrine-disrupting properties have been recognized for decades. BPA can
interfere with estrogen signaling via several different mechanisms. It can bind to
and stimulate estrogen receptors (ERs), albeit more weakly compared to natural
estrogens (186, 187). BPA exposure, even low levels, can alter the density of estro-
gen receptors in tissues such as the brain (188), an effect that consequently alters
the sensitivity of that tissue to natural estrogens. Because estrogen plays a criti-
cal role in the development of numerous tissues, including the brain, mammary
gland, and even the testis, interference with estrogen activity during development
can result in permanent changes that affect reproductive functions later in life. For
example, early life exposure to BPA alters the density of neurons that produce an
important neurotransmitter, dopamine, in a hypothalamic brain region critical to
female ovulation and behavior (189, 190). This is one of many examples of effects
of BPA on tissues that are sensitive to estrogens. Considering that males and fe-
males both produce and respond to natural estrogens, but that there are consider-
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able sex differences in these processes, it is not surprising that BPA actions are not
identical between the sexes.

A biological molecular mechanism by which BPA acts is through DNA methyla-
tion. Every human (except identical twins) has a unique set of genes. Within our
bodies, expression of those genes - that is, whether they are activated and lead to
expression of a protein within a cell - differs considerably. For example, the genet-
ic material (DNA) is identical between a skin cell and a nerve cell, but the proteins
that are produced in these very different tissues are unique for each cell type. It is
the expression of genes that determines these differences. DNA methylation is the
addition of a small chemical group, called a methyl group, to DNA. The amount
and location of these methyl groups determines whether a gene is expressed, and
levels of expression. Several EDCs, among which there is the most information

for BPA, induce such changes in genes. BPA causes DNA methylation changes in
neuroendocrine pathways fundamental to reproductive health, energy balance,
and behavior, including estrogen-sensitive pathways (46, 191-193). Altered pat-
terns of DNA methylation in key genes related to cell growth may be a potential
mechanism explaining why developmental exposure to human-relevant, low levels
of BPA heighten risk of uterine and prostate cancer in animal models (194-196).
Similar disruptions have also been identified in the liver, brain, and ovary.

BPA was subsequently shown, using a variety of cell-based models, to disrupt the
action of other steroid hormones including testosterone and thyroid hormone. In
monkeys, BPA blocks the androgen-dependent enhancement of dendritic spines in
the hippocampus, an effect which suggests BPA may interfere with neural plastic-
ity (197). Human studies have shown associations between elevated androgen
levels with BPA levels in men, women, and infants, an effect which remains poorly
explained but may result from altered androgen metabolism, disruption of feed-
back loops regulating androgen production, or enhanced androgen production

by the ovary (198). It has also been observed in vitro that BPA may be 80 times
more potent on estrogen related receptor gamma (ERRy) than classical estrogen
receptors (199). Little is known about the functional role of ERRy but it is highly
expressed in fetal brain and placenta, a distribution that supports the concern that
the fetus is particularly sensitive to BPA.

Negative Endocrine Heath Outcome: Behavior and Reproductive Health

As of 2014, nearly 100 epidemiological studies have been published associating
BPA with human health effects, most notably disorders of reproduction, behavior
and energy balance (198). Most support the prevailing concern that developmental
exposure has the most profound effects. BPA has been linked with reduced oocyte
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quality in women undergoing fertility assistance, including in vitro fertilization
(44, 45), effects which are consistent with ovarian effects observed in animal
models (200). Evidence from animal models, including non-human primates
whose reproductive biology is virtually identical to that of humans, has also shown
that developmental BPA exposure compromises ovarian development, uterine
structure, and embryo implantation (201-203). Elevated BPA levels have been
associated with polycystic ovarian syndrome (PCOS) and elevated androgen levels,
a hallmark of this common reproductive disorder of women. Although BPA has
been associated with other disorders of female fertility including endometriosis,
miscarriage, premature birth, and low birth weight, the evidence is equivocal and
the available studies suffer from design weaknesses including small samples sizes
and effect sizes. Similarly, in men, BPA has been linked to reduced sperm quality
and sexual function following exposure in an occupational setting but there is not
sufficient evidence to establish if BPA has similar effects at the doses to which the
general public is exposed.

Several agencies including the WHO and the National Toxicology Program have
expressed concern regarding the impact of BPA on fetal brain development and
behavior. Evidence from numerous animal models has shown that developmen-
tal BPA exposure elevates anxiety, aggression, and other behaviors (204), ef-
fects which have now been reported in children (205-207). This has led some to
hypothesize that BPA may contribute to behavioral disorders such as ADHD and
ASD (26, 208). Impacts on brain sexual differentiation and synaptic plasticity
have also been observed in animals.

Linkages between BPA and cardiovascular disease and hypertension are fairly
robust, documented in numerous epidemiological studies, and are supported by
mechanistic studies in animals (198, 209). Importantly, this is an endpoint for
which there is strong evidence associating adult (rather than developmental) BPA
exposure with disease. Significant correlations have been reported in a range of
populations and are consistent across study cohorts, an observation that strength-
ens confidence in the relationship. Because associations with obesity are tenuous,
cardiovascular effects appear to be direct rather than a secondary outcome of
increased body weight.
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ANNEX |

Resolution on endocrine-disrupting chemicals adopted at the 3rd International
Conference on Chemicals Management

The following resolution on EDCs was adopted by consensus agreement of more
than 80 governments, along with various intergovernmental organizations, public
interest non-governmental organizations, and the industry at the 3rd Internation-
al Conference on Chemicals Management, held in Nairobi, Kenya, 17-21 Septem-
ber 2012."

Endocrine-disrupting chemicals

Mindful of the overarching goal of the Plan of Implementation of the World Sum-
mit on Sustainable Development, as set out in paragraph 23, of ensuring that by
2020 chemicals are produced and used in ways that minimize significant adverse
impacts on the environment and human health,’

Mindful also of the non-binding, voluntary and multi-stakeholder nature of the
Strategic Approach to International Chemicals Management, which is aimed at
achieving the sound management of chemicals throughout their life-cycles,

Recognizing the potential adverse effects of endocrine disruptors on human
health and the environment,

Recognizing also the need to protect humans, and ecosystems and their constitu-
ent parts that are especially vulnerable, as set forth in, inter alia, paragraph 14 (b)
of the Overarching Policy Strategy of the Strategic Approach,

Considering the particular needs of developing countries and countries with
economies in transition,

Recognizing the continuing efforts by Strategic Approach stakeholders, includ-
ing Governments, intergovernmental organizations and civil society, the scientific

*  Resolution I11/2: Emerging policy issues; F: Endocrine-disrupting chemicals; 3rd International
Conference on Chemicals Management, Nairobi, Kenya, 17-21 September 2012 http://www.saicm.
org/images/saicm_documents/iccm/ICCM3/Meeting%20documents/iccm3%2024/K1283429e.pdf

t  Report of the World Summit on Sustainable Development, Johannesburg, South Africa, 26 August-4
September 2002 (United Nations publication, Sales No. E.03.11.A.1 and corrigendum), chap. I, reso-

lution 2, annex.
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community, public interest non-governmental organizations, trade unions and the

health sector,
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Agrees that international cooperation to build awareness and understanding
and promote actions on endocrine-disrupting chemicals is an emerging policy
issue;

Considers that information dissemination and awareness-raising on endo-
crine-disrupting chemicals are particularly relevant and that improving the
availability of and access to information on such chemicals is a priority;

Recognizes the current knowledge gaps on exposure to and the effects of
endocrine-disrupting chemicals;

Also recognizes the current difficulties faced by some countries in mobiliz-
ing the resources required to tackle endocrine-disrupting chemicals as an
emerging policy issue;

Decides to implement cooperative actions on endocrine-disrupting chemicals
with the overall objective of increasing awareness and understanding among
policymakers and other stakeholders;

Invites the participating organizations of the Inter-Organization Programme
for the Sound Management of Chemicals, within their respective mandates
as part of their programmes of work, to lead and facilitate the cooperative
actions on endocrine-disrupting chemicals in an open, transparent and
inclusive manner by building on existing activities of all participants in the
Strategic Approach that will:

(a) Provide up-to-date information and scientific expert advice to relevant
stakeholders for the purpose of identifying or recommending potential
measures that could contribute to reductions in exposures to or the effects
of endocrine-disrupting chemicals, in particular among vulnerable popu-
lations, through, inter alia, timely updates to the 2012 report on the state
of the science of endocrine-disrupting chemicals, published jointly by the
United Nations Environment Programme and the World Health Organi-
zation, with particular attention to the needs of developing countries and
countries with economies in transition;

(b) Raise awareness and facilitate science-based information exchange, dis-
semination and networking on endocrine-disrupting chemicals through,
inter alia, activities at all levels and the use of the Strategic Approach
clearing house;



(¢) Provide international support for activities to build capacities in coun-
tries, in particular developing countries and countries with economies
in transition, for generating information and for assessing issues related
to endocrine-disrupting chemicals in order to support decision-making,
including the prioritization of actions to reduce risks;

(d) Facilitate mutual support in research, the development of case studies and
advice on translation of research results into control actions;

Also invites the participating organizations of the Inter-Organization Pro-
gramme for the Sound Management of Chemicals to develop a plan of work
for the cooperative actions on endocrine-disrupting chemicals and in consul-
tation with participants of the Bureau of the Conference, in its development
and to publish the plan on the Strategic Approach clearing house website;

Requests all interested stakeholders and organizations to provide support,
including expertise and financial and in-kind resources, on a voluntary basis,
for the cooperative actions, including by participating in developing and mak-
ing available relevant information and guidance;

Invites the participating organizations of the Inter-Organization Programme
for the Sound Management of Chemicals to report on the cooperative actions
on endocrine-disrupting chemicals and its achievements and recommenda-
tions for further possible cooperative actions for the consideration of the
Conference at its fourth session.

Introduction to EDCs (December 2014) | 59



REFERENCES

10.

11

12.

13.

14.

15.

16.

17.

18.

19.

20.
21.

22.

60

Diamanti-Kandarakis E, Bourguignon JP, Giudice LC, Hauser R, Prins GS, Soto AM, Zoeller RT,
Gore AC. Endocrine-disrupting chemicals: an Endocrine Society scientific statement. Endocrine
Rev 2009; 30:293-342.

World Health Organization. 2012. State of the Science of Endocrine-Disrupting Chemicals. Geneva:
International Programme on Chemical Safety.

2012 Exposure to Toxic Environmental Agents. American College of Obstetricians and Gynecolo-
gists Committee on Health Care for Underserved Women; American Society for Reproductive
Medicine Practice Committee; The University of California, San Francisco Program on Reproduc-
tive Health and the Environment.

2013. In Chemical Exposures During Pregnancy: Dealing with Potential, but Unproven, Risks to
Child Health: Royal College of Obstetricians and Gynaecologists.

Zoeller RT, Brown TR, Doan LL, Gore AC, Skakkebaek NE, Soto AM, Woodruff TJ, Vom Saal FS.
Endocrine-Disrupting Chemicals and Public Health Protection: A Statement of Principles from The
Endocrine Society. Endocrinology 2012; 153:4097-4110.

Herbst AL, Ulfelder H, Poskanzer DC. Adenocarcinoma of the vagina. Association of maternal
stilbestrol therapy with tumor appearance in young women. N Engl J Med 1971; 284:878-881.
McLachlan JA. Environmental signaling: what embryos and evolution teach us about endocrine-
disrupting chemicals. Endocrine Reviews 2001; 22:319-341.

Rao RP, Kaliwal BB. Monocrotophos induced dysfunction on estrous cycle and follicular develop-
ment in mice. Industrial health 2002; 40:237-244..

Tian YH, Baek JH, Lee SY, Jang CG. Prenatal and postnatal exposure to bisphenol a induces anxio-
lytic behaviors and cognitive deficits in mice. Synapse 2010; 64:432-439.

Fingerhut M, Nelson DI, Driscoll T, Concha-Barrientos M, Steenland K, Punnett L, Pruss-Ustun

A, Leigh J, Corvalan C, Eijkemans G, Takala J. The contribution of occupational risks to the global
burden of disease: summary and next steps. La Medicina del lavoro 2006; 97:313-321.

World Health Organization. 2006. Preventing disease through healthy environments - towards an
estimate of the environmental burden of disease. Geneva: World Health Organization.

Boyle CA, Boulet S, Schieve LA, Cohen RA, Blumberg SJ, Yeargin-Allsopp M, Visser S, Kogan MD.
Trends in the prevalence of developmental disabilities in US children, 1997-2008. Pediatrics 2011;
127:1034-1042.

2013. Global chemicals outlook: Towards the sound management of chemicals. Geneva, Switzerland:
United Nations Environment Programme and the World Health Organization.

Buck Louis GM, Sundaram R, Sweeney AM, Schisterman EF, Maisog J, Kannan K. Urinary bisphe-
nol A, phthalates, and couple fecundity: the Longitudinal Investigation of Fertility and the Environ-
ment (LIFE) Study. Fertil Steril 2014; In Press:

Gerona RR, Woodruff TJ, Dickenson CA, Pan J, Schwartz JM, Sen S, Friesen MW, Fujimoto VY,
Hunt PA. Bisphenol-A (BPA), BPA glucuronide, and BPA sulfate in midgestation umbilical cord
serum in a northern and central California population. Environmental science & technology 2013;
47:12477-12485.

Skakkebaek NE, Toppari J, Soder O, Gordon CM, Divall S, Draznin M. The exposure of fetuses

and children to endocrine-disrupting chemicals: a European Society for Paediatric Endocrinology
(ESPE) and Pediatric Endocrine Society (PES) call to action statement. J Clin Endocrinol Metab
2011; 96:3056-3058.

Cummings KM, Brown A, O’Connor R. The cigarette controversy. Cancer epidemiology, biomarkers
& prevention : a publication of the American Association for Cancer Research, cosponsored by the
American Society of Preventive Oncology 2007; 16:1070-1076.

Shelby MD. NTP-CERHR monograph on the potential human reproductive and developmental
effects of bisphenol A. NTP CERHR MON 2008; v, vii-ix, 1-64 passim.

WHO/UNEP. 2012. State of the science of endocrine-disrupting chemicals - 2012. Bergman A,
Heindel JJ, Jobling S, Kidd KA, Zoeller RT, editors: United National Envirnoment Programme
World Health Organization. 296.

Winneke G. Developmental aspects of environmental neurotoxicology: Lessons from lead and poly-
chlorinated biphenyls. J Neurol Sci 2011; 308:9-15.

Stein J, Schettler T, Wallinga D, Valenti M. In harm’s way: toxic threats to child development. J Dev
Behav Pediatr 2002; 23:S13-22.

Boucher O, Muckle G, Bastien CH. Prenatal exposure to polychlorinated biphenyls: a neuropsycho-
logic analysis. Environmental health perspectives 2009; 117:7-16.



23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.
34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

Dingemans MM, van den Berg M, Westerink RH. Neurotoxicity of brominated flame retardants:
(in)direct effects of parent and hydroxylated polybrominated diphenyl ethers on the (developing)
nervous system. Environmental health perspectives 2011; 119:900-907.

Paule MG, Green L, Myerson J, Alvarado M, Bachevalier J, Schneider JS, Schantz SL. Behavioral
toxicology of cognition: extrapolation from experimental animal models to humans: behavioral
toxicology symposium overview. Neurotoxicology and teratology 2012; 34:263-273.

Freire C, Koifman S. Pesticides, depression and suicide: a systematic review of the epidemiological
evidence. International journal of hygiene and environmental health 2013; 216:445-460.

de Cock M, Maas YG, van de Bor M. Does perinatal exposure to endocrine disruptors induce autism
spectrum and attention deficit hyperactivity disorders? Review. Acta paediatrica 2012; 101:811-818.
Gore AC, Dickerson SM. Endocrine Disruptors and the Developing Brain: Morgan & Claypool;
2012;

Casals-Casas C, Desvergne B. Endocrine disruptors: from endocrine to metabolic disruption. Annu
Rev Physiol 2011; 73:135-162.

Grun F, Blumberg B. Perturbed nuclear receptor signaling by environmental obesogens as emerging
factors in the obesity crisis. Rev Endocr Metab Disord 2007; 8:161-171.

Kirchner S, Kieu T, Chow C, Casey S, Blumberg B. Prenatal exposure to the environmental obesogen
tributyltin predisposes multipotent stem cells to become adipocytes. Mol Endocrinol 2010; 24:526-
539.

Baillie-Hamilton PF. Chemical toxins: a hypothesis to explain the global obesity epidemic. J Altern
Complement Med 2002; 8:185-192.

Ismail-Beigi F, Catalano PM, Hanson RW. Metabolic programming: fetal origins of obesity and
metabolic syndrome in the adult. Am J Physiol Endocrinol Metab 2006; 291:E439-440.

Grun F, Blumberg B. Minireview: the case for obesogens. Mol Endocrinol 2009; 23:1127-1134..
Janesick A, Blumberg B. Minireview: PPARgamma as the target of obesogens. The Journal of ste-
roid biochemistry and molecular biology 2011; 127:4-8.

Zoeller RT. Environmental chemicals impacting the thyroid: targets and consequences. Thyroid :
official journal of the American Thyroid Association 2007; 17:811-817.

Boas M, Main KM, Feldt-Rasmussen U. Environmental chemicals and thyroid function: an update.
Current opinion in endocrinology, diabetes, and obesity 2009; 16:385-391.

Patisaul HB, Roberts SC, Mabrey N, McCaffrey KA, Gear RB, Braun J, Belcher SM, Stapleton HM.
Accumulation and endocrine-disrupting effects of the flame retardant mixture firemaster((R)) 550
in rats: an exploratory assessment. J Biochem Mol Toxicol 2013; 27:124-136.

Stapleton HM, Allen JG, Kelly SM, Konstantinov A, Klosterhaus S, Watkins D, McClean MD,
Webster TF. Alternate and new brominated flame retardants detected in US house dust. Environ Sci
Technol 2008; 42:6910-6916.

Crain DA, Janssen SJ, Edwards TM, Heindel J, Ho SM, Hunt P, Iguchi T, Juul A, McLachlan JA,
Schwartz J, Skakkebaek N, Soto AM, Swan S, Walker C, Woodruff TK, Woodruff TJ, Giudice LC,
Guillette LJ, Jr. Female reproductive disorders: the roles of endocrine-disrupting compounds and
developmental timing. Fertility and sterility 2008; 90:911-940.

Biro FM, Greenspan LC, Galvez MP, Pinney SM, Teitelbaum S, Windham GC, Deardorff J, Herrick
RL, Succop PA, Hiatt RA, Kushi LH, Wolff MS. Onset of breast development in a longitudinal
cohort. Pediatrics 2013; 132:1019-1027.

Mouritsen A, Aksglaede L, Sorensen K, Mogensen SS, Leffers H, Main KM, Frederiksen H, Anders-
son AM, Skakkebaek NE, Juul A. Hypothesis: exposure to endocrine-disrupting chemicals may
interfere with timing of puberty. Int J Androl 2010; 33:346-359.

Jefferson WN, Patisaul HB, Williams CJ. Reproductive consequences of developmental phytoestro-
gen exposure. Reproduction 2012; 143:247-260.

Newbold RR. Prenatal exposure to diethylstilbestrol (DES). Fertility and sterility 2008; 89:e55-56.
Souter I, Smith KW, Dimitriadis I, Ehrlich S, Williams PL, Calafat AM, Hauser R. The association of
bisphenol-A urinary concentrations with antral follicle counts and other measures of ovarian reserve
in women undergoing infertility treatments. Reproductive toxicology 2013; 42:224-231.
Machtinger R, Combelles CM, Missmer SA, Correia KF, Williams P, Hauser R, Racowsky C.
Bisphenol-A and human oocyte maturation in vitro. Human reproduction 2013; 28:2735-2745.
Uzumcu M, Zama AM, Oruc E. Epigenetic mechanisms in the actions of endocrine-disrupting
chemicals: gonadal effects and role in female reproduction. Reprod Domest Anim 2012; 47 Suppl
4:338-347.

Hougaard KS, Hannerz H, Feveile H, Bonde JP. Increased incidence of infertility treatment among
women working in the plastics industry. Reproductive toxicology 2009; 27:186-189.

Introduction to EDCs (December 2014 61



48.

49.

50.

51.

52.

53.

54.

55.
56.

57.

58.

59.

60.

61.

62.

63.

64.

65.
66.

67.

68.
69.
70.

71

62

Swan SH, Brazil C, Drobnis EZ, Liu F, Kruse RL, Hatch M, Redmon JB, Wang C, Overstreet JW.
Geographic differences in semen quality of fertile US males. Environ Health Perspect 2003; 111:414-
420.

Nordkap L, Joensen UN, Blomberg Jensen M, Jorgensen N. Regional differences and temporal
trends in male reproductive health disorders: semen quality may be a sensitive marker of environ-
mental exposures. Mol Cell Endocrinol 2012; 355:221-230.

Skakkebaek NE, Rajpert-De Meyts E, Main KM. Testicular dysgenesis syndrome: an increasingly
common developmental disorder with environmental aspects. Hum Reprod 2001; 16:972-978.
Fucic A, Gamulin M, Ferencic Z, Katic J, Krayer von Krauss M, Bartonova A, Merlo DF. Environ-
mental exposure to xenoestrogens and oestrogen related cancers: reproductive system, breast, lung,
kidney, pancreas, and brain. Environ Health 2012; 11 Suppl 1:S8.

Soto AM, Sonnenschein C. Environmental causes of cancer: endocrine disruptors as carcinogens.
Nat Rev Endocrinol 2010; 6:363-370.

Cohn BA, Terry MB, Plumb M, Cirillo PM. Exposure to polychlorinated biphenyl (PCB) congeners
measured shortly after giving birth and subsequent risk of maternal breast cancer before age 50.
Breast Cancer Res Treat 2012; 136:267-275.

Vandenberg LN, Colborn T, Hayes TB, Heindel JJ, Jacobs DR, Lee DH, Shioda T, Soto AM, vom
Saal FS, Welshons WV, Zoeller RT, Myers JP. Hormones and endocrine-disrupting chemicals: Low-
dose effects and nonmonotonic dose response. Endocrine Rev 2012; 33:378-455.

Landrigan PJ, Etzel RA. Textbook of children’s environmental health. New York: Oxford University
Press; 2014;

Bergeron JM, Crews D, McLachlan JA. PCBs as environmental estrogens: Turtle sex determination
as a biomarker of environmental contamination. Environ Health Perspect 1994; 102:780-781.
Sheehan DM, Willingham EJ, Bergeron JM, Osborn CT, Crews D. No threshold dose for estradiol-
induced sex reversal of turtle embryos: How little is too much? Environ Health Perspect 1999;
107:155-159.

Sheehan DM. No threshold dose-response curves for nongenotoxic chemicals: Findings and ap-
plications for risk assessment. Environ Res 2006; 100:93-99.

Van den Berg H, Zaim M, Yadav RS, Soares A, Ameneshewa B, Mnzava A, Hii J, Dash AP, Ejoy M.
Global trends in the use of insecticides to control vector-borne diseases. Environ Health Perspect
2012; 120:577-582.

Amoako PK, Kumah P, Appiah F. Pesticides usage in cabbage (Brassica oleracea) cultivation in the
forest ecozone of Ghana. Int J Res Chem Environ 2012; 2:26-31.

Sharma BM, Bharat GK, Tayal S, Nizetto L, Cupr P, Larssen T. Environment and human exposure
to persistent organic pollutants (POPs) in India: A systematic review of recent and historical data.
Environ Int 2014; 66:48-64.

Mekonen S, Ambelu A, Spanoghe P. Pesticide residue evaluation in major staple food items of Ethio-
pia using the Quechers method: A case study from the Jimma zone. Environ Toxicol Chem 2014;
DOLI: 10.1002/etc.2554.

Gebremichael S, Birhanu T, Tessema DA. Organochlorine pesticide residues in human and cow’s
milk in the towns of Asendabo, Serbo and Jimma in South-Western Ethiopia. Chemosphere 2013;
90:1652-1657.

Aneck-Hahn NH, Schulenburg GW, Bornman MS, Farias P, de Jager C. Impaired semen quality
associated with environmental DDT exposure in young men living in a malaria area in the Limpopo
Province, South Africa. J Androl 2007; 28:423-434.

Bouwman H, Schutte CH. Effect of sibship on DDT residue levels in human serum from a malaria
endemic area in northern Kwazulu. Bull Environ Contam Toxicol 1993; 50:300-307.

Kreiss K, Zack MM, Kimbrough RD, Needham LL, Smrek AL, Jones BT. Cross-sectional study of a
community with exceptional exposure to DDT. JAMA 1981; 245:1926-1930.

Eskenazi B, Chevrier J, Rosas LG, Anderson HA, Bornman MS, Bouwman H, Chen A, Cohn BA, de
Jager C, Henshel DS, Leipzig F, Leipzig JS, Lorenz EC, Snedeker SM, Stapleton D. The Pine River
statement: human health consequences of DDT use. Environ Health Perspect 2009; 117:1359-1367.
Bouwman H, Becker PJ, Cooppan RM, Reinecke AJ. Transfer of DDT used in malaria control to
infants via breast milk. Bull World Health Organ 1992; 70:241-250.

Salone LR, Vann WF, Jr., Dee DL. Breastfeeding: an overview of oral and general health benefits. J
Am Dent Assoc 2013; 144:143-151.

Huen K, Yousefi P, Bradman A, Yan L, Harley KG, Kogut K, Eskenazi B, Holland N. Effects of age,
sex, and persistent organic pollutants on DNA methylation in children. Environ Mol Mutagen 2013;
Longnecker MP. Invited Commentary: Why DDT matters now. American Journal of Epidemiology
2005; 162:726-728.



72.

73.

T4.

75.

76.

7.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91

92.

93.

94.

Ritter R, Scheringer M, MacLeod M, Hungerbuhler K. Assessment of nonoccupational exposure to
DDT in the tropics and the north: relevance of uptake via inhalation from indoor residual spraying.
Environmental Health Perspectives 2011; 119:707-712.

Rogers DJ, Randolph SE. The global spread of malaria in a future, warmer world. Science 2000;
289:1763-1766.

Blais JM, Schindler DW, Muir DC, Sharp M, Donald D, Lafreniere M, Braekevelt E, Strachan WM.
Melting glaciers: a major source of persistent organochlorines to subalpine Bow Lake in Banff
National Park, Canada. Ambio 2001; 30:410-415.

Macdonald RW, Harner T, Fyfe J. Recent climate change in the Arctic and its impact on contami-
nant pathways and interpretation of temporal trend data. Science of the Total Environment 2005;
342:5-86.

Jenssen BM. Endocrine-disrupting chemicals and climate change: A worst-case combination for
Arctic marine mammals and seabirds? Environ Health Perspect 2006; 114 (Suppl 1):76-80.

Sohoni P, Sumpter JP. Several environmental oestrogens are also anti-androgens. Journal of Endo-
crinology 1998; 158:327-339.

Cohn BA, Wolff MS, Cirillo PM, Sholtz RI. DDT and breast cancer in young women: new data on
the significance of age at exposure. Environ Health Perspect 2007; 115:1406-1414.

Skinner MK, Manikkam M, Tracey R, Guerrero-Bosagna C, Haque M, Nilsson EE. Ancestral dichlo-
rodiphenyltrichloroethane (DDT) exposure promotes epigenetic transgenerational inheritance of
obesity. BMC medicine 2013; 11:228.

Taylor KW, Novak RF, Anderson HA, Birnbaum LS, Blystone C, Devito M, Jacobs D, Kohrle J, Lee
DH, Rylander L, Rignell-Hydbom A, Tornero-Velez R, Turyk ME, Boyles AL, Thayer KA, Lind L.
Evaluation of the association between persistent organic pollutants (POPs) and diabetes in epide-
miological studies: a national toxicology program workshop review. Environ Health Perspect 2013;
121:774-783.

Peer N, Steyn K, Lombard C, Lambert EV, Vythilingum B, Levitt NS. Rising diabetes prevalence
among urban-dwelling black South Africans. PLos One 2012; 7:e43336.

Ramachandran A, Snehalatha C, Shetty AS, Nanditha A. Trends in prevalence of diabetes in Asian
countries. World J Diabetes 2012; 3:110-117.

Shaw JE, Sicree RA, Zimmet PZ. Global estimates of the prevalence of diabetes for 2010 and 2030.
Diabetes Res Clin Pract 2010; 87:4-14.

Yau DT, Mennear JH. The inhibitory effect of DDT on insulin secretion in mice. Toxicology and Ap-
plied Pharmacology 1977; 39:81-88.

Kacew S, Singhal RL. Role of cyclic adenosine 3":5-monophosphate in the action of 1,1,1-trichlo-
ro-2,2-bis-(p-chlorophenyl)ethane (DDT)on hepatic and renal metabolism. Biochemical Journal
1974; 142:14.5-152.

La Merrill M, Karey E, Moshier E, Lindtner C, La Frano MR, Newman JW, Buettner C. Perinatal
exposure of mice to the pesticide DDT impairs energy expenditure and metabolism in adult female
offspring. PLos One 2014; 9:e103337.

Racke KD. Environmental fate of chlorpyrifos. Rev Environ Contam Toxicol 1993; 131:1-150.

Racke KD, Fontaine DD, Yoder RN, Miller JR. Chlorpyrifos degradation in soil at termiticidal ap-
plication rates. Pestic Sci 1994; 55:1221-1228.

Baskaran S, Kookana RS, Naidu R. Degradation of bifenthrin, chlorpyrifos and imidacloprid in soil
and bedding materials at termiticidal application rates. Pestic Sci 1999; 55:1222-1228.

NRA. 2000. The NRA Review of Chlorpyrifos. Volume 1. National Registration Authority for
Agricultural and Veterinary Medicines. Canberra. http://www.apvma.gov.au/products/review/docs/
chlorpyrifos_summary.pdf.

Bondarenko S, Gan J. Degradation and sorption of selected organophosphate and carbamate insec-
ticides in urban stream sediments. Environ Toxicol Chem 2004; 23:1809-1814.

Saunders M, Magnanti BL, Correia Carreira S, Yang A, Alamo-Hernandez U, Riojas-Rodriguez H,
Calamandrei G, Koppe JG, Krayer von Krauss M, Keune H, Bartonova A. Chlorpyrifos and neurode-
velopmental effects: a literature review and expert elicitation on research and policy. Environ Health
2012; 11 Suppl 1:S5.

Landrigan PJ, Claudio L, Markowitz SB, Berkowitz GS, Brenner BL, Romero H, Wetmur JG, Matte
TD, Gore AC, Godbold JH, Wolff MS. Pesticides and inner-city children: Exposures, risks and pre-
vention. Environmental Health Perspectives 1999; 107:431-437.

Morgan MK, Sheldon LS, Croghan CW, Jones PA, Robertson GL, Chuang JC, Wilson NK, Lyu CW.
Exposures of preschool children to chlorpyrifos and its degradation product 3,5,6-trichloro-2-pyrid-
inol in their everyday environments. Journal of Exposure Analysis and Environmental Epidemiology
2005; 15:297-309.

Introduction to EDCs (December 2014) | 63


http://www.apvma.gov.au/products/review/docs/chlorpyrifos_summary.pdf
http://www.apvma.gov.au/products/review/docs/chlorpyrifos_summary.pdf

95.
96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

64

Wright CG, Leidy RB, Dupree HE, Jr. Chlorpyrifos in the air and soil of houses eight years after its
application for termite control. Bull Environ Contam Toxicol 19945 52:131-134.

Hansen DJ, Goodman LR, Cripe GM, Macauley SF. Early life-stage toxicity test methods for gulf
toadfish (Opsanus beta) and results using chlorpyrifos. Ecotoxicol Environ Saf 1986; 11:15-22.
Hageman KJ, Simonish SL, Campbell DH, Wilson GR, Landers DH. Atmospheric deposition of cur-
rent use and historic-use pesticides in snow in national parks in the western United States. Environ
Sci Technol 2006; 40:3174-3180.

Landers DH, Simonish SL, Jaffe DA, Geiser LH, Campbell DH, Schwindt AR, Schreck CB, Kent
ML, Hafner WD, Taylor HE, Hageman KJ, Usenko S, Ackerman LK, Schrlau JE, Rose NL, Blett

TF, Erway MM. 2008. The Fate, Transport, and Ecological Impacts of Airborne Contaminants in
Western National Parks (US). Western Airborne Contaminants Assessment Project Final Report.
Corvallis.

Salas JH, Gonzalez MM, Noa M, Perez NA, Diaz G, Gutierrez R, Zazueta H, Osuna I. Organophos-
phorus pesticide residues in Mexican commercial pasteurized milk. Journal of Agricultural and
Food Chemistry 2003; 51:44.68-4471.

Sanghi R, Pillai MK, Jayalekshmi TR, Nair A. Organochlorine and organophosphorus pesticide
residues in breast milk from Bhopal, Madhya Pradesh, India. Hum Exp Toxicol 2003; 22:73-76.
Casey KA. 2005. Chlorpyrifos in breast milk? : University of Tennessee.

EPA C. 2008. Evidence on the Developmental and ReproductiveToxicity of Chlorpyrifos. Reproduc-
tive and Cancer Hazard Assessment Branch, Office of Environmental Health Hazard Assessment,
California Environmental Protection Agency. http://oehha.ca.gov/prop65/hazard_ident/pdf zip/
ChlorpyrifosHID0908.pdf.

Ostrea EM, Jr., Bielawski DM, Posecion NC. Meconium analysis to detect fetal exposure to neuro-
toxicants. Arch Dis Child 2006; 91:628-629.

Ostrea EM, Jr., Bielawski DM, Posecion NC, Corrion M, Villanueva-Uy E, Bernardo RC, Jin Y, Jani-
see JJ, Ager JW. Combined analysis of prenatal (maternal hair and blood) and neonatal (infant hair,
cord blood and meconium) matrices to detect fetal exposure to environmental pesticides. Environ
Res 2009; 109:116-122.

Huen K, Bradman A, Harley K, Yousefi P, Boyd Barr D, Eskenazi B, Holland N. Organophosphate
pesticide levels in blood and urine of women and newborns living in an agricultural community.
Environ Res 2012; 117:8-16.

Muiioz-Quezada MT, Iglesias V, Lucero B, Steenland K, Barr DB, Levy K, Ryan PB, Alvarado S,
Concha C. Predictors of exposure to organophosphate pesticides in schoolchildren in the Province of
Talca, Chile. Environ Int 2012; 47:28-36.

Lein PJ, Bonner MR, Farahat FM, Olson JR, Rohlman DS, Fenske RA, Lattal KM, Lasarev MR, Gal-
vin K, Farahat TM, Anger WK. Experimental strategy for translational studies of organophosphorus
pesticide neurotoxicity based on real-world occupational exposures to chlorpyrifos. Neurotoxicology
2012; 33:660-668.

Rodriquez T, Younglove L, Lu C, Funez A, Weppner S, Barr DB, Fenske RA. Biological monitoring of
pesticide exposures among applicators and their children in Nicaragua. Int J Occup Environ Health
2006; 12:312-320.

Jirachaiyabhas V, Visuthismajarn P, Hore P, Robson MG. Organophosphate pesticide exposures of
traditional and integrated pest management farmers from working air conditions: a case study in
Thailand. International journal of occupational and environmental health 2004; 10:289-295.
Fortenberry GZ, Meeker JD, Sanchez BN, Barr DB, Panuwet P, Bellinger D, Schnaas L, Solano-
Gonzalez M, Ettinger AS, Hernandez-Avila M, Hu H, Tellez-Rojo MM. Urinary 3,5,6-trichloro-
2-pyridinol (TCPY) in pregnant women from Mexico City: Distribution, temporal variability, and
relationship with child attention and hyperactivity. Int J Hyg Environ Health 2013;

Liu J, Parsons L, Pope C. Comparative effects of parathion and chlorpyrifos on extracellular endo-
cannabinoid levels in rat hippocampus: influence on cholinergic toxicity. Toxicology and Applied
Pharmacology 2013; 272:608-615.

Cole TB, Fisher JC, Burbacher TM, Costa LG, Furlong CE. Neurobehavioral assessment of mice
following repeated postnatal exposure to chlorpyrifos-oxon. Neurotoxicology and Teratology 2012;
34:311-322.

Haviland JA, Butz DE, Porter WP. Long-term sex selective hormonal and behavior alterations in
mice exposed to low doses of chlorpyrifos in utero. Reproductive Toxicology 2010; 29:74-79.

Starks SE, Hoppin JA, Kamel F, Lynch CF, Jones MP, Alavanja MC, Sandler DP, Gerr F. Peripheral
nervous system function and organophosphate pesticide use among licensed pesticide applicators in
the Agricultural Health Study. Environmental Health Perspectives 2012; 120:515-520.


http://oehha.ca.gov/prop65/hazard_ident/pdf_zip/ChlorpyrifosHID0908.pdf
http://oehha.ca.gov/prop65/hazard_ident/pdf_zip/ChlorpyrifosHID0908.pdf

115.

116.

117.

118.
119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

Gatto NM, Cockburn M, Bronstein J, Manthripragada AD, Ritz B. Well-water consumption and
Parkinson’s disease in rural California. Environmental Health Perspectives 2009; 117:1912-1918.
Dhillon AS, Tarbutton GL, Levin JL, Plotkin GM, Lowry LK, Nalbone JT, Shepherd S. Pesticide/
environmental exposures and Parkinson’s disease in East Texas. Journal of agromedicine 2008;
13:37-48.

Steenland K, Dick RB, Howell RJ, Chrislip DW, Hines CJ, Reid TM, Lehman E, Laber P, Krieg EF,
Jr., Knott C. Neurologic function among termiticide applicators exposed to chlorpyrifos. Environ-
mental Health Perspectives 2000; 108:293-300.

Watts M. 2013. Chlorpyrifos. Pesticide Action Network Asia & the Pacific.

Slotkin TA. Does early-life exposure to organophosphate insecticides lead to prediabetes and obe-
sity? Reproductive toxicology 2011; 31:297-301.

Fortenberry GZ, Hu H, Turyk M, Barr DB, Meeker JD. Association between urinary 3, 5, 6-trichlo-
ro-2-pyridinol, a metabolite of chlorpyrifos and chlorpyrifos-methyl, and serum T4 and TSH in
NHANES 1999-2002. Sci Total Environ 2012; 424:351-355.

Slotkin TA, Cooper EM, Stapleton HM, Seidler FJ. Does thyroid disruption contribute to the devel-
opmental neurotoxicity of chlorpyrifos? Environ Toxicol Pharmacol 2013; 36:284-287.

De Angelis S, Tassinari R, Maranghi F, Eusepi A, Di Virgilio A, Chiarotti F, Ricceri L, Venerosi Pesci-
olini A, Gilardi E, Moracci G, Calamandrei G, Olivieri A, Mantovani A. Developmental exposure to
chlorpyrifos induces alterations in thyroid and thyroid hormone levels without other toxicity signs in
CD-1 mice. Toxicol Sci 2009; 108:311-319.

Jeong SH, Kim BY, Kang HG, Ku HO, Cho JH. Effect of chlorpyrifos-methyl on steroid and thyroid
hormones in rat FO- and F1-generations. Toxicology 2006; 220:189-202.

World Health Organization. 2010. Exposure to lead: A major public health concern. Geneva: Inter-
national Programme on Chemical Safety.

Hu H. Bone lead as a new biologic marker of lead dose: recent findings and implications for public
health. Environmental Health Perspectives 1998; 106:961.

Fewtrell L, Kaufmann R, Priiss-Ustiin A. Assessing the environmental burden of disease at national
and local levels. 2003;

Centers for Disease Control and Prevention. 2010. Guidelines for the Identification and Manage-
ment of Lead Exposure in Pregnant and Lactating Women. Atlanta, GA: Centers for Disease Control
and Prevention.

World Health Organization. 2009. Global health risks: Mortality and burden of disease attributable
to selected major risks. Geneva: World Health Organization.

Mendola P, Messer LC, Rappazzo K. Science linking environmental contaminant exposures with
fertility and reproductive health impacts in the adult female. Fertil Steril 2008; 89:e81-e94.

Tavicoli I, Fontana L, Bergamaschi A. The effects of metals as endocrine disruptors. Journal of Toxi-
cology and Environmental Health, Part B 2009; 12:206-223.

Gollenberg AL, Hediger ML, Lee PA, Himes JH, Louis GMB. Association between lead and
cadmium and reproductive hormones in peripubertal US girls. Environmental Health Perspectives
2010; 118:1782.

Pollack AZ, Schisterman EF, Goldman LR, Mumford SL, Albert PS, Jones RL, Wactawski-Wende

J. Cadmium, lead, and mercury in relation to reproductive hormones and anovulation in premeno-
pausal women. Environmental Health Perspectives 2011; 119:1156.

Mendola P, Messer LC, Rappazzo K. Science linking environmental contaminant exposures with fer-
tility and reproductive health impacts in the adult female. Fertility and sterility 2008; 89:e81-94.
Selevan SG, Rice DC, Hogan KA, Euling SY, Pfahles-Hutchens A, Bethel J. Blood lead concentration
and delayed puberty in girls. New England Journal of Medicine 2003; 348:1527-1536.

Wu T, Buck GM, Mendola P. Blood lead levels and sexual maturation in US girls: the Third National
Health and Nutrition Examination Survey, 1988-1994. Environmental Health Perspectives 2003;
111:737.

Eum K-D, Weisskopf MG, Nie LH, Hu H, Korrick SA. Cumulative Lead Exposure and Age at Meno-
pause in the Nurses’ Health Study Cohort. Environ Health Perspect 2014;

Popovic M, McNeill FE, Chettle DR, Webber CE, Lee CV, Kaye WE. Impact of occupational expo-
sure on lead levels in women. Environ Health Perspect 2005; 113:478-4.84.

Mendola P, Brett K, DiBari JN, Pollack AZ, Tandon R, Shenassa ED. Menopause and lead body
burden among US women aged 45-55, NHANES 1999-2010. Environmental research 2013;
DiGangi J, Blum A, Bergman A, de Wit CA, Lucas D, Mortimer D, Schecter A, Scheringer M, Shaw
SD, Webster TF. San Antonio Statement on brominated and chlorinated flame retardants. Environ-
mental Health Perspectives 2010; 118:A516-518.

Introduction to EDCs (December 2014) | 65



140.

141.

142.

143.

144.

145.

146.

147.

148.
149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

66

Stapleton HM, Sharma S, Getzinger G, Ferguson PL, Gabriel M, Webster TF, Blum A. Novel and
High Volume Use Flame Retardants in US Couches Reflective of the 2005 PentaBDE Phase Out.
Environmental Science & Technology 2012; 46:13432-13439.

United Nations. Stockholm Convention on Persistent Organic Pollutants- Work programmes on
new persistent organic pollutants. 2010;UNEP/POPS/COP.5/15.

Zota AR, Linderholm L, Park J-S, Petreas M, Guo T, Privalsky ML, Zoeller RT, Woodruff TJ. Tem-
poral Comparison of PBDEs, OH-PBDEs, PCBs, and OH-PCBs in the Serum of Second Trimester
Pregnant Women Recruited from San Francisco General Hospital, California. Environmental Sci-
ence & Technology 2013; 47:11776-11784.

Geyer HJ, Schramm KW, Darnerud PO, Aune M, Feicht EA, Fried KW, Henkelmann B, Lenoir

D, Schmid P, McDonald TA. Terminal elimination half-lives of the brominated flame retardants
TBBPA, HBCD, and lower brominated PBDEs in humans. Organohalogen Compounds 2004;
66:3867-3872.

Trudel D, Scheringer M, von Goetz N, Hungerbiihler K. Total consumer exposure to polybrominated
diphenyl ethers in North America and Europe. Environmental Science & Technology 2011; 45:2391-
2397.

Butte W, Heinzow B. Pollutants in house dust as indicators of indoor contamination. Reviews of
Environmental Contamination and Toxicology, Vol 175 2002; 175:1-46.

Shaw SD, Berger ML, Brenner D, Kannan K, Lohmann N, Pipke O. Bioaccumulation of polybro-
minated diphenyl ethers and hexabromocyclododecane in the northwest Atlantic marine food web.
Science of the Total Environment 2009; 407:3323-3329.

Sindiku O, Babyemi J, Osibanjo O, Schlummer M, Schluep M, Weber R. 2012. Assessing BFRs and
POP-PBDE:s in e-waste polymers in Nigeria. DIOXIN.

Toxics Link. 2011. Brominated Flame Retardants Spreading the Fire.

Samsonek J, Puype F. Occurrence of brominated flame retardants in black thermo cups and selected
kitchen utensils purchased on the European market. Food Additiv Contam Part A 2013; http://
dx.doi.org/10.1080/19440049.19442013.19829246.

Stapleton HM, Eagle S, Sjodin A, Webster TF. Serum PBDE:s in a North Carolina Toddler Cohort:
Associations with Handwipes, House Dust, and Socioeconomic Variables. Environmental Health
Perspectives 2012; 120:104.9.

La Guardia MJ, Hale RC, Harvey E. Detailed polybrominated diphenyl ether (PBDE) congener
composition of the widely used penta-, octa-, and deca-PBDE technical flame-retardant mixtures.
Environmental Science & Technology 2006; 40:6247-6254.

Johnson PI, Stapleton HM, Sjodin A, Meeker JD. Relationships between polybrominated diphenyl
ether concentrations in house dust and serum. Environ Sci Technol 2010; 44:5627-5632.

Rose M, Bennett DH, Bergman A, Fangstrom B, Pessah IN, Hertz-Picciotto I. PBDEs in 2-5 year-
old children from California and associations with diet and indoor environment. Environmental
Science & Technology 2010; 44:2648-2653.

Zota AR, Adamkiewicz G, Morello-Frosch RA. Are PBDEs an environmental equity concern? Expo-
sure disparities by socioeconomic status. Environmental Science & Technology 2010; 44:5691-5692.
Hites RA. Polybrominated diphenyl ethers in the environment and in people: a meta-analysis of
concentrations. Environmental Science & Technology 2004; 38:945-956.

Zota AR, Rudel RA, Morello-Frosch RA, Brody JG. Elevated house dust and serum concentrations
of PBDE:s in California: unintended consequences of furniture flammability standards? Environ-
mental Science & Technology 2008; 42:8158-8164.

Stapleton HM, Sj6din A, Jones RS, Niehiiser S, Zhang Y, Patterson Jr DG. Serum levels of poly-
brominated diphenyl ethers (PBDEs) in foam recyclers and carpet installers working in the United
States. Environmental Science & Technology 2008; 42:3453-3458.

Jakobsson K, Thuresson K, Rylander L, Sjodin A, Hagmar L, Bergman A. Exposure to polybro-
minated diphenyl ethers and tetrabromobisphenol A among computer technicians. Chemosphere
2002; 46:709-716.

Shaw SD, Berger ML, Harris JH, Yun SH, Wu Q, Liao C, Blum A, Stefani A, Kannan K. Persistent
organic pollutants including polychlorinated and polybrominated dibenzo-< i> p</i>-dioxins and
dibenzofurans in firefighters from Northern California. Chemosphere 2013;

Bi X, Thomas GO, Jones KC, Qu W, Sheng G, Martin FL, Fu J. Exposure of electronics dismantling
workers to polybrominated diphenyl ethers, polychlorinated biphenyls, and organochlorine pesti-
cides in South China. Environmental Science & Technology 2007; 41:5647-5653.

Athanasiadou M, Cuadra SN, Marsh G, Bergman A, Jakobsson K. Polybrominated diphenyl ethers
(PBDEs) and bioaccumulative hydroxylated PBDE metabolites in young humans from Managua,
Nicaragua. Environmental Health Perspectives 2008; 116:400-408.


http://dx.doi.org/10.1080/19440049.19442013.19829246
http://dx.doi.org/10.1080/19440049.19442013.19829246

162.

163.

164.

165.

166.

167.

168.

169.

170.

171.

172.

173.

174.
175.

176.

177.

178.

179.

180.

181.

182.

Zoeller RT, Tan SW, Tyl RW. General background on the hypothalamic-pituitary-thyroid (HPT)
axis. Critical Reviews in Toxicology 2007; 37:11-53.

Hallgren S, Darnerud PO. Polybrominated diphenyl ethers (PBDEs), polychlorinated biphenyls
(PCBs) and chlorinated paraffins (CPs) in rats - testing interactions and mechanisms for thyroid
hormone effects. Toxicology 2002; 177:227-243.

Hallgren S, Sinjari T, Hakansson H, Darnerud PO. Effects of polybrominated diphenyl ethers
(PBDEs) and polychlorinated biphenyls (PCBs) on thyroid hormone and vitamin A levels in rats and
mice. Archives of Toxicology 2001; 75:200-208.

Szabo DT, Richardson VM, Ross DG, Diliberto JJ, Kodavanti PRS, Birnbaum LS. Effects of
perinatal PBDE exposure on hepatic phase I, phase II, phase III, and deiodinase 1 gene expression
involved in thyroid hormone metabolism in male rat pups. Toxicological Sciences 2009; 107:27-39.
Stapleton HM, Kelly SM, Pei R, Letcher RJ, Gunsch C. Metabolism of polybrominated diphenyl
ethers (PBDEs) by human hepatocytes in vitro. Environmental Health Perspectives 2009; 117:197-
202.

Meerts IA, van Zanden JJ, Luijks EA, van Leeuwen-Bol I, Marsh G, Jakobsson E, Bergman A, Brou-
wer A. Potent competitive interactions of some brominated flame retardants and related compounds
with human transthyretin in vitro. Toxicol Sci 2000; 56:95-104.

Kitamura S, Shinohara S, Iwase E, Sugihara K, Uramaru N, Shigematsu H, Fujimoto N, Ohta S. Af-
finity for thyroid hormone and estrogen receptors of hydroxylated polybrominated diphenyl ethers.
Journal of Health Science 2008; 54:607-614.

Li F, Xie Q, Li XH, Li N, Chi P, Chen JW, Wang ZJ, Hao C. Hormone activity of hydroxylated poly-
brominated diphenyl ethers on human thyroid receptor-beta: in vitro and in silico investigations.
Environmental Health Perspectives 2010; 118:602-606.

Chevrier J, Harley KG, Bradman A, Gharbi M, Sjodin A, Eskenazi B. Polybrominated diphenyl ether
(PBDE) flame retardants and thyroid hormone during pregnancy. Environmental Health Perspec-
tives 2010; 118:1444-144.9.

Herbstman J, Sjodin A, Apelberg BJ, Witter FR, Halden RU, Patterson DG, Panny S, Needham

LL, Goldman LR. Birth delivery mode modifies the associations between prenatal polychlorinated
biphenyl (PCB) and polybrominated diphenyl ether (PBDE) and neonatal thyroid hormone levels.
Environ Health Perspect 2008; 116:1376-1382.

Zota AR, Park JS, Wang Y, Petreas M, Zoeller RT, Woodruff TJ. Polybrominated diphenyl ethers,
hydroxylated polybrominated diphenyl ethers, and measures of thyroid function in second trimester
pregnant women in California. Environmental Science & Technology 2011; 45:7896-7905.
Abdelouahab N, Langlois M-F, Lavoie L, Corbin F, Pasquier J-C, Takser L. Maternal and cord-blood
thyroid hormone levels and exposure to polybrominated diphenyl ethers and polychlorinated biphe-
nyls during early pregnancy. American Journal of Epidemiology 2013; 178:701-713.

Brent GA. Maternal thyroid function: interpretation of thyroid function tests in pregnancy. Clin
Obstet Gynecol 1997; 40:3-15.

Smallridge RC, Glinoer D, Hollowell JG, Brent G. Thyroid function inside and outside of pregnancy:
what do we know and what don’t we know? Thyroid 2005; 15:54-59.

Haddow JE, Palomaki GE, Allan WC, Williams JR, Knight GJ, Gagnon J, O'Heir CE, Mitchell ML,
Hermos RJ, Waisbren SE, Faix JD, Klein RZ. Maternal thyroid deficiency during pregnancy and
subsequent neuropsychological development of the child. N Engl J Med 1999; 341:549-555.
Herbstman JB, Sjodin A, Kurzon M, Lederman SA, Jones RS, Rauh V, Needham LL, Tang D, Niedz-
wiecki M, Wang RY. Prenatal exposure to PBDEs and neurodevelopment. Environmental Health
Perspectives 2010; 118:712.

Eskenazi B, Chevrier J, Rauch SA, Kogut K, Harley KG, Johnson C, Trujillo C, Sjédin A, Bradman A.
In utero and childhood polybrominated diphenyl ether (pbde) exposures and neurodevelopment in
the CHAMACOS Study. Environmental Health Perspectives 2013; 121:257.

Hoffman K, Adgent M, Goldman BD, Sjédin A, Daniels JL. Lactational exposure to polybrominated
diphenyl ethers and its relation to social and emotional development among toddlers. Environmen-
tal Health Perspectives 2012; 120:14.38.

Calafat AM, Ye X, Wong LY, Reidy JA, Needham LL. Exposure of the US population to bisphenol A
and 4-tertiary-octylphenol: 2003-2004. Environ Health Perspect 2008; 116:39-44..

Martina CA, Weiss B, Swan SH. Lifestyle behaviors associated with exposures to endocrine disrup-
tors. Neurotoxicology 2012; 33:1427-1433.

Carwile JL, Luu HT, Bassett LS, Driscoll DA, Yuan C, Chang JY, Ye X, Calafat AM, Michels KB.
Polycarbonate bottle use and urinary bisphenol A concentrations. Environ Health Perspect 2009;
117:1368-1372.

Introduction to EDCs (December 2014) | 67



183.

184.

185.

186.

187.

188.

189.

190.

191.

192.

193.

194.

195.

196.

197.

198.

199.

200.

201.

202.

68

Yang CZ, Yaniger SI, Jordan VC, Klein DJ, Bittner GD. Most plastic products release estrogenic
chemicals: a potential health problem that can be solved. Environ Health Perspect 2011; 119:989-
996.

Kolpin DW, Furlong ET, Meyer MT, Thurman EM, Zaugg SD, Barber LB, Buxton HT. Pharmaceu-
ticals, hormones, and other organic wastewater contaminants in US streams, 1999-2000: a national
reconnaissance. Environmental science & technology 2002; 36:1202-1211.

Cozar A, Echevarria F, Gonzalez-Gordillo JI, Irigoien X, Ubeda B, Hernandez-Leon S, Palma AT,
Navarro S, Garcia-de-Lomas J, Ruiz A, Fernandez-de-Puelles ML, Duarte CM. Plastic debris in the
open ocean. Proceedings of the National Academy of Sciences of the United States of America 2014;
111:10239-10244.

Barkhem T, Carlsson B, Nilsson Y, Enmark E, Gustafsson J, Nilsson S. Differential response of
estrogen receptor alpha and estrogen receptor beta to partial estrogen agonists/antagonists. Mol
Pharmacol 1998; 54:105-112.

Kuiper GG, Lemmen JG, Carlsson B, Corton JC, Safe SH, van der Saag PT, van der Burg B, Gus-
tafsson JA. Interaction of estrogenic chemicals and phytoestrogens with estrogen receptor beta.
Endocrinology 1998; 139:4252-4263.

Cao J, Mickens JA, McCaffrey KA, Leyrer SM, Patisaul HB. Neonatal Bisphenol A exposure alters
sexually dimorphic gene expression in the postnatal rat hypothalamus. Neurotoxicology 2012;
33:23-36.

Patisaul HB, Fortino AE, Polston EK. Neonatal genistein or bisphenol-A exposure alters sexual dif-
ferentiation of the AVPV. Neurotoxicol Teratol 2006; 28:111-118.

Rubin BS, Lenkowski JR, Schaeberle CM, Vandenberg LN, Ronsheim PM, Soto AM. Evidence of
altered brain sexual differentiation in mice exposed perinatally to low, environmentally relevant
levels of bisphenol A. Endocrinology 2006; 147:3681-3691.

Dolinoy DC, Huang D, Jirtle RL. Maternal nutrient supplementation counteracts bisphenol A-
induced DNA hypomethylation in early development. Proc Natl Acad Sci USA 2007; 104:13056-
13061.

Kundakovic M, Gudsnuk K, Franks B, Madrid J, Miller RL, Perera FP, Champagne FA. Sex-specific
epigenetic disruption and behavioral changes following low-dose in utero bisphenol A exposure.
Proceedings of the National Academy of Sciences of the United States of America 2013; 110:9956-
9961.

Yeo M, Berglund K, Hanna M, Guo JU, Kittur J, Torres MD, Abramowitz J, Busciglio J, Gao Y,
Birnbaumer L, Liedtke WB. Bisphenol A delays the perinatal chloride shift in cortical neurons by
epigenetic effects on the Kee2 promoter. Proc Natl Acad Sci USA 2013;

Prins GS, Hu WY, Shi GB, Hu DP, Majumdar S, Li G, Huang K, Nelles J, Ho SM, Walker CL,
Kajdacsy-Balla A, van Breemen RB. Bisphenol A Promotes Human Prostate Stem-Progenitor Cell
Self-Renewal and Increases In Vivo Carcinogenesis in Human Prostate Epithelium. Endocrinology
2014; en20131955.

Prins GS, Tang WY, Belmonte J, Ho SM. Perinatal exposure to oestradiol and bisphenol A alters the
prostate epigenome and increases susceptibility to carcinogenesis. Basic Clin Pharmacol Toxicol
2008; 102:134-138.

Greathouse KL, Bredfeldt T, Everitt JI, Lin K, Berry T, Kannan K, Mittelstadt ML, Ho SM, Walker
CL. Environmental estrogens differentially engage the histone methyltransferase EZH2 to increase
risk of uterine tumorigenesis. Mol Cancer Res 2012; 10:546-557.

Leranth C, Hajszan T, Szigeti-Buck K, Bober J, MacLusky NJ. Bisphenol A prevents the synapto-
genic response to estradiol in hippocampus and prefrontal cortex of ovariectomized nonhuman
primates. Proc Nat Acad Sci 2008; 105:14187-14191.

Rochester JR. Bisphenol A and human health: a review of the literature. Reprod Toxicol 2013;
42:132-155.

Takeda Y, Liu X, Sumiyoshi M, Matsushima A, Shimohigashi M, Shimohigashi Y. Placenta express-
ing the greatest quantity of bisphenol A receptor ERR{gamma} among the human reproductive
tissues: Predominant expression of type-1 ERRgamma isoform. J Biochem 2009; 146:113-122.
Hunt PA, Koehler KE, Susiarjo M, Hodges CA, Ilagan A, Voigt RC, Thomas S, Thomas BF, Hassold
TJ. Bisphenol A exposure causes meiotic aneuploidy in the female mouse. Curr Biol 2003; 13:546-
553.

Calhoun KC, Padilla-Banks E, Jefferson WN, Liu L, Gerrish KE, Young SL, Wood CE, Hunt PA,
Vandevoort CA, Williams CJ. Bisphenol a exposure alters developmental gene expression in the fetal
rhesus macaque uterus. PLoS One 2014; 9:e85894.

Hunt PA, Lawson C, Gieske M, Murdoch B, Smith H, Marre A, Hassold T, VandeVoort CA. Bisphe-
nol A alters early oogenesis and follicle formation in the fetal ovary of the rhesus monkey. Proceed-
ings of the National Academy of Sciences of the United States of America 2012; 109:17525-17530.



203.

204.

205.

206.

207.

208.

209.

Craig ZR, Wang W, Flaws JA. Endocrine-disrupting chemicals in ovarian function: effects on ste-
roidogenesis, metabolism and nuclear receptor signaling. Reproduction 2011; 142:633-646.
Wolstenholme JT, Taylor JA, Shetty SR, Edwards M, Connelly JJ, Rissman EF. Gestational exposure
to low dose bisphenol A alters social behavior in juvenile mice. PloS one 2011; 6:25448.

Braun JM, Yolton K, Dietrich KN, Hornung R, Ye X, Calafat AM, Lanphear BP. Prenatal bisphenol
A exposure and early childhood behavior. Environ Health Perspect 2009; 117:1945-1952.

Braun JM, Kalkbrenner AE, Calafat AM, Yolton K, Ye X, Dietrich KN, Lanphear BP. Impact of
early-life bisphenol a exposure on behavior and executive function in children. Pediatrics 2011;
128:873-882.

Bellinger DC, Trachtenberg F, Zhang A, Tavares M, Daniel D, McKinlay S. Dental amalgam and
psychosocial status: the New England Children’s Amalgam Trial. Journal of dental research 2008;
87:470-474.

Aguiar A, Eubig PA, Schantz SL. Attention deficit/hyperactivity disorder: a focused overview for
children’s environmental health researchers. Environ Health Perspect 2010; 118:1646-1653.

Yan S, Song W, Chen Y, Hong K, Rubinstein J, Wang HS. Low-dose bisphenol A and estrogen
increase ventricular arrhythmias following ischemia-reperfusion in female rat hearts. Food and
chemical toxicology : an international journal published for the British Industrial Biological Re-
search Association 2013; 56:75-80.

Introduction to EDCs (December 2014) | 69



ENDOCRINE =
SOCIETY

Hormone Science to Health

http://endocrine.org

IPEN-

a toxics-free future

http://ipen.org


http://ipen.org
http://endocrine.org
http://endocrine.org
http://ipen.org

	Authors
	Acknowledgments
	Foreword
	Executive Summary 
	1. Major Health and Science Institutions Highlight Concerns about EDCs 
	2. Introduction to the Human Endocrine System and EDCs	 
	i. Background on the human endocrine system
	ii. What are EDCs, how are they used, and where are they found? 

	3. Impacts of EDCs
	i. Historical perspective on EDCs 
	ii. EDC exposures to the individual, and to future generations
	iii. EDCs and endocrine disease 
	Neurological and Behavioral Disorders
	Obesity, Metabolic Dysfunction and Related Disorders
	Reproductive Disorders
	Cancer
	Other Diseases and Disorders

	4. Recent advances in the science of EDCs, and the need for a new scientific paradigm to evaluate EDC risk
	i. The need for a paradigm shift to move our scientific understanding of EDCs forward
	ii. Developmental exposure and windows of vulnerability
	iii. Thresholds, low doses, and the concept of no safe dose
	iv. Mixtures

	5. Exposure of humans to EDCs
	a) Pesticides
	i. DDT 
	ii. Chlorpyrifos

	b) Chemicals in products
	i. Children’s products – Inorganic lead 
	ii. Electronics 

	c) Food contact materials 
	i. Bisphenol A 


	Annex I 
	References


