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The Endocrine Society’s first Scientific Statement in 2009 provided a wake-up call to the scientific community about how
environmental endocrine-disrupting chemicals (EDCs) affect health and disease. Five years later, a substantially larger
body of literature has solidified our understanding of plausible mechanisms underlying EDC actions and how exposures
in animals and humans—especially during development—may lay the foundations for disease later in life. At this point
in history, we have much stronger knowledge about how EDCs alter gene-environment interactions via physiological,
cellular,molecular,andepigeneticchanges,therebyproducingeffects inexposedindividualsaswellastheirdescendants.
Causal links between exposure and manifestation of disease are substantiated by experimental animal models and are
consistent with correlative epidemiological data in humans. There are several caveats because differences in how exper-
imental animal work is conducted can lead to difficulties in drawing broad conclusions, and we must continue to be
cautious about inferring causality in humans. In this second Scientific Statement, we reviewed the literature on a subset
of topics for which the translational evidence is strongest: 1) obesity and diabetes; 2) female reproduction; 3) male
reproduction; 4) hormone-sensitive cancers in females; 5) prostate; 6) thyroid; and 7) neurodevelopment and neuroen-
docrine systems. Our inclusion criteria for studies were those conducted predominantly in the past 5 years deemed to be
of high quality based on appropriate negative and positive control groups or populations, adequate sample size and
experimentaldesign,andmammaliananimalstudieswithexposurelevelsinarangethatwasrelevanttohumans.Wealso
focused on studies using the developmental origins of health and disease model. No report was excluded based on a
positive or negative effect of the EDC exposure. The bulk of the results across the board strengthen the evidence for
endocrine health-related actions of EDCs. Based on this much more complete understanding of the endocrine principles
by which EDCs act, including nonmonotonic dose-responses, low-dose effects, and developmental vulnerability, these
findingscanbemuchbetter translatedtohumanhealth.Armedwiththis information, researchers,physicians,andother
healthcare providers can guide regulators and policymakers as they make responsible decisions. (Endocrine Reviews 36:
E1–E150, 2015)
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I. Introduction to EDC-2

A. Five years after the Endocrine Society’s first Scientific
Statement

It has been 5 years since the Endocrine Society convened
a group of experts to review the state of the science on

endocrinological effects of environmental contaminants
that perturb hormonal systems, termed endocrine-dis-
rupting chemicals (EDCs). That team conducted a thor-
ough review of the extant literature up to that time (2008),
and wrote an initial white paper that was then developed
into the landmark Scientific Statement on EDCs published
in 2009, herein referred to as “EDC-1” (1). Since that time,
numerous publications have emerged. What has influ-
enced the field most deeply since 2008 has been four types
of studies: 1) those describing the consequences of EDC
exposures on development and physiology (mainly con-
ducted in rodent models); 2) those investigating the mech-
anistic underpinnings of these disorders (gene expression
and epigenetic changes induced in cell and tissue culture,
together with molecular and cellular work conducted in
endocrine tissues of EDC-exposed animals); 3) work seek-
ing to document associations between body burdens of
certain EDCs to disease propensity in humans (mainly ep-
idemiological work); and 4) those reports of humans with
known occupational or acute exposures to a particular
chemical or group of chemicals with EDC activity (eg,
pesticide applicators, or families residing near the Seveso,
Italy, factory, site of a large dioxin leak). In 2014–2015
when this second Scientific Statement, EDC-2, was writ-
ten, there was far more conclusive evidence for whether,
when, and how EDCs perturb endocrine systems, includ-
ing in humans. Thus, it is more necessary than ever to
minimize further exposures, to identify new EDCs as they

(continued) EPA, Environmental Protection Agency; EPM, elevated plus maze; ER, estrogen
receptor; EZH2, enhancer of Zeste homolog 2; G, gestational day; GPER, G protein-coupled
ER; GR, glucocorticoid receptor; GST, glutathione transferase; HCB, hexachlorobenzene;
HCH, hexachlorocyclohexane; HDAC, histone deacetylase; HPA, hypothalamic-pituitary-
adrenal; HPG, hypothalamic-pituitary-gonadal; HPT, hypothalamic-pituitary-thyroid;
HPTE, 1,1,1-trichloro-2,2-bis(4-hydroxyphenyl)ethane; HSD, hydroxysteroid dehydroge-
nase; iAs, inorganic arsenic; IVF, in vitro fertilization; KCC2, potassium chloride cotrans-
porter 2; LQ, lordosis quotient; MBP, monobutyl phthalate; MBzP, mono-n-benzyl phtha-
late; MEHHP, mono-(2-ethyl-5-hydroxylhexyl) phthalate; MEHP, mono-(2-ethylhexyl)
phthalate; MEOHP, mono-(2-ethyl-5-oxohexyl) phthalate; MEP, monoethyl phthalate;
MPOA, medial POA; MWM, Morris water maze; MXC, methoxychlor; NCD, noncommu-
nicable disease; NHANES, National Health and Nutrition Examination Survey; NIEHS, Na-
tional Institute of Environmental Health Sciences; NIS, sodium/iodide symporter; NOAEL,
no observed adverse effect level; NTP, National Toxicology Program; OVX, ovariectomized;
P, postnatal day; PBB, polybrominated biphenyl; PBDE, polybrominated diphenyl ether;
PCB, polychlorinated biphenyl; PCDD, polychlorinated dibenzodioxin; PCDF, polychlori-
nated dibenzofuran; PCOS, polycystic ovarian syndrome; PFOA, perfluorooctanoic acid;
PFOS, perfluorooctane sulfonate; PIN, prostatic intraepithelial neoplasia; POA, preoptic
area; POP, persistent organic pollutant; PPAR, peroxisome proliferator-activated receptor;
PR, progesterone receptor; PRL, prolactin; PSA, prostate-specific antigen; P450scc, P450
side-chain cleavage; PTU, propylthiouracil; PVN, paraventricular nucleus; RXR, retinoid X
receptor; SNP, single nucleotide polymorphism; StAR, steroidogenic acute regulatory (pro-
tein); TBBPA, tetrabromobisphenol A; TBT, tributyltin; TCDD, 2,3,7,8-tetrachlorodibenzo-
p-dioxin; T1D, type 1 diabetes mellitus; T2D, type 2 diabetes mellitus; TDS, testicular
dysgenesis syndrome; TEB, terminal end bud; TGCC, testicular germ cell cancer; ThR,
thyroid hormone receptor; TPO, thyroperoxidase; VDR, vitamin D receptor; VMH, ventro-
medial nucleus of the hypothalamus; WAT, white adipose tissue.
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emerge, and to understand underlying mechanisms in or-
der to develop interventions.

Through the years there has been controversy around en-
docrine disruptors, in part because different stakeholders,
some with financial incentives, may review the literature
from a very different perspective. The chemical industry and
environmental nongovernmental organizations have often
been in conflict, and the lay press sometimes oversimplifies
the research results. It is also notable that the goals of indus-
try-funded studies and federal granting agency-funded stud-
ies can differ both in design and in desired outcomes. The
former(industry)areoftendonetoprovesafety,andnegative
results are considered a favorable outcome and are pub-
lished. By contrast, government-funded research is usually
hypothesis-driven, seeking underlying mechanisms, and not
necessarily intended to prove or disprove safety. As a result,
such studies may be omitted from the risk assessment pro-
cess, something that ought to be overcome by better integra-
tion of the different types of studies.

Here, our goal was to present relevant research inde-
pendent of the results, and we considered both industry-
and government-funded work. As we discuss later, there is
always a potential bias toward positive study findings, ie,
finding of adverse effects rather than reporting no effects.
However, there is also, unfortunately, a possibility of the
opposite kind of bias that might be in the best interests of
a producer to show that its product is safe, and therefore
a negative test result is desirable. Thus, readers of papers
on EDC effects should consider whether articles are peer-
reviewed and whether there might be a conflict of interest
of reviewers, editors, or publishers with industry connec-
tions, and readers should use their scientific judgment in
evaluating the strength of the scientific work. Consider-
ation of the quality of research should also include
whether or not experiments were done in a blind or dou-
ble-blind fashion to avoid inadvertent experimental bias.

An Executive Summary of this statement has been pub-
lished separately (2), summarizing thekeypointsof the full
Scientific Statement.

1. Definition of EDCs and prototypical examples
For the purposes of EDC-2, we provide an operational

working definition of an EDC as: “an exogenous chemi-
cal, or mixture of chemicals, that interferes with any aspect
of hormone action” (3). Although there may be hundreds
or more environmental chemicals with EDC activity, sev-
eral classes are most commonly studied and will be intro-
duced briefly here; these and several others are summa-
rized in Table 1.

a. Bisphenol A. Bisphenol A (BPA) was first synthesized in
1891 and was discovered to be estrogenic in 1936 (4).

More BPA is produced annually than any other chemical,
with 15 billion pounds produced in 2013 (5). It is used in
a very wide array of manufacturing, food packaging, toys,
and other applications, and BPA resins are found in the
lining of many canned foods and beverages such that vir-
tually everyone is exposed continuously (6). In food con-
tact materials, BPA may leach into food or water under
high heat, physical manipulation, or repetitive use. Due to
its ubiquitous nature and continuous exposure, 93% of
Americans have a measurable amount of BPA in their
urine (7, 8). It is also detected in breast milk of some
women (9). BPA is so prevalent in our daily environment
that elimination of BPA contamination during carefully
controlled quantitative procedures has proven difficult
(10, 11). BPA is rapidly metabolized to nonbioactive
forms and has a short half-life of approximately 4–5 hours
in adult humans, with lower metabolic rates in the fetus
and infants (12, 13). Measurements of bioactive or free
BPA in human serum is controversial at present, with some
documenting nanograms per milliliter quantities in sam-
ples using contamination-free conditions (13–15),
whereas others report that ordinary exposures result in
picograms per milliliter levels or lower (16). Although rel-
evant internal exposure remains a critical issue that is still
unresolved, it is noteworthy that industrial exposures, vul-
nerable populations, and individual variations in metab-
olism and susceptibility must be taken into consideration
(17). Currently, the US Environmental Protection Agency
(EPA) safety level of BPA is set at 50 �g/kg/d, whereas the
European Food Safety Authority’s temporary tolerable
daily intake was recently lowered to 4 �g/kg/d. Several
studies in the present report will document BPA effects in
mammalian systems at or below these current safety levels.

b. Phthalates. Phthalates and phthalate esters are a large
group of compounds used as liquid plasticizers found in a
wide range of products including plastics, coatings, cos-
metics, and medical tubing. These compounds were first
introduced as additives in the production of plastic in the
1920s and resulted in the rapid widespread use of poly-
vinyl chloride plastic in the 1930s and later. Because they
are not chemically bound to the plastic, phthalates can
leach into the environment. Moreover, a variety of con-
sumer products use various phthalates, including personal
care products, medical tubing, vinyl flooring materials,
and toys. In one case, food companies in Taiwan began
deliberately using a variety of phthalates as emulsifiers at
very high concentrations (18). When this was discovered,
the government notified the population that certain kinds
of foods were contaminated, including sports drinks, fruit
beverages, tea drinks, fruit jam or jelly, and health foods
or supplements in powder or tablet form. But it was later
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Table 1. Classifications, Histories, Chemical Properties, and Physiological Effects of Common EDCs

EDC General Chemical Structure Group

Introduction

date

Restricted/

Ban Date

Route of

Exposure Sources Half-Life

Effects/Body

Burden

ATR Chlorotriazine

herbicide

1959 European Union

ban 2004

Ingestion,

inhalation

Pesticide/ herbicide,

contaminated

water and soil

10–12 h Endocrine, respiratory

and nervous

system targets,

liver damage

BPA Bisphenols 1960s Restricted 2012 Ingestion,

inhalation,

dermal

absorption

Polycarbonate plastics,

epoxy resins,

plastic toys and

bottles, lining of

food cans

4–5 h Estrogenic,

obesogenic,

neurological

effects, adverse

thyroid hormone

action,

reproductive and

developmental

effects
DDT Organochloride 1940s Banned 1972 Ingestion,

inhalation,

dermal

absorption

Contaminated water,

soil crops, fish

6–10 yr Carcinogen, central

nervous system,

kidney, liver and

peripheral nervous

system effects

DES Non-steroidal

synthetic

estrogen

1941–1947 Restricted

1971–1975

Ingestion,

injection,

vaginal

suppository

Pharmaceutical 2–3 days Transplacental

carcinogen,

teratogen

EE2 Synthetic

derivative of

17�-estradiol

1943 Oral Oral contraceptives,

contaminated

water

13–27 h Cardiovascular

disease,

cerebrovascular

disease,

thromboembolic

disease,

gallbladder

disease,

carcinogenic
MXC Organochlorine

insecticide

1948 United States

2003

banned use

as pesticide

Ingestion,

inhalation,

dermal

absorption

Contaminated soil,

water, and food

Aerobic soil

�100

days

Central nervous

system depression,

damage to liver

and kidney,

developmental

and reproductive

effects in animals,

transgenerational

kidney and ovary

disease, obesogen
PCBs Organochloride 1927 Banned 1979 Ingestion,

inhalation,

dermal

absorption

Contaminated air and

food, skin contact

with old electrical

equipment

12 days to

16 yr

Carcinogen,

chloracne,

stomach and liver

damage,

reproductive and

nervous system

effects and thyroid

injury
Phthalates Plasticizers 1920s Restricted 2009 Ingestion,

inhalation,

dermal

absorption

Contaminated food,

PVC plastics and

flooring, personal

care products,

medical devices

and tubing

�12 h Carcinogen, liver

damage,

reproductive and

developmental

effects, asthma,

obesogen

(Continued)
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shown that the contamination was more widespread, in-
cluding ice cream, frozen food, and cake mixes (19). In
fact, phthalates are detectable in human urine, serum, and
milk samples (20–22), and the estimated daily exposure to
one major phthalate, di(2-ethylhexyl)phthalate (DEHP),
ranges from 3–30 �g/kg/d (23).

c. Atrazine. Atrazine (2-chloro-4-ethylamino-6-isopropyl-
amino-s-triazine) (ATR) is a widely used chlorotriazine
herbicide used to control broadleaf and grass weed growth
on crops such as commercial corn, sorghum, and sugar
cane. Christmas tree farms, parks, and golf courses also
use ATR. ATR has been the major herbicide used world-
wide since its registration in 1959 because of its ability to
remain active for extended periods of time, its economical
price, and its broad spectrum of weed control (24). ATR
and its metabolites are commonly reported groundwater
contaminants and the most commonly detected pesticide
in US surface waters, including drinking water. For this
reason, the EPA is particularly concerned about the po-
tential of ATR and related chlorotriazines to affect
aquatic organisms and the carcinogenic risk from ex-
posure (25, 26).

d. Polychlorinated biphenyls and polybrominated diphenyl
ethers. Polychlorinated biphenyls (PCBs) are a class of in-
dustrial chemicals with paired phenolic rings and variable
degrees of chlorination. They were synthesized by expos-
ing the biphenyl molecule to chlorine gas in the presence
of a catalyst, resulting in complex mixtures of 209 possible
congeners (27–29). PCBs were mass-produced globally
from the late 1920s until they were banned in 1979. A

wide variety of applications used these mixtures, including
plasticizers in rubber and resins, carbonless copy paper,
adhesives, and paints and inks. The varied nature of their
use resulted in widespread environmental contamination,
including buildings and schools (30). These persistent or-
ganic pollutants (POPs) bioaccumulate in the environ-
ment and are stored in body fat, and they therefore have
continued potential for adverse health effects (31). Some
PCBs are classified as EDCs because they have thyroido-
genic, estrogenic, and antiandrogenic actions (32, 33).
The commercial production of polybrominated diphenyl
ethers (PBDEs) began in the late 1970s (34), just about the
time that PCB production was banned. They were used as
flame retardants in upholstered products, mattresses, and
clothing. In 2001, approximately 33 000 metric tons of
PBDEs were produced, most of which was used in North
America (34). As a result, North Americans have the high-
est blood levels of PBDEs, compared to those living in
other regions of the world (35, 36). PBDEs consist of pre-
dominantly three congener mixtures, pentaBDE, oct-
aBDE, and decaBDE. The first two have been banned in
Europe and Asia, but decaBDE mixtures continue to be
widely used globally (37). Of the 209 possible congeners,
the five that account for over 90% of body burden in
human tissues are tetraBDE47; pentaBDE99, -100, and
-153; and decaBDE209.

e. DDT and DDE. p,p’-Dichlorodiphenyltrichloroethane
(DDT) is a synthetic industrial and household insecticide
with a long half-life, extensive use, and lipophilic nature
that have made it a prominent environmental contami-

Table 1. Continued

EDC General Chemical Structure Group

Introduction

Date

Restricted/

Ban Date

Route of

Exposure Sources Half-Life

Effects/Body

Burden

PFOA Fluorosurfactant 1940s United States

2015

voluntary

production

restiction

Ingestion,

inhalation

Contaminated food

and water, dust,

floor waxes, fire

fighting foam,

electrical wiring,

lining of food

wrappers, stain

resistant carpeting

2–4 yr Liver, and mammary

gland

developmental,

and immune

system toxicant,

carcinogen

TCDD Polychlorinated

dibenzo-

p-dioxin

Synthesized

1872

Ingestion,

inhalation

By-product of

chlorinated

herbicide

production,

smelting, chlorine

bleaching of paper

7–11 yr Liver damage, weight

loss, atrophy of

thymus gland,

immunosuppression,

reproductive

effects and cancer
Vinclozolin Dicarboximide

fungicide

1981 Ingestion,

inhalation,

dermal

absorption

Diet and occupational Aerobic soil

28 days,

plasma

20 h

Antiandrogenic

activity, male

reproductive and

neurological

effects,

transgenerational

reproductive

effects, potential

carcinogen

Abbreviations: EE2, ethinyl estradiol; PVC, polyvinyl chloride.
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nant. The United States banned DDT in 1972 due to its
effects on the environment and potential human health
effects, despite the benefit of decreased incidence of ma-
laria and typhoid (38, 39). DDT and its metabolites, di-
chlorodiphenyldichloroethylene (DDE) and dichlorodi-
phenyldichloroethane (DDD), have been associated with
endocrine-related diseases such as testicular tumors (40),
endometrial cancer (41), pancreatic cancer (42), type 2
diabetes mellitus (T2D) (43), and breast cancer (44, 45).

We must note that in the list of chemicals described
above, there are EDCs, such as BPA and phthalates, that
are commonly detected in most of the population because
of their widespread use. These latter EDCs have relatively
low accumulation in body fat tissue; therefore, serum or
urine levels of these chemicals, their metabolites, or spe-
cific reaction products likely reflect the so-called “body
burden,” defined as the total amounts of these chemicals
that are present in the human body at a given point in time.
On the contrary, PCBs, PBDEs, DDT, and DDE are POPs.
These are highly lipophilic and accumulate in the food
chain and in white adipose tissue (WAT) with important
consequences. This storage depot can contain a large res-

ervoir of POPs that are liberated into blood, especially
during weight loss periods. At the same time, it is a mech-
anism of protection as well because it limits the availability
of chemicals to enter the blood and access other tissues,
thereby eliciting detrimental effects. In fact, retention of
POPs in WAT may limit the ability to estimate the real
burden of these chemicals from measurements in serum or
urine levels, as occurs in most animal and human studies.

B. Endocrine systems are a physiological interface with
the environment, and gene-by-environment interactions
are perturbed by EDCs

The endocrine glands are distributed throughout the
body and produce the hormones that act as signaling mol-
ecules after release into the circulatory system (Figure 1).
Development, physiological processes, and homeostatic
functions are regulated and maintained by hormones. Sev-
eral functions of natural hormones are critical for both
health and disease and are relevant to EDCs. First, many
hormones bind to receptors with remarkable affinity, hav-
ing dissociation constants between 10�12 and 10�9

M,
which approximates their very low concentrations in the

Figure 1.

Figure 1. Diagram of many of the body’s endocrine glands in females (left) and males (right).
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circulation. The maximal response of a cell is achieved at
ligand concentrations at which most of the receptors are
still not occupied. Second, the amount of a hormone that
is synthesized and released is determined by the interplay
of numerous molecular and physiological processes, in-
cluding regulation of gene and protein expression, exocy-
tosis of vesicles containing peptide or protein hormones,
metabolism and steroidogenesis of lipophilic hormones,
transport through circulation (often in association with
binding partners), actions at target receptors, metabolism,
degradation, excretion, and many others. Third, a funda-
mental property determining hormone levels involves the
ability of the gland and its targets to interact, most often
by negative feedback of a hormone on its receptor in the
original target gland. Fourth, levels of any hormone must
be within a physiologically relevant range to be most ef-
fective. Excursions outside of that range to superphysi-
ological (elevated) or subphysiological (depressed) levels
for any extended period nearly always result in dysfunc-
tion or disease. This latter concept is exemplified by the
thyroid system: normal (euthyroid) levels of the thyroid
hormones are needed for appropriate metabolic health.
Hyperthyroidism is associated with a range of symptoms
due to elevated metabolism, and hypothyroidism, with a
very different disease phenotype, results from depressed
hormone levels.

EDCs interfere with the action of hormones, disrupt
homeostasis, and may alter physiology during the whole
life span of an individual, from fetal development to adult-
hood (1). Understanding how EDCs affect physiological
processes and initiate pathophysiology is essential in un-
derstanding the etiology of hormone-related diseases.
Some EDCs, at environmentally relevant doses, bind to
hormone receptors and act either as agonists or antago-
nists, thus enhancing, dampening, or blocking the action
of hormones. They also alter the number of hormone re-
ceptors in different cell types and the concentration of
circulatinghormones (46,47).These effects, dependingon
timing and exposure dose, give rise to alternative pheno-
types, which may lead to increased disease susceptibility.
If exposure alters hormone actions during ontogenesis, the
effects are often permanent and can affect organ develop-
ment and function. Furthermore, these effects could have
lifetime consequences that are both complex and difficult
to predict. The extent and nature of long-term conse-
quences depend on the interaction of genes and environ-
ment and involve many variables, including the develop-
mental window of exposure, the individual’s metabolism,
and his or her genetic background.

Long-term permanent physiological changes that result
from early EDC exposure alter one’s susceptibility to com-
mon noncommunicable diseases (NCDs), which have

markedly increased during the last few decades (48). The
four principal NCDs are cancers, cardiovascular diseases
(CVDs), chronic respiratory diseases, and diabetes melli-
tus. Cumulatively, they kill 36 million people each year,
80% in low- and middle-income countries (49). Both ge-
netics and environment play a role in the incidence of these
NCDs, and increasing interest is turning toward finding
how chronic, low-dose lifelong exposures to EDCs con-
tribute to these statistics.

An individual’s genes play important roles in determin-
ing health and physiological parameters, such as insulin
sensitivity and blood pressure. Single nucleotide polymor-
phisms (SNPs) in the genome are related to incidence and
severity of CVDs, diabetes mellitus, obesity, and abnor-
malities in metabolism, reproduction, and other endocrine
systems. Such polymorphisms may also contribute to vari-
ability in responses to chemical exposures. It is important to
note that a SNP is rarely responsible for a NCD; rather, there
are a large number of SNPs, each with a small effect that
accumulates and is associated with these diseases (50, 51).
For example, there are 65 SNPs known to be associated with
the risk of one of the most common NCDs, T2D (52). The
interactions between EDC exposure and SNPs associated
with NCDs are still greatly unknown, and further studies are
necessary. The rise in common NCDs, therefore, is thought
to be attributable to environmental and social factors, in-
cluding EDCs (53), more than any common gene variant.
The mechanisms for these changes, involving molecular epi-
genetic processes, are discussed in Section I.D.

Although much of the focus of EDC-2 is on develop-
mental exposure,EDCsalso interactwith receptorsduring
adulthood. As will be discussed later, this may elicit effects
such as weight gain (“obesogens”) and/or insulin resis-
tance and hyperinsulinemia (“diabetogens”). Although
actions in adults may be reversible if the insult is removed,
exposure in the real world is more often continuous and to
a mixture of chemicals. In such circumstances as chronic
lifelong exposure, EDCs may predispose individuals to
pathologies such as T2D (54) or thyroid dysfunction.

C. The developmental origins of health and disease
During embryonic development, organogenesis and tis-

sue differentiation proceed through a series of tightly reg-
ulated and temporally coordinated events at the cellular,
biochemical, and molecular levels, ultimately resulting in
a functional, mature structure. Development is an Ein-
bahnstrasse (one-way street), and thus natural substances
such as hormones as well as environmental changes, in-
cluding exposures to exogenous environmental chemicals,
alter this unidirectional process. These latter perturba-
tions may impart structural and functional changes that
can profoundly deflect the developmental trajectory, often
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leading to lifelong phenotypic changes such as increased
endocrine disease propensity. Overt toxicant exposures
during gestation have been recognized for decades to cause
adverse outcomes in exposed children, with examples that
include links between thalidomide and limb malforma-
tions, folate deficiency and spina bifida, methyl mercury
and Minamata disease, as well as fetal alcohol syndrome,
to name a few (55). Childhood and puberty are also pe-
riods of rapid change in endocrine-dependent organ sys-
tems and are beginning to be recognized as additional sen-
sitive periods (56–59).

The targets of endocrine glands typically exhibit height-
ened sensitivity to hormones during specific developmen-
tally critical windows. During these periods, hormonal
signals cause changes to cells at the molecular (often gene
expression and/or epigenetic) level (see Section I.D.) and
dictate or modify structural and functional organization
of the tissues. Such early-life programming events are best
exemplified in studies on brain development where an-
drogens and estrogens play early, essential roles in im-
printing sexual dimorphisms in structure, gene expres-
sion, and signaling that determine behaviors throughout
life (60). Likewise, there is growing appreciation that de-
velopment during the critical period is particularly vul-
nerable to the effects of exogenous EDCs that can repro-
gram essential signaling/differentiation pathways and
lead to lifelong consequences (61). In fact, molecular
changes in response to EDCs often precede morphological
consequences, sometimes by weeks, years, or decades (de-
pending upon life span), and experimental studies show-
ing gene or protein expression changes in response to
EDCs may be sentinels for disease propensity later in life.

This reprogramming process is best appreciated within
the framework of the developmental origins of health and
disease (DOHaD) hypothesis, which posits that an ad-
verse environment experienced by a developing individual
can increase the risk of disease later in life (62, 63). As
originally formulated, the DOHaD paradigm initially fo-
cused on multiple studies that documented links between
poor nutrition in utero and increased risk in offspring of
obesity, CVD, and diabetes mellitus over a life span (62).
The most notable example is the Dutch “hunger” winter
during World War II when maternal starvation—in a tri-
mester-specific manner—correlated with increased car-
diovascular and metabolic diseases of the offspring in
adulthood (64, 65). Importantly, the DOHaD hypothesis
readily expands to accommodate perturbations in the en-
docrine system during early development, including ab-
errations in endogenous hormones (in timing, sequence,
and levels), maternal intake of synthetic hormones, and
inadvertent exposures to environmental chemicals includ-
ing EDCs.

1. Diethylstilbestrol and beyond
Perhaps the best-studied endocrine-based example is in

utero exposure to diethylstilbestrol (DES), a potent syn-
thetic nonsteroidal estrogen taken by pregnant women
from the 1940s to 1975 to prevent miscarriage and other
complications. DES was prescribed at doses from less than
100 mg (in most cases) upward to 47 000 mg, with a me-
dian dose of 3650 to 4000 mg in the United States (IARC
2012). Most women received low doses (ie, 5 mg) and
increased their intake (up to 125 mg) as symptoms or preg-
nancy progressed, translating to doses of about 100 �g/kg
to 2 mg/kg DES per day (66). In 1953, a study proved DES
was ineffective (67). Its use was discontinued when a sub-
set of exposed daughters presented with early-onset vag-
inal clear-cell adenocarcinoma (68), with a 40-fold in-
crease in risk compared to unexposed individuals (69)
(Table 1). A highly significant incidence ratio for clear-cell
adenocarcinoma was also found in the Dutch DES cohort,
a population that may have had lower exposures than US
women (70). It was subsequently determined that exposed
offspring of both sexes had increased risk for multiple
reproductive disorders, certain cancers, cryptorchidism
(boys), and other diseases (71–73), although the risk for
sons is more controversial (74). New data are emerging to
implicate increased disease risk in grandchildren (75). Not
surprisingly, a plethora of examples is emerging for in-
creased disease susceptibility later in life as a function of
developmental exposures to EDCs that include BPA,
phthalates, PCBs, pesticides, dioxins, and tributyltin
(TBT), among others.

D. Epigenetics and transgenerational effects of EDCs
The mechanisms of action of EDCs are varied (Table 2)

and not entirely understood, but recent evidence suggests
that some EDCs may cause epigenetic changes, which in
turn may lead to transgenerational effects of EDCs on
numerous organ systems (76–80). Epigenetic changes are
described as heritable changes in gene expression that are
not due to changes in DNA sequence (ie, not due to mu-
tation). Several possible mechanisms of epigenetic change
exist, including methylation of cytosine residues on DNA,
post-translational modification of histones, and altered
microRNA expression. To date, most studies on the effects
of EDCs on epigenetic changes have focused on DNA
methylation, but recent studies have also addressed the
effects of EDCs on histone modifications and microRNA
expression (77, 78, 81).

DNA methylation is a process in which methyl groups
are attached to cytosine residues by DNA methyltrans-
ferase enzymes (DNMTs), usually in cytosine-guanosine
dinucleotide pairs (CpG sites), although DNA methyl-
ation can occur on non-CpG residues (82, 83). DNA meth-
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ylation is important for several normal developmental and
reproductive processes such as gametogenesis and em-
bryogenesis. Hypermethylation in a promoter region is
thought to repress gene transcription because the methyl-
ated promoter region has a decreased affinity for tran-
scription factors and an increased affinity for methylated
DNA-binding proteins, methyltransferases, histone deacety-
lases (HDACs), and/or corepressors (84, 85).

Histone modification is a process in which specific
amino acids in the N-terminal ends of histones undergo
post-translational modification, including acetylation,
methylation, phosphorylation, sumoylation, and ubiq-
uitination by enzymes such as histone acetyltransferases,
deacetylases, methyltransferases, and demethylases (86,
87). These modifications determine whether the DNA
wrapped around histones is available for transcription
and play roles in determining the rate of transcription.
Histone modifications also help regulate replication, re-
combination, and higher-order organization of the chro-
mosomes (88). Changes to these modifications are often
found in diseases such as cancer and are best studied for
those diseases (89, 90).

The molecular mechanisms by which microRNAs and
other noncoding RNAs affect gene expression are not en-
tirely understood, but it is likely that microRNAs play a
role in gene regulation and chromatin organization (91, 92).

MicroRNAs often bind to the 3� end of gene transcripts and
initiate mRNA degradation or suppression of protein trans-
lation (93). Studies also suggest that microRNAs can affect
theexpressionofotherepigenetic regulators suchasDNMTs
and histone-modification enzymes (94).

Both hormones and EDCs cause DNA methylation, hi-
stone modifications, and altered microRNA expression
(95). These epigenetic changes often cause phenotypic
changes in organisms, which may appear immediately or
long after EDC exposure. These properties are dictated by
the timing of exposure. When EDCs introduce epigenetic
changes during early development, they permanently alter
the epigenome in the germline, and the changes can be
transmitted to subsequent generations. When an EDC in-
troduces epigenetic changes during adulthood, the
changes within an individual occur in somatic cells and are
not permanent or transmitted to subsequent generations
(76, 77, 81, 96). For an EDC to have truly transgenera-
tional effects, exposure must occur during development,
and the effects need to be observed in the F3 generation.
This is because when a pregnant F0 female is exposed to
an EDC, germ line cells in her F1 fetus are directly exposed
to the EDC. These exposed F1 germ line cells are then used
to produce the F2 generation, and thus, the F2 generation
was directly exposed to the EDC via the germ cells. This

Table 2. Mode of Action for EDCs

EDC Mechanism Mode of Action

BPA Nuclear receptor ER agonist (859, 1246); strong affinity for ERR� (860, 1247); antiandrogen (1248);
increased PR expression (477, 1249); hPXR agonist (1250)

ER-mediated nongenomic
pathway

Activates membrane-associated ER�, ER� signaling cascades through PI3K-pAkt and
MAPK-pErk and GPER-pErk pathways (960, 1251–1255)

Nonsteroidal receptor Antagonist of ThR (1095); binds to GPR30 (861)
Ion channels Activates membrane ER�-Ca2� pathway; activates ER�-KATP and Ca2� mobilization (293);

up-regulation of Ca2� ion channel gene and protein, Orai1 (966, 326, 1256, 1257)
Uninhibited growth Alters MaSC gene expression and induces early neoplastic lesions (348); induces beaded

ducts and increases hyperplasia (362, 1258, 1259)
Inflammation Induces proinflammatory cytokines and chemokines (1260)

DDT and
metabolites

Nuclear receptor Binds and transactivates ER� and ER� (1246, 1261); DDE binds AR and represses
transcription (1262)

Microenvironment/stroma Induced estrogenic microenvironment in breast adipose tissue (865)
DES Nuclear receptor ER� agonist (1246, 1263); AR binding (1264); suppresses activation of ERR �, �, and � (1265)

ER-mediated non-genomic
pathway

Activates MAPK and PI3K and induces phosphorylation of ERK (1266, 1267)

Epigenetic Hypermethylation of HOXA10 (1268); DNA methylation (1269)
Dioxins Nonsteroidal receptor Binds to AhR (1270)

Coactivator recruitment Recruitment of coactivator p300 (1270)
PCBs Steroid hormone biosynthesis Inhibits sulfotransferase (1271), inhibits aromatase (1272); increases T4 glucuronidation,

competes with thyroid hormone binding proteins (1273)
Nuclear receptor Weak binding to ER (1246), weak binding to AR (1264)

PFOA Nuclear receptor Binds to ER and EREs (845, 846)
Nonsteroidal receptor PPAR� agonist (157, 1274)
Uninhibited growth Increased hyperplasia and stromal density (853)

Phthalates Nuclear receptor DBP weak affinity for ER (874)
Microenvironment/stroma MEHP induced PPAR� in adipose (1274)

Abbreviations: EREs, estrogen response elements; ERR, estrogen-related receptor; PI3K, phosphatidylinositol-3-kinase.
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exposure scenario makes the F3 generation the first gen-
eration that was not directly exposed to the EDC (97–99).

EDC-induced epigenetic changes are also influenced by
dose of exposure, and they are tissue specific (77, 78, 81).
Thus, it is important to consider both dose of EDC and the
tissue before making firm conclusions about the epigenetic
effects of EDCs. DNA methylation changes are the best-
studied mechanism in this regard. For example, prenatal
exposure to DES caused hypermethylation of the Hoxa10
gene in the uterus of mice and was linked to uterine hy-
perplasia and neoplasia later in life (100). Beyond the ef-
fects of prenatal exposure to DES on the daughters ex-
posed in utero are suggestions that this leads to
transgenerational effects of the chemical on the reproduc-
tive system (101–103), although whether this is linked to
DNA methylation changes in humans is unknown.

The two EDCs that are best studied for transgenera-
tional epigenetic effects, especially DNA methylation, are
BPA and vinclozolin (Table 1). Prenatal exposure to BPA
decreased CpG methylation in agouti mice (104), altered
the methylation status of the Hoxa10 gene in the rodent
uterus (100), and changed DNA methylation of key genes
associated with prostate cancer in rats (105, 106). Prenatal
BPA exposure at physiologically relevant levels altered
DNA methylation of imprinted genes in the mouse embryo
and placenta (107). Furthermore, urinary concentrations
of BPA were associated with less genomic methylation of
genes involved in immune function, transport activity, me-
tabolism, and caspase activity in bisulfite-converted saliva
DNA from girls aged 10–13 years, and BPA levels (50
ng/kg to 50 mg/kg) were linked with hypermethylation in
tail tissue in mice (108, 109). Additional studies, however,
are required to directly determine whether the BPA-in-
duced changes in DNA methylation result in abnormal
phenotypes in subsequent generations. Furthermore,
whereas a few studies showed that BPA induced testicular
abnormalities in the F1–F3 generations of rats (110) and
caused changes in social interaction tasks in the F2 and F4
generations (111), it is not clear whether these effects are
due to changes in DNA methylation patterns, meriting
further work.

Prenatal exposure to vinclozolin in rodents has also
been shown to induce transgenerational effects on phys-
iological and behavioral phenotypes in the F3 generation
(112–114), but whether these outcomes are due to altered
DNA methylation changes occurring in the germline, as
shown in the sperm (115), is not known. In males, prenatal
exposure to vinclozolin caused germ cell death and the
appearance of disease-like phenotypes in the prostate
through the F3 generation (116, 117). In females, vinclo-
zolin caused more ovarian cysts and a reduced number of
oocytes and primary follicles through the F3 generation

(117, 118). Again, the mechanism is proposed to involve
hypo- or hypermethylation of DNA (116, 117, 119). Im-
portantly, work using this model relied on high-dose ex-
posures to the pregnant dams (50–100 mg/kg/d) and must
be replicated using environmentally relevant doses.

Although there is less research on other EDCs, evidence
suggests that they can cause DNA methylation changes
(80, 120, 121). Exposure to methoxychlor (MXC) altered
DNA methylation in multiple CpGs in the ER� promoter
(80). DEHP exposure caused global increases in cytosine
methylation in the testes (122) and modified DNA meth-
ylation of imprinted genes in F1 and F2 oocytes in mice
(120). Furthermore, whereas prenatal exposure to DEHP
delayed puberty in the F1 and F3 generations and de-
creased sperm counts, testicular germ cell function, and
the number of normal seminiferous tubules in the F3 gen-
eration (121), studies are required to determine whether
DEHP-induced DNA methylation changes are responsible
for these adverse transgenerational outcomes.

Little is known about the ability of EDCs to cause hi-
stone modifications and whether this leads to transgen-
erational effects in animals or humans. The herbicides
paraquat and dieldrin caused histone modifications in im-
mortalized rat mesencephalic dopaminergic cells (123,
124), and the insecticide propoxur causes histone modi-
fications in gastric cells in vitro (125). DES caused histone
deacetylation in the promoter region of the cytochrome
P450 side chain cleavage (P450scc) gene (126). Further
studies, however, need to be conducted to identify other
EDCs causing histone modifications in animals and hu-
mans and to determine whether such modifications lead to
transgenerational effects.

There is also little knowledge about the ability of EDCs
to alter microRNA expression. Studies show that BPA ex-
posure induced expression of the microRNA miR-146a in
human placental cell lines (127), down-regulated several
microRNAs in ovaries of ewes (128), and altered expres-
sion of microRNAs in the rat penis (129). Another study
showed that both BPA and DDT altered the expression
profile of microRNA in MCF-7 breast cancer cells (130).
Future studies are needed to identify the specific effects of
EDCs on microRNA expression and to determine whether
EDC-induced changes in microRNA expression lead to ad-
versephenotypes in theexposedandsubsequentgenerations.

In summary, a prominent mechanism for increased dis-
ease risk in adulthood as a function of early-life EDC ex-
posure is attributed to epigenomic reprogramming, a re-
sult of high plasticity as the epigenetic code is installed
during development (131, 132). Furthermore, the envi-
ronment-gene interface must be considered as a basis for
individual disease susceptibility whereby EDC-induced
modifications of the epigenetic code early in life permit
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cryptic genetic variants or low-penetrant mutations to
emerge and to manifest a phenotype at later life stages,
long after the initial EDC exposure.

E. Dose-response characteristics of EDCs
Hormoneshavecomplicatedconcentration-responsepat-

terns, and these lay the foundation for dose-response char-
acteristics exhibited by EDCs. The mechanisms that are im-
portant to consider when discussing dose-response
characteristics of EDCs include, but are not limited to: 1)
receptor characteristics, such as abundance, isoforms, and
signal transduction requirements; and 2) cognate ligand
characteristics including background level, mechanisms of
synthesis and secretion regulation, as well as delivery to the
site of action. These fundamental endocrine principles dem-
onstrate why it is difficult or impossible to define the “po-
tency” of an EDC, why “thresholds” of action are not pos-
sible to identify,andwhynonlineardose-responsescannotbe
ignored despite some continued controversy on this point.
These and other concepts relevant to dose-responses, thresh-
olds, and receptor kinetics are thoroughly reviewed in Ref.
133.

As mentioned, hormones act at very low concentra-
tions, in part because hormone receptors are high-affinity
receptors; that is, very low concentrations of hormone can

bind to the receptor population and
initiate important biological effects.
In the study of EDCs, the term “low
dose” is used in different ways, typ-
ically to distinguish studies that ex-
amine effects that are: 1) below the
doses used in traditional toxicology
studies, ie, doses below the no ob-
served adverse effect level (NOAEL)
or the low observed adverse effect
level; 2) at doses in the range of typ-
ical human exposures; or 3) at doses
in animals that are in the range of
circulating concentrations of a sub-
stance in humans (133). The classic
hormone concentration-response
pattern is that of a sigmoidal curve
(Figure 2). In this case, small changes
in hormone concentration at the low
end of the dose-response curve pro-
duce substantially greater differ-
ences in effect than similar changes in
hormone concentration at the high
end of the dose-response curve. This
is important because very low con-
centrations of EDCs could add to the
endogenous hormone concentra-
tion, producing an effect that is much

greater than would be predicted based on its ability to bind
to the receptor in isolated systems. In addition, hormone
receptors expressed at different concentrations will affect
the various characteristics of the dose-response curve. In
this case, as receptor concentrations increase, the dose-
response curve is shifted to the left; ie, it requires less hor-
mone to produce the same biological effect. This can ex-
plain both why some endpoints of hormone action are
more sensitive to the hormone than others, and why some
are more sensitive to endocrine disruptors than others.

A feature of hormone-response relationships that is of-
ten overlooked is that of “spare receptors.” This concept
was originally named because it was observed that a max-
imum response to hormone could be achieved with recep-
tor occupancy that was far below 100% (134). In fact, in
some systems, the maximum hormone response can be
achieved with as little as 1% receptor occupancy. An im-
portant insight, however, is that all the receptors are nec-
essary to produce the maximum response, but the recep-
tors are only occupied for some proportion of time that is
less than 100% (134). Viewed this way, receptor concen-
tration and the dynamic equilibrium between receptor and
ligand become even more important to consider when
EDCs enter into the mix.

Figure 2.

Figure 2. Schematic example of the relationship between receptor occupancy and hormone
concentration. In this theoretical example, at low concentrations, an increase in hormone
concentration from 0 to 1� causes an increase in receptor occupancy of approximately 50%
(from 0 to 50%; see yellow box). Yet the same increment in hormone concentration at higher
doses (from 4� to 5�) causes an increase in receptor occupancy of only approximately 4% (from
78 to 82%; see red box). However, it is important to recognize that receptor occupancy is not
linearly related to hormone effect, and low receptor occupancy (1 to 10%) can be associated
with maximal effects. [Reprinted from L. N. Vandenberg et al: Hormones and endocrine-
disrupting chemicals: low-dose effects and nonmonotonic dose responses. Endocr Rev. 2012;33:
378–455 (133), with permission. © Endocrine Society.]
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Because hormones interact with and activate their re-
ceptors in a nonlinear fashion, dose-responses are at least
sigmoidal, but they can also be more complex, including
being nonmonotonic (Figure 2). These dose-response
curves are often referred to as “U-shaped” (with maximal
responses observed at low and high doses) or “inverted
U-shaped” (with maximal responses observed at interme-
diate doses). In vitro studies have been instrumental in
understanding the complex mechanisms behind non-
monotonic dose-responses. One mechanism involves in-
tegrating two (or more) monotonic responses that affect a
common endpoint. For example, studies of prostate cell
lines have shown that these cells proliferate to the highest
degree when provided intermediate concentrations of an-
drogen (135, 136). The reason for this inverted U-shaped
response is that the cell line actually contains two popu-
lations of cells: one population proliferates in response to
testosterone, whereas testosterone inhibits cell prolifera-
tion in the other population. At low doses, the first pop-
ulation has minimal proliferation, and at high doses the
second population has a low level of proliferation because
it is being inhibited. When looking only at cell number,
intermediate doses have the maximal effect because at
these concentrations the first population is somewhat pro-
liferative and the second population is only somewhat in-
hibited. Ultimately, these two cell populations were iso-
lated from each other, and when observed individually,
each one had a monotonic response to androgen.

Nonmonotonic dose-responses also occur because of
receptor down-regulation when hormones are present in
high concentrations, bind to their receptors, and decrease
receptor number. The degradation of receptors is in-
creased when the hormone is abundant, and the ability of
the cell to replace these receptors is slower than the rate at
which they are removed from the system. Thus, high con-
centrations of hormone eventually lead to fewer available
receptors and a natural shift in the receptor-mediated re-
sponse. In addition to this mechanism, nonmonotonic re-
sponses can be caused by the increased toxicity of a hor-
mone (cytotoxicity) at high doses. For example, the MCF7
breast cancer cell line proliferates in response to estrogen
until high doses are reached (10�5 to 10�4

M) where it is
cytotoxic, resulting in cell death (137). The same toxicity
has been observed in a subpopulation of MCF7 cells that
no longer express the estrogen receptor (ER), suggesting
that estradiol (the natural estrogen) is not having endo-
crine effects at these high doses, but is generally toxic.

The concept of nonmonotonicity is also seen in vivo,
underscoring the point that the above models are not sim-
ply an artifact of cell line work. We provide examples from
several disciplines to illustrate this point. In the realm of
metabolic effects of EDCs, multiple-dose studies have de-

scribed a nonmonotonic relationship between prenatal or
perinatal BPA exposure and weight increase as well as
other metabolic alterations such as insulin resistance, glu-
cose tolerance, and hyperinsulinemia (138–140). Similar
results have been obtained with the synthetic surfactant
perfluorooctanoic acid (PFOA), a putative obesogen in
female mice (141), and the phthalate, mono-(2-ethyl-
hexyl) phthalate (MEHP) (142). In adult male mice, BPA
exposure regulates pancreatic insulin content at low doses
(100 �g/kg/d), but it has no effect at high doses (1 mg/kg/d)
(143). In the prostate, nonmonotonic dose-response
curves for prostatic growth responses to estradiol, DES,
and more recently BPA have been reported by several lab-
oratories, showing that low- and high-dose exposures
have no effect, whereas middle range exposures have
growth stimulatory responses in rodent models (144). For
female reproduction, in utero BPA exerted nonmonotonic
effects on the age at vaginal opening (a marker of puberty)
in female mice. Specifically, exposure (from embryonic
day [E] 10.5 to birth) to 0.5 or 50 �g/kg/d, but not 20
�g/kg/d, delayed vaginal opening in the F3 generation
(145).

Considering these features of hormones, it is important
to view concepts such as potency of EDCs and threshold
of EDC actions within this context. For EDCs that can
interact directly with a hormone receptor, issues of recep-
tor isoform, abundance, and signal transduction charac-
teristics will be important characteristics defining potency
(or efficacy). However, this will be endpoint-specific, and
hormones often have many targets of action that change
over the course of the life span of an individual. This is
another essential feature in that hormone action during
development produces effects that persist throughout life,
and disruption during development is not likely to be re-
versible (see Section I.F). Because of this, potency is not
simply defined for an EDC, and it is most certainly not the
same as “affinity” (for the receptor). Moreover, some
EDCs (eg, BPA) can bind to multiple hormone receptors.

Likewise, the concept of threshold as it applies to EDCs
is equally complicated and must be considered with cau-
tion. Put simply, the concept of threshold for an EDC
means that there is an exposure level below which no ef-
fects occur. In its simplest form, this implies that one can
measure the difference between “no effect” and “some
effect,” something that the limits of measurement tools
(assays) as well as the intrinsic variability in the biological
system will always blur. This becomes more complicated
because EDC effects during development may not be man-
ifested until later in life, so operationalizing the definition
of a threshold will be much more complicated. Finally, the
choice of endpoint around which to build evidence for a
threshold will also limit the definition; for example, the
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threshold for BPA action on uterine weight in a rat study
may be very different from the threshold on brain devel-
opment, which may be very different from the increased
risk of prostate or breast cancer.

F. Identifying effects of EDCs on human health: where
to start?

There are numerous lines of evidence that environmental
factors play a substantive role in disease causation or progres-
sion, or may alter the susceptibility to disease over a lifetime. A
cohort analysis of nearly 45 000 pairs of twins from Sweden,
Denmark, and Finland (146) concluded that the environment,
and not genetics, played a principal role in sporadic cancers of
theprostate,breast,andfemalereproductivesystem.Accidental
exposures to EDCs vary by individual and are usually at higher
levels than exposures experienced by the average citizen. Envi-
ronmentalaccidents,suchasa1976pesticideplantexplosionin
Seveso, Italy (147), have demonstrated a relationship between
dioxin exposure and significantly increased cancer rates in
women(148), increasedmetabolicdisease inwomenwhowere
12 or younger at the time of the explosion (149), permanently
reducedspermqualityinmenwhowerebreastfedasinfants just
after the explosion (150), and a dose-related association be-
tween serum dioxin levels and time to pregnancy and infertility
inwomen(151).Pollutioneventshavealsobeencorrelatedwith
health effects in large residential cohorts. Specific examples are
AgentOrangeexposure to servicemen inSouthVietnam(152),
contamination of drinking water sources with volatile organic
chemicals at the Camp Lejeune Marine base, Jacksonville,
NorthCarolina,fromthe1950stomid1980s(153),andPFOA
contaminationof theLittleHockingRiver and surroundingar-
eas of northern Kentucky and Ohio from potentially the 1950s
to the present (154)—all leading to numerous documented
health effects, including endocrine-sensitive disease endpoints.

When correlations are made between health outcomes
in humans and a particular chemical, the confirmation of
cause and effect and the elucidation of a mechanism or
mode of action must be derived from studies in animals,
usually rodent models. One way in which individual com-
pounds or mixtures of compounds are tested for their
long-term health effects is the 2-year bioassay in rats
and/or mice, as described by the National Toxicology Pro-
gram (NTP) (155) or through similar test guidelines, such
as those developed and used within the Organisation for
Economic Co-operation and Development (http://www.
oecd.org/env/chemicalsafetyandbiosafety/testingofchemicals/
oecdguidelinesforthetestingofchemicals.htm) and the Euro-
pean Union’s 2007 REACH (Registration, Evaluation, Au-
thorisationandRestrictionofChemicalSubstances)regulation.
Intheseassays, thetestcompoundisusually fedtoor inhaledby
the animals from about 8 weeks to 2 years of age, and cancer

formation is traditionally the endpoint of interest. Typically, a
doserangeofthehighesttolerableconcentrationsisusedinthese
studies, and endocrine-disrupting activity may be missed or
masked by the more toxic effects (156). The Report on Carcin-
ogens, produced by the NTP, documents data on nominated
chemicalsthatmaypotentiallyputpeople intheUnitedStatesat
increased risk for cancer (http://ntp.niehs.nih.gov/pubhealth/
roc/index.html). Of the tens of thousands of chemicals in the
marketplace,about2500chemicalshavebeenevaluatedforany
health effect (156). Of those, 2-year rodent cancer studies have
beenconductedonjustover600chemicals (156).About250of
the chemicals have shown carcinogenic potential in female ro-
dents, and as an example of how they were further evaluated,
about 60 of those showed evidence as mammary gland carcin-
ogens (157). Furthermore, many of those mammary gland car-
cinogenscausedcancer inotherpartsofthebody.Sincethetime
of the EDC-1 (1), the NTP has reinstituted an experimental
designthatexposesthefetusanddevelopingoffspringtothetest
chemical, in addition to exposure as an adult (http://ntp.niehs.
nih.gov/testing/types/cartox/index.html). However, even with
the neonatal exposure, the high-dose designs are still meant to
identify cancer-causing agents and may not identify EDCs.

Recently, the Toxic Substances Control Act (TSCA) Chem-
ical Substances Inventory (US EPA, TSCA Inventory) has been
audited for accuracy, and duplicate listings were removed. At
the time of this writing, there are nearly 85 000 existing chem-
ical substances on the updated TSCA Chemical Substance In-
ventory (http://www2.epa.gov/tsca-inventory/) that were man-
ufactured or processed in the United States. This does not
include chemicals deemed as “new,” naturally occurring ma-
terials, exempted polymers, or branded materials of confiden-
tial composition. This list may also not include the ingredients
of a chemical solution or mixture that are considered “inert.”
Because only a few chemicals might be tested in the 2-year bio-
assay-like studies eachyear, othermeansof identifyingpossible
EDCs are needed.

The US EPA’s Endocrine Disruptor Screening Program
(EDSP) has developed a multitiered set of animal and cell-
based assays to test a handful of EDCs at a time; the pu-
bertal protocol, for example, exposes rats to test com-
pounds before, during, and after the expected time of
puberty, assessing preputial separation in the male and
vaginal opening in the female. There are several other en-
docrine-based endpoints in these assays, but it falls short
in that it does not require collection or evaluation of mammary
tissue, an important pubertal marker in humans; proper thy-
roid characterization; or other histopathological endpoints of
importance (848). There are also other assays that measure
specific effects on the male and female reproductive tract, and
may indicate (anti)estrogenic and androgenic activities in vivo.
The limitation of the tiered testing is that the assays were de-
signed to test one compound at a few doses at a time.
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Because compounds that have been suggested or de-
fined as EDCs vary greatly in their structural makeup, the
time it takes to be metabolized and/or excreted from the
body (the EDC half-life), and their exposure routes and
abundance in the environment, an entirely new direction
of investigation was undertaken in about 2004 to test the
thousands of untested chemicals for endocrine-perturbing
activity. These testing programs have gained traction in
the last decade. The US EPA Toxicity Forecaster (Tox-
Cast) and theToxicityTesting in the21stCentury (Tox21)
(158, 159) are two federally funded efforts that have the
potential to prioritize chemicals for potential human
health effects. Tox21 is a collaborative program between
the US EPA’s National Center for Computational Toxi-
cology, National Institute of Environmental Health Sci-
ences (NIEHS)/NTP, the National Institutes of Health’s
National Center for Advancement of Translational Sci-
ences, and the US Food and Drug Administration, and it
usesprimarilyhigh throughput screeningmethods to char-
acterize toxicity pathways (158, 159). ToxCast and
Tox21 have some overlap in their assays but differ in their
assay numbers and the number of specific chemicals
tested. Furthermore, all of the assays used in Tox21 are
part of the ToxCast battery, and all of the compounds in
ToxCast are part of the large Tox21 library. It is likely that
information from Tox21 and ToxCast can be used in basic
science studies to investigate mechanisms of action of
toxic chemicals identified by the programs and/or to in-
vestigate the effects of identified chemicals in vivo.

Since the last EDC Scientific Statement, ToxCast has
evaluated about 1800 chemicals from a broad range of
sources, in more than 700 assays that evaluate approxi-
mately 300 signaling pathways. Tox21 has generated in-
formation on approximately 10 000 chemicals using
nearly 75 cell-based assays. These testing schemes incor-
porate assays to determine the potential effects of chem-
icals on nuclear receptor-based signaling (ie, estrogen,
androgen, thyroid, peroxisome proliferator-activated re-
ceptor [PPAR]), stress responses, cellular proliferation
regulators, mitochondrial toxicity, and drug metabolism,
among others. The use of these types of assays allows for
comparison of activity across a number of structurally
related compounds, in a wide number of areas of endo-
crine disruption. Because these tests do not cover all of the
potential routes of endocrine disruption, others have sug-
gested a set of in vitro and in vivo tests that may be de-
signed to enhance detection of more specific EDCs such as
breast toxicants (160). Of course, there are also limita-
tions to the use of these systems; the cell-based systems
often lack the ability to metabolize the test compound or
in other ways be extrapolated to humans; the accuracy of
outcome is dependent on test chemical purity; individual

responses may not always predict population responses to
an exposure (and single cell response may not predict
whole system responses); and finally, a good understand-
ing of the relationships between pathways and disease out-
comes in humans and animal models from the perspective
ofhowhormonesact inphysiological systems isneeded for
successful prediction of effect. Moreover, species differ-
ences may lead to large differences in responses, so inter-
pretation of data from rodent models should be done with
this in mind. The use of transgenic animals, especially hu-
manized mice, may help fill the gap, and large animal (eg,
sheep) and nonhuman primate models ought to fill in this
missing link in translatable research. In addition, efforts
are currently under way at the US EPA, NIEHS and nu-
merous other laboratories to determine the accuracy of the
Tox21 and ToxCast data in predicting “valid” endocrine
disruptors. Those efforts will compare accumulated data
from the high throughput assays with animal data from,
for example, the EDSP assays, to assess the reliability or
predictability of a compound’s potential to cause endo-
crine disruption.

EDCs migrate into the air, food, and water of humans
and wildlife because of accidental release, pollution (and
drift in air or water), leaching from the product they are
contained in, volatilization (aerosolization), as food resi-
dues after agricultural application, lipophilic distribution
into milk from body stores, etc. Lotions, sunscreens,
soaps, and other mixtures containing endocrine disrup-
tors may be applied to the skin, leading to dermal absorp-
tion and activity (161). Occupational exposure to these
chemicals may encompass multiple routes of exposure to
higher concentrations than the average resident. This re-
view will highlight several EDCs, some of which are also
known carcinogens, for which evidence has accumulated
over the last 5 years. These compounds are summarized in
Table 1, and some of their known mechanisms of action
are discussed in Table 2.

G. Review criteria for EDC-2
The authors of this article agreed upon several criteria in

reviewing the literature and determining what to include or
exclude. From the “big-picture” perspective, we focused pri-
marily on those EDCs for which the evidence spans several
levels of analysis, particularly when there was epidemiolog-
ical information in humans for which there was also a body
of work on experimental animal data, especially during de-
velopment, and mechanistic and molecular information
from cells and animal tissues after exposures. Some EDCs,
including BPA, POPs such as PCBs, phthalates, and pesti-
cides,cutacrossvirtuallyeveryareaofendocrinologystudied
for their effects and were included in all of the sections. We
also attempted to identify what we think are the critical re-
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search gaps for each topic covered in this Statement. Each
original research paper cited was critically evaluated for ap-
propriateness of the model and the use of adequate controls
(negative and positive) and was considered for the range of
dosages tested. Sample size needed to be high enough to have
adequate power to draw accurate statistical conclusions us-
ing appropriate statistical methods. Other methodological
confounds were considered as they arose, and if deemed
problematic, the paper was excluded. Excluded papers in-
cluded those that did not meet these requirements or have
other methodological problems that confounded the work.
Whether a study found an effect of an EDC, or no effect, was
not a determinant in including or excluding that study.

It is important to note that there may be publication
bias, in that studies with positive findings (ie, an effect of
an EDC is identified) are more likely to be published than
those with negative findings (no effect of an EDC). There
is simply no way for us to know about that work. Of
importance, there are now more journals that make a
point of publishing any study that is reviewed and con-
sidered well performed, even if results are negative, and
over time more negative studies may emerge. Methods to
limit the risk of bias (eg, distributing animals within a litter
to different treatment groups) are routine procedures in
endocrinology labs but are seldom described formally.
Therefore, we could not use the description of these meth-
ods as a criterion for inclusion or exclusion. However, we
emphasize the need for researchers in this field to fully
describe these methods. Another point, whether in human,
animal, or in vitro work, is whether work is done with the
investigator blind to treatment. This is often not specified,
and whereas authors may state that work was done in a
blinded fashion, it is virtually never stated that work is
done in an unblinded fashion, making it impossible to
exclude such studies.

An example of a prototypical literature search, and in-
clusion criteria, is provided here for female reproductive
health (see Section III). A PubMed search was conducted
using search terms, their variants, and their combinations,
such as BPA, DES, MXC, pesticide, phthalate, plasticizer,
PCB, dioxin, ovary, oocyte, oviduct, fallopian tube, folli-
cle, vagina, uterus, anterior pituitary, steroid, hormone,
female, girl, women, cyclicity, estrus, menses, pregnancy,
endometriosis, fibroid, leiomyoma, fertility, infertility,
puberty, polycystic ovarian syndrome (PCOS), premature
ovarian failure, birth, preterm, birth outcome, and meno-
pause. We considered all journal articles that our search
generated within the given time frame. We included all
human studies, experimental mammalian in vivo studies,
and in vitro studies using mammalian cells. We did not
omit any journal articles based on whether they contained
positive or negative findings. We omitted journal articles

that focused on nonmammalian systems (eg, fish) because
the focus of this article is on EDCs mammals. Thus, we
conclude by reiterating that it was the rigor of the science
that led to an article’s inclusion or exclusion. Because
EDC-2 picks up where EDC-1 left off in 2008, most of the
literature reviewed herein is from the years 2008 to the
present (2014).

II. Obesity, Diabetes Mellitus, and
Cardiovascular Diseases

A. Introduction
T2D and obesity are two of the world’s greatest

health care issues. Globally, diabetes mellitus affects
347 million people, and in 2004, 3.4 million people died
from the disease. By the year 2030, the World Health
Organization estimates that diabetes will be the seventh
leading cause of death. The World Health Organization
also estimates that obesity has almost doubled since
1980. In 2008, 10% of the men and 14% of the women
in the world were obese, compared with 5% for men and
8% for women in 1980, and at least 2.8 million adults
die each year as a result of being overweight or obese
(162). Notably, prevalence has increased in children
and adolescents in developed countries; 23.8% of boys
and 22.6% of girls were overweight or obese in 2013
(9). Given that obesity is directly associated with
roughly 44% of diabetes mellitus cases (162), under-
standing the processes involved in the etiology of obe-
sity and diabetes mellitus and how these diseases inter-
act will help us prevent their development, reduce
incidence, and develop new treatments. It will also help
reduce the enormous social and financial burden of
these disorders. The estimated annual medical cost of
obesity in the United States was US $147 billion in 2008,
and individual medical costs for obese people were US
$1,429 higher than for normal-weight people (163).

Most of the research on the effects of EDCs on obesity,
diabetes mellitus, and associated metabolic disorders is
relatively new, appearing over the last decade. Before
2000, several EDC studies examining other endpoints re-
ported increased weight as a collateral effect but did not
focus on obesity or metabolic disorders as the primary
outcome. In 2002, Baillie-Hamilton (164) reviewed the
literature and hypothesized the obesogenic action of toxic
chemicals, based on the parallel increase of pollutants and
the incidence of obesity. This wake-up call led to a new
hypothesis: that exposure to environmental chemicals
during development may play a role in predisposing to
obesity later in life (165, 166). These chemicals were
named “obesogens” (167). Since 2008, multiple cellular,
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animal, and epidemiological studies have emerged regard-
ing the links between EDCs and obesity.

Diabetes mellitus is characterized by hyperglycemia re-
sulting from defects in insulin secretion, insulin action, or
both. Any toxic chemical that kills �-cells or disrupts their
function has been termed a “diabetogen.” Beginning more
than 30 years ago, researchers described how environ-
mental chemicals (eg, dioxins, DDT, BPA) altered �-cell
function (168–171). Recently, numerous articles have
been published demonstrating the link between EDC ex-
posure and alterations in glucose homeostasis and/or di-
abetes mellitus in animals as well as epidemiological stud-
ies in humans (138, 172–175).

Here we will review the evidence published since 2008
implicating EDC exposure in the etiology of obesity and
T2D. It is difficult to know which EDCs are risk factors for
obesity, diabetes, or both, because they have interlinked
pathologies. However, there is enough evidence to suggest
that some EDCs act as obesogens and others act as dia-
betogens (Table 3). Therefore, we will review EDC action
on obesity and diabetes separately. Additionally, the role
of EDCs acting as cardiovascular disruptors is an impor-
tant emerging area, which will be briefly reviewed.

B. Definition and etiology of obesity

1. Definition of obesity
The World Health Organization defines overweight

and obesity as “abnormal or excessive fat accumulation
that presents a risk to health” and categorizes normal-
weight, overweight, and obese people by their body mass
index (BMI). BMI is calculated as the ratio of an individ-
ual’s body mass divided by the square of their height
(BMI � kg/m2). For adult men and women, BMI between
18.5 and 24.9 is considered normal, between 25 and 29.9
is overweight, and 30 or higher is obese. It is of note that
BMI cutoff points differ between Western and non-West-
ern countries (176). In some special cases, BMI does not
correlate accurately with the percentage of body fat. Body
fat modifications associated with changes in height over
time (during childhood development) or large amounts of
muscle tissue may produce higher BMI values and result in
misclassification as overweight or obese. Nevertheless,
BMI is a measure used to determine childhood overweight
and obesity. The Centers for Disease Control and Preven-
tion (CDC) defines overweight in children and teens as “a
BMI at or above the 85th percentile and below the 95th
percentile for children and teens of the same age and sex.”
Obesity is defined as “a BMI at or above the 95th percentile
for children and teens of the same age and sex” (http://
www.cdc.gov/obesity/childhood/defining.html). Waist cir-
cumference is another index used to screen for possible

health risks that come with overweight and obesity. The risk
goes up with a waist size that is greater than 88 cm for adult
women or greater than 102 cm for adult men (https://
www.nhlbi.nih.gov/health/educational/lose_wt/risk.htm).
It is of note that cutoffs for increased metabolic risk may
differ based on race/ethnicity; this places some populations
at a heightened risk at lower waist circumferences.

2. Etiology of obesity
Obesity is caused by an energy imbalance when intake

of energy is higher than expenditure. The origin of obesity
is multifactorial and is influenced by both genetic and en-
vironmental factors. Studies of the heritability of obesity
in monozygotic and dizygotic twins indicate a gene-by-
environment interaction, associated with obesity (177,
178). How genes and environment interact to regulate
body adiposity is complex. It is a difficult task to accom-
modate genetics as well as social and environmental in-
fluences in order to understand how body fat is controlled
(179). In any case, environmental factors such as changes
in lifestyle (eg, increase in stress or sedentary habits),
changes in diet, and increased exposure to EDCs seem to
play varying roles in the propensity to develop obesity.

The historical global increase in the production of syn-
thetic organic and inorganic chemicals (many of which are
EDCs) parallels the worldwide increase in obesity preva-
lence, lending support to the obesogen hypothesis (164).
The likelihood that there are common environmental fac-
tors leading to the increase in the prevalence of obesity is
supported by evidence in research animals, feral rats, and
domestic dogs and cats (180). Interestingly, one study re-
ported an increase in T2D in domestic cats and showed
that this is associated with plasma levels of organohalo-
genated contaminants (181). Whether EDCs are one of the
common factors driving mammals to obesity is still a mat-
ter of conjecture, yet it is one that we should continue to
explore through experimental research and epidemiology.

a. The obesogen hypothesis. A positive balance between food
energy intake and expenditure generates obesity. When
there is an excess of lipids to store, the adipose tissue ex-
pands to accommodate it through the hypertrophy of ex-
isting adipocytes and by differentiation of preadipocytes
(182). The inability of WAT to expand as much as nec-
essary and the development of a dysfunctional adipose
tissue contributes to obesity and obesity-associated met-
abolic complications (183).

How do EDCs make us fat? The 2006 study by Grun
and Blumberg (167) that coined the term “obesogens”
defined them as “xenobiotic chemicals that can disrupt the
normal developmental and homeostatic controls over ad-
ipogenesis and/or energy balance.” This and other related
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Table 3. Effects of EDCs on Diabetes Mellitus and Obesity

EDC Animal Sex Exposure Period Dosage, Route Age at Analysis Obesogenic/Diabetogenic Endpoints Ref

BPA Wistar rats M/F E0, P21 50, 250, 1250 �g/kg/d, oral,

gavage

13–26 wk Obesogenic; diabetogenic;

exacerbates

obesogenic and

diabetogenic action of

HFD; nonmonotonic

Body weight, glucose tolerance,

insulin resistance, plasma

insulin, �-cell mass, �-cell

mRNA expression, lipid

homeostasis

139

BPA S-D rats M/F E6–P21 1 mg/L in drinking water P21 Obesogenic Body weight, fat weight, mRNA

expression

241

BPA CF-1 mice M/F E11–17 2.4 �g/kg/d, oral, food P0, P22, and P26 Obesogenic Body weight at weaning, age at

vaginal opening, and interval

between vaginal opening

and first vaginal estrus

237

BPA S-D rats M/F 10-wk prebreeding

exposure,

mating, and

E0–P21

50 and 500 mg/kg/d, dietary

concentrations

F0 to F3 generations Weight reduction in all

generations

Body weight 250

BPA Long-Evans

rats

M E12–P21, P21–P90 2.4 �g/kg/d, oral, dissolved

in corn oil

90 d Obesogenic in offspring,

no increase in weight

in adults

Body weight 236

BPA ICR/Jcl mice M/F E0–P21 20 �g/kg/d, sc injection P21, 10 wk No change in weight Body weight 248
BPA Wistar rats M Gestation and

lactation

50 �g/kg/d, oral gavage 3 wk Diabetogen Weight, serum insulin, insulin

resistance, DNA methylation,

hepatic glucokinase

expression

310

BPA C57BL/6

mice

M Acute

administration,

adulthood

50 �g/kg, oral, water 6 mo Possible diabetogenic Hepatic glucokinase activity 307

BPA C57BL/6J

mice

M/F E1 lactation 0, 3, 10, 30, 100, 300, 3000

�g/kg/d, oral, food

23 wk Decreased weight in

females, sex-

dependent small

alterations in energy

homeostasis

Body weight, organ weight,

hormones in plasma,

glucose tolerance,

locomotor activity,

histopathology

249

BPA CD-1 mice M E8–P16 0.025, 0.25, 25 �g/kg/d,

osmotic pumps

P2 and P21 Possible diabetogen Global metabolism by

metabolomics

309

BPA CD-1 mice M 28 d, adulthood 0, 5, 50, 500, 5000 �g/kg/d,

oral, food contamination

10 wk Possible diabetogen and

obesogen

Hepatic transcriptome, liver

triglyceride accumulation

306

BPA OF-1 mice M/F E9–E16 10, 100 �g/kg/d, sc injection Mothers at E16–E18

and 4 mo after

delivery,

offspring at 3

and 6 mo old

Diabetogenic in mothers

and offspring;

obesogenic in mothers

Glucose tolerance; insulin

sensitivity; insulin, leptin,

triglycerides and glycerol

plasma levels; pancreatic

�-cell function; changes in

body weight; measurement

of �-cell mass and

proliferation

138

BPA OF-1 mice M 4 d, adulthood 10, 100 �g/kg/d, sc injection 8–12 wk, adulthood Diabetogenic Insulin sensitivity, glucose

tolerance, plasma insulin

and glucose levels,

pancreatic �-cell function

172

BPA OF1 mice M 8 d, adulthood 100 �g/kg/d, sc injection 8–12 wk Diabetogenic Global metabolism, glucose

tolerance, insulin resistance,

plasma insulin, insulin

secretion, Akt phosphorylation

in skeletal muscle and liver

244

BPA, DEHP, DBP Harlan S-D

rats

M/F E8–E14 Mix of 50 BPA, 750 DEHP,

and 66 DBP mg/kg/d, ip

injection

F1 generation, F3

generation

Obesogenic in F3

generation

Body weight, abdominal

adiposity

262

BPA, DES CD-1 mice M/F E9–E18 5, 50, 500, 5000, 50 000

�g/kg/d BPA, or 0.1 �g/

kg/d DES, oral

3–19 wk Obesogenic, diabetogenic,

nonmonotonic

Body weight, fat weight,

glucose tolerance, insulin

resistance, plasma insulin,

plasma leptin, plasma

adiponectin

140

BPA, DES CD-1 mice M/F E0 to weaning 1 �g/kg/d DES, 0.25 �g/kg/d

BPA, oral, feeding

P21–P15 wk No increase in weight Body weight, length, and fat

and lean composition; food

intake; glucose tolerance

test

246

BPA, EE C57/Bl-6

mice

M/F E3–P21 2 and 200 �g/kg/d BPA, 5

�g/kg/d EE, oral, gavage

P21 No increase in weight Body weight, anxiety 247

BPA, estrone S-D rats M/F E6 throughout

lactation

0.1 mg/kg/d BPA, 1.2 mg/

kg/d estrone, oral,

drinking water

4 d to 4–6 mo Obesogenic Analysis of body weight,

pattern of estrous cyclicity,

and uterotrophic assay

240

BPA, EQ, EB, DPN, PPT Long-Evans

rats

M P0–P3 50 �g EB, 1 mg/kg; PPT, 1

mg/kg; DPN, 10 mg/kg;

EQ, 50 �g/kg; BPA, sc

injection

P68 Obesogenic Body weight 239

(Continued)
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Table 3. Continued

EDC Animal Sex Exposure Period Dosage, Route Age at Analysis Obesogenic/Diabetogenic Endpoints Ref

BPA HFD ICR mice M/F E13–E16 0.2 and 3 mg/kg/d, oral,

drinking water

1 mo Obesogenic Body weight, fat weight, serum

leptin and lipids

238

BPA HFD OF-1 mice M E9–E16 10 �g/kg/d, sc injection 17–28 wk Obesogenic, diabetogenic Body weight, fat weight,

glucose tolerance, insulin

resistance, plasma insulin,

insulin secretion, mRNA

expression

242

DDT C57BL/6J

mice

F E11.5–P5 1.7 mg/kg body weight Up to 6 mo Obesogenic, diabetogenic Body composition, energy

homeostasis, metabolic

parameters, glucose

tolerance. Energy balance,

metabolic consequences of

HFD

259

BPA, TCDD, PCB-153,

DEHP

C57BL/6J

mice

M/F Before gestation,

during

gestation,

lactation,

combined with

standard diet

and HFD

Tolerable daily intake of

each component of the

mixture, oral in pellets

10–12 wk Diabetogen Weight, hepatic gene

expression, plasma leptin,

insulin and cholesterol,

glucose and insulin tolerance

313

DEHP Wistar rats M/F Gestation and

lactation

1.25, 6.25 mg/kg/d, oral

gavage

3, 15, 26 wk Diabetogenic Weight, glucose and insulin

tolerance, �-cell mass and

function

312

DES CD-1 mice M/F P1–P5 1 �g/kg/d, 1 mg/kg/d, sc

injections

2, 6 mo Obesogenic Analysis of body weight and fat

pads; serum levels of leptin,

adiponectin, IL-6, insulin,

and triglycerides

1277

DES C57BL/6J M/F E12–P7 0.01, 0.025, 0.05, 0.1 mg/

kg/d, oral, gavage

8 wk Obesogenic Body weight, fat weight,

cholesterol, triglycerols,

glucose

1278

DDT Harlan S-D

rats

M/F E8–E14 50, 25 mg/kg/d, ip injection 10 mo, F1

generation, F3

generation

Obesogenic in F3

generation

Body weight, abdominal

adiposity

263

FM 550 Wistar rats F E8–P21 100, 1000 �g/d, oral, in

pellets

21 d, 17 wk Obesogenic,

cardiovascular

disruptor

Serum T4, hepatic

carboxylesterase activity,

body weight, glucose

tolerance, heart wall

thickness

565

MEHP C57BL/6J

mice

M/F E12–P7 0.5, 0.25, 0.05 mg/kg/d,

oral, gavage

60 d Obesogenic, diabetogenic,

nonmonotonic

Weight, fat weight, blood

glucose, cholesterol,

triacylglycerols, mRNA

expression adipogenic genes

142

PCB-126 Wistar rats M E7–P21 100 mg/kg/d, oral, food 20 mo Obesogenic Neurobehavior, body weight 256
PCB-153 C57BL/6J

mice

M 12 wk, adulthood 50 mg/kg � 4, ip injection 12 wk Exacerbates obesogenic

action of HFD

Body weight 1279

PFOA CD-1 mice F E1–E17 0, 0.01, 0.1, 0.3, 1, 3, 5 mg/

kg/d, oral, gavage

15–16 wk, 42, wk,

70–74 wk

Obesogenic;

nonmonotonic

Body weight, serum, insulin,

leptin, fat weight

141

PFOA CD-1 mice F 17 d, adulthood 1 mg/kg/d, oral, gavage 10 wk No change in weight Body weight 141
PFOS CD-1 mice M/F Gestation and

lactation

0, 0.3, 3 mg/kg, oral gavage P21 and P63 Diabetogenic Fasting glucose and insulin

levels, glucose tolerance

304

PFOS CD-1 mice M 3, 7, 14, 21 d,

adulthood

0, 1, 5, 10 mg/kg/d, oral

gavage

8–12 wk Hepatic steatosis, possible

diabetogenic

Histology of liver, hepatic liver

metabolism

304

POPs CB57BL/6J M Adulthood Different diets with farmed

salmon fillets, with

different POP

concentrations, oral,

food

Adulthood Diabetogenic; obesogenic Insulin and glucose tolerance,

fat distribution, mRNA levels

of target genes

303

POPs, PCDDs, PCDFs, non-

ortho-PCBs, mono-

ortho- substituted

PCBs, organochlorine

pesticides

S-D rats M 28 d, adulthood Organochlorine pesticides,

0.36–2.63 ng/g diet;

DDTs, 0.13–3.57 ng/g

diet; PCDDs, 0.11–1 pg/g

diet; PCDFs, 0.32–0.99

pg/g diet; non-ortho-

substituted PCBs, 0.83–

23.7 pg/g diet; mono-

ortho-substituted PCBs,

4.30–1314.35 pg/g diet;

PCBs, 0.07–2.35 ng/g

diet, oral, food

Adulthood Diabetogenic; obesogenic Insulin sensitivity, hepatic lipid

homeostasis and mRNA

levels of target genes,

glucose uptake, daily energy

intake, quantification of

body weight and visceral fat

285

TBT KM mice M From puberty once

every 3 d over

45 d

0.5, 5, 50 �g/kg/d, oral,

gavage

45 d after

treatment,

adulthood

Obesogenic Body weight; fat mass; plasma

insulin, leptin, adiponectin,

and resistin levels;

histological liver changes;

levels of hepatic adiponectin

and resistin

1280

(Continued)
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studies gave birth to the “obesogen hypothesis,” which
suggests that prenatal or early-life exposure to certain
EDCs predisposes some individuals to gain fat mass and
become obese (184–186). Evidence published during the
last few years indicates that EDCs promote adipogenesis
in cellular models and promote adipogenesis and obesity
in animal models as well as in humans, indicating that
EDCs must alter energy balance. A recent comprehensive
review by Casals-Casas and Desvergne (187) further ex-
plores the action of EDCs and obesity.

b.Epidemiologyandevidenceinhumans. InJanuary2011,the
NIEHS division of the NTP organized a workshop to eval-
uate the role of environmental chemicals in diabetes mel-
litus and obesity. The workshop reviewed epidemiological
data for several EDCs, including maternal smoking, arse-
nic, BPA, phthalates, and POPs, and subsequently pub-
lished a consensus report (188). Readers are also referred
to several reviews (189–191) for a more detailed descrip-
tion on epidemiological studies about EDC exposure and
obesity and T2D association.

i) Bisphenol A. There are a number of epidemiological stud-
ies that associate EDCs, especially BPA, with obesity in

humans. Most studies are cross-sectional analyses of the
US National Health and Nutrition Examination Survey
(NHANES) data in adults and children that show that the
higher the urinary BPA concentration, the higher the odds
of obesity and larger waist circumference (192–195). An-
other study using a cohort in China reported an associa-
tion between urinary BPA concentrations and overweight,
obesity, insulin resistance, and diabetes mellitus (196). To
our knowledge, only one prospective study has examined
the association between prenatal and early-life exposure
to BPA and children’s body mass in 9-year-old girls (197).
That work concluded that girls with the highest exposure
to BPA in utero had lower weight for the same height than
girls with the lowest exposure, a result that contradicts the
previous studies; these inconsistencies require further
studies on larger sample sizes.

ii) Phthalates. Elevated levels of phthalates have also
been associated with increased BMI and waist circum-
ference in adults and children. A cross-sectional
analysis of the NHANES data showed that mono-n-
benzyl phthalate (MBzP), mono-(2-ethyl-5-hydroxyl-
hexyl) phthalate (MEHHP), mono-(2-ethyl-5-oxohexyl)

Table 3. Continued

EDC Animal Sex Exposure Period Dosage, Route Age at Analysis Obesogenic/Diabetogenic Endpoints Ref

TBT C57BL/6J

mice

M/F E12–E18 0.05–0.5 mg/kg/d, ip

injection

P1–P10 wk Obesogenic Changes of body weight,

changes of adiposity in liver,

testis and inguinal adipose

and mammary adipose

depots, quantitative analysis

RXR:PPAR� target genes

184

TBT TBBPA Swiss mice NS Single dose 40 mg/kg, 2.1 g/kg, oral

gavage, sc injection

1 d Possible metabolic

disruptor

T3-independent transcription of

Mc4r and Trh transcription

252

TBT TBBPA Swiss mice NS E6 to delivery, for 7

d from E12

0.5 mg/kg/d 150 mg/kg/d,

oral gavage

2 d Possible metabolic

disruptor

T3-independent transcription of

Mc4r and Trh transcription

252

TBT, ROSI C57BL/6J

mice

M/F E16 0.1 mg/kg TBT, 1 mg/kg

ROSI, oral, gavage

8 wk Obesogenic Effects of TBT on stem cell

proliferation, adipose, bone

and cartilage differentiation

251

TCDD C57BL/6J

mice

M Single dose, 4 wk

old

100 �g/kg/d, oral, gavage 4–5 wk Possible metabolic

disruptor

Changes in body weight,

analysis of intestinal

disaccharide activity, gene

and protein expression of

intestinal glucose

transporters, glucose

tolerance test

1281

TCDD Short-hair

guinea

pig

M Single injection,

4–6 wk old

0.01, 0.03, 0.1, 0.3, 1.0 �g/

kg/d, ip injection

0.25, 0.5, 1, 5, 10

and 28 d after

single injection

Possible diabetogenic Measurement of glucose uptake

in pancreas, adipose tissue,

liver and brain

168

TCDD S-D rats M Single injection 25, 125 �g/kg/d, ip injection 1, 2, 4, 8, 16, 28 d

after 125 �g/kg

dose, 32 after 25

�g/kg dose

Possible metabolic

disruptor

Changes in body weight,

measurement of liver PEPCK

and E-6-Pase activity, mean

time to death

1282

TCDD S-D rats M Single injection 1 �g/kg/d, ip injection 24 h after single

injection

Diabetogenic Pancreatic insulin content and

release, pancreatic glucose

uptake and protein levels of

GLUT-2, plasma insulin,

triglycerides, free fatty acids,

and leptin levels

286

TCDD C57BL/6J

mice

M Single injection, 8

wk old

10 �g/kg/d, ip injection 8 wk, adulthood Diabetogenic Glucose tolerance test,

pancreatic insulin release

287

Abbreviations: DPN, diarylpropionitrile; EB, estradiol benzoate; EE, ethinyl estradiol; EQ, equol; F, female; FM, Firemaster; HFD, high-fat diet; ip, intraperitoneal; M,
male; PEPCK, phosphoenolpyruvate carboxykinase; PPT, propyl pyrazole; ROSI, rosiglitazone; sc, subcutaneous; S-D, Sprague-Dawley.
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phthalate (MEOHP), and monoethyl phthalate (MEP)
were associated with increased waist circumference and
BMI in males (198, 199). BMI and waist circumference
increased with MEP exposure in adolescent girls, as well
as in 20- to 59-year-old women, although the study did not
find any association in children (199). Results from a
Swedish cohort of elderly people showed that circulating
concentrations of mono-isobutyl phthalate were posi-
tively associated with waist circumference, total fat mass,
and trunk fat mass, as well as the subcutaneous abdominal
region in women, but no statistically significant relation-
ship was found in men (200). In children, results are var-
ied. In Chinese school children, exposure to MEHP and
MEP was positively associated with BMI and waist cir-
cumference (201). Other studies have not found a corre-
lation between these EDCs and body weight in normal-
weight children, but in overweight children, MEP and the
sum of low-molecular-weight phthalates were associated
with higher BMI and waist circumference (202). Low-mo-
lecular-weight phthalates were associated with childhood
obesity in non-Hispanic blacks, showing that race/ethnic-
ity may play a role in vulnerability. No significant asso-
ciation was found for any race/ethnicity subgroup for
high-molecular-weight phthalates or DEHP (203).

It is of note that BPA and phthalates have a short half-
life in the organism. Most epidemiological studies, includ-
ing those cited here, are based on a single measurement of
exposure that may not accurately reflect true exposure.

iii) Persistent organic pollutants. Other EDCs, especially
POPs, have been identified as obesogens, with BMI and
waist circumference associations reported independently
of gender (204). A prospective cohort study associated
low-dose developmental exposure to PFOA with over-
weight in female offspring at 20 years of age (205). The
directionality of this finding is consistent with animal
studies discussed previously (141). A very comprehensive
review about the link between POPs, obesity, and diabetes
has been published recently (206). It concluded that hu-
man evidence on POPs and obesity remains insufficient,
yet evidence is much stronger on POPs and T2D, as will be
discussed later.

In summary, there is variability between cohorts, gen-
der specificity, and roles of race/ethnicity that must be
considered in interpreting these epidemiological data. Be-
cause the nature of cross-sectional studies does not enable
the establishment of a cause-effect link, we can only infer
causality from cellular and animal studies. Therefore,
more prospective studies are needed to establish causation
between EDCs and obesity in humans.

c. Cellular models

i) Chemicals that induce adipogenesis. One of the first EDCs
identified as an obesogen was the organotin TBT, widely
used as an antifouling pesticide in marine paints or as an
antifungal for textiles. TBT acts as an agonist of PPAR�

and retinoid X receptor (RXR) � at nanomolar levels and
promotes adipogenesis in the preadipocyte cell line
3T3-L1 (184, 207). Because PPAR� is a pivotal molecule
in the regulation of adipogenesis (208), any EDC acting as
an agonist on this receptor will cause adipocyte expansion
after increasing the number of fat cells (1, 209). Most of
the cellular studies published to date with EDCs are cen-
tered on their adipogenic action, yet adipogenesis per se
does not explain obesity. An excess of adipocytes, how-
ever, can be filled up with fat in the presence of a positive
energy balance state. This can be accomplished by direct
effects in adipose tissue, changing the balance of adipo-
kines and leading to increased food intake or decreased
energy expenditure.

Studies have shown that a number of EDCs activate
PPAR� and thus increase adipogenesis in preadipocyte cell
lines. For example, TBT and triphenyltin produced adi-
pocyte differentiation (184, 207, 210). Phthalates (includ-
ing mono-n-butyl phthalate, MBzP, and MEHP) (211,
212), parabens (212, 213), 4-nonylphenol (214), and BPA
(215) at micromolar levels resulted in adipogenesis. DEHP
and TBT enhanced adipogenesis after differentiation of
mesenchymal stem cells (216), and the fungicide triflumi-
zole promoted adipogenesis in 3T3-L1 preadipocytes and
human multipotent mesenchymal stromal stem cells at
low nanomolar concentrations (217).

In addition to binding to PPAR�, some EDCs promote
adipogenesis through other mechanisms [ie, DES via ERs
(218) and BPA through ERs (219–221)].

Both BPA diglycidyl ether and BPA induced adipogen-
esis in 3T3-L1 preadipocytes, but only BPA diglycidyl
ether was able to induce adipogenesis in human and mouse
mesenchymal stem cells (222). Interestingly, BPA at the
environmentally relevant concentration of 10 nM in-
creased the mRNA expression as well as the enzymatic
activity of 11�-hydroxysteroid dehydrogenase type 1 (11-
�HSD type 1), which transforms cortisone to cortisol in
human adipose tissue and induces adipogenesis. This ac-
tion may involve a glucocorticoid receptor (GR) and
thereby lead to the acceleration of adipogenesis, but this
was not tested (223). The binding of EDCs to GRs has
revealed a potentially novel pathway for EDC modifica-
tions of energy metabolism. The pesticide tolylfluanid,
widely used in Europe, bound to GR and promoted prea-
dipocyte differentiation in vitro (224). It also increased
insulin-stimulated lipogenesis (225). The aryl hydrocar-
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bon receptor (AhR) was also shown to mediate PCB-in-
duced adipogenesis (226). Finally, exposure to the bromi-
nated flame retardant BDE47 resulted in adipocyte
differentiation in vitro (227).

In summary, cellular models indicate that the biocides
TBT and triphenyltin, the fungicide triflumizole, the pes-
ticide tolylfluanid, the POP PCB, phthalates and BPA used
in plastic and many other products, and the detergent
4-nonylphenol make new adipocytes in vitro and may in-
crease obesity susceptibility in animal models and/or hu-
mans in the presence of energy imbalance. Other compre-
hensive reviews by Regnier and Sargis (228) and La
Merrill et al (229) provide further molecular details about
EDCs and adipocytes.

d. Animal models. Obesity requires eating more food and/or
consuming less energy. To date, most of the obesity studies

in animals are based in the observation that EDC expo-
sures induce weight increases and changes in adiposity, as
well as affecting hormones and adipokines involved in the
regulation of food intake and energy expenditure. Figure
3 and Table 3 show a summary of EDCs with obesogenic
effect. There are fewer studies related to how EDCs disrupt
energy balance. Therefore, more studies are necessary to
gain mechanistic insights into the role that EDCs play in
the etiology of obesity.

i) Environmental estrogens: DES and BPA. Studies of rodents
that were prenatally, neonatally, or perinatally exposed to
EDCs support the obesogen hypothesis. For example, DES
exposure effects in mouse models replicate human find-
ings (102, 230). DES is an estrogenic chemical that binds
with high affinity to the ERs, ER� and ER�, which play an
important role in adiposity regulation as well as central

Figure 3.

Figure 3. EDCs can act as obesogens, diabetogens, and/or cardiovascular disruptors. For obesogenic effects, EDCs act upon adipocytes and the
brain to induce obesity, which generates insulin resistance, glucose intolerance, and dyslipidemia and greatly increases the susceptibility to T2D
and CVDs. Additionally, EDCs work as diabetogens that directly affect the islet of Langerhans and increase or decrease normal insulin biosynthesis
and release, generating hyper- or hypoglycemia. An excess of insulin signaling, as well as insulin resistance, can result in metabolic syndrome. In
animal models, EDCs induce insulin resistance, glucose intolerance, fatty liver, and dyslipidemia on WAT, liver, and skeletal muscle. This generates
T2D and CVDs. The EDC BPA has been shown to act directly on the heart, increasing the probability of CVDs in animal models.
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and peripheral energy balance (231–234). Developmental
exposure to DES in mice induced adipogenesis and caused
mice to become obese or overweight (235).

Other chemicals classified as environmental estrogens,
particularly BPA, produced similar effects. Perinatal ex-
posure to low doses of BPA caused increased body weight;
adiposity; alterations in blood levels of insulin, leptin, and
adiponectin; as well as a decrease in glucose tolerance and
insulin sensitivity in an age-dependent manner (139, 140,
236–243).

The central control of food intake and energy expen-
diture requires the precise coordination of several hypo-
thalamic and extrahypothalamic nuclei. One study sug-
gested that BPA decreased locomotor activity, a measure
of energy expenditure, after 8 days of exposure in adult
male mice, suggesting that it alters central energy regula-
tory pathways; however, that study did not examine the
mechanisms and the involvement of the central nervous
system (244). Perinatal exposure of CD-1 mice to envi-
ronmentally relevant doses of BPA via specially prepared
diets induced sexually dimorphic alterations in the struc-
ture of the hypothalamic energy balance circuitry as well
as causing other metabolic alterations, such as glucose
intolerance (245).

It is plausible that a concerted action of estrogenic
EDCs on adipocytes, the endocrine pancreas, and the cen-
tral nervous system may explain the increase in adipogen-
esis together with energy imbalance driving to weight in-
crease. We must consider, however, that there is a great
variability in results among the different reports summa-
rized below, particularly when weight increase was mea-
sured as the endpoint. This can be explained by dissimilar
BPA dosing, timing of exposure, and the sex and age of the
animals. Perinatal exposure to lower levels of BPA (2.5
ng/kg/d) produced an increase in size but no change in
adiposity and had no effect on glucose homeostasis at 15
weeks of age (246). Other studies of perinatal exposure to
2, 20, and 200 �g/kg/d of BPA reported no increase in
weight in adult mouse offspring (247, 248). Prenatal ex-
posures to low doses (10 and 100 �g/kg/d) of BPA in mice
produced no changes in weight in adult males, and de-
creased weight in adult females. Males, however, had hy-
perinsulinemia, glucose intolerance, and insulin resistance
at 6 months but not at 3 months of age (138). Another
mouse study also reported no increase in weight in males
and a decrease in weight in female offspring (249). This
study reported sex-dependent alterations in parameters
related to glucose and energy homeostasis, such as plasma
glucagon levels, decreased energy expenditure in males,
and increased expression of uncoupling protein 1 in fe-
male brown adipose tissue (249). In another study, high

toxicological doses of BPA produced a decrease in weight
(250).

In recent years, a number of studies have stated that
several EDCs exhibited nonmonotonic dose-response
curves. As a consequence, more recent studies have begun
to test a range doses (133). Examination of BPA at doses
from 5 to 5000 �g/kg/d demonstrated a nonmonotonic
relationship between prenatal exposure and weight in-
crease. Only one BPA concentration (500 �g/kg/d) in-
creased weight at 18 weeks of age. Of note, low doses
promoted glucose intolerance and insulin resistance de-
spite no change in weight (138, 140). These multiple-dose
studies also reported a nonmonotonic relationship be-
tween BPA exposure, weight increase, and other metabolic
alterations such as insulin resistance, glucose tolerance,
and hyperinsulinemia (138–140). Therefore, negative re-
sults obtained in studies conducted using only one dose
must be interpreted with caution.

We can conclude that the obesogenic effect of BPA in
animals still needs further characterization because it de-
pends on dosing, timing of exposure, and age at analysis.
We must, nevertheless, emphasize that in the great major-
ity of the reports summarized above, BPA caused meta-
bolic alterations. Those include: insulin resistance and
hyperinsulinemia possibly as a consequence, glucose in-
tolerance, hyperleptinemia, hypoglucagonemia, and alter-
ations in energy expenditure. Therefore, BPA can be con-
sidered as a metabolic disruptor, and as discussed below,
it is diabetogenic and alters cardiovascular function.

ii) PPAR� agonists: TBT and phthalates. Mice treated prena-
tally with TBT showed elevated lipid accumulation at
birth and increased fat depots at 10 weeks of age (184).
TBT altered the fate of multipotent mesenchymal stem
cells, which differentiate to adipocytes rather than to bone
cells (251). Notably, the effect was imitated by the PPAR�

agonist rosiglitazone, indicating the likely involvement of
this receptor. Another PPAR� agonist, MEHP, exerted
adipogenic actions in adult mice as well as after in utero
exposure (142). In that study, 6-week-old mice injected
with a single dose of MEHP (0.5 mg/kg/d) had increased
adipogenic markers after 24 hours, such as PPAR�, adi-
pocyte-specific fatty acid binding protein, and lipoprotein
lipase in adipocytes, as well as Fas in the liver, actions that
were mimicked by troglitazone. The same researchers
dosed pregnant mice (via gavage) with MEHP at 0.05,
0.25, or 0.5 mg/kg/d from E12 to lactational day 7. At 8
weeks of age, mice offspring exposed in utero to the lowest
MEHP had increased weight compared to controls. Those
groups exposed to higher concentrations did not have in-
creased weight, constituting another example of a non-
monotonic dose-response. The MEHP-induced weight in-
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crease was associated with accumulation of epididymal
and perirenal fat. Moreover, total cholesterol, triacylglyc-
erol, and blood glucose levels were all increased, although
glucose levels remained within the physiological range.
Interestingly, these changes were sex dependent, with
males being more sensitive than females.

iii) Tetrabromobisphenol A. The flame retardant tetrabro-
mobisphenol A (TBBPA) as well as TBT affected TRH
expression and type 4 melanocortin receptors in the para-
ventricular nucleus (PVN) of the hypothalamus. The thy-
roid hormone T3 regulates the expression of these two
important proteins, both of which are involved in meta-
bolic control (252). Acute exposure to TBT (40 mg/kg)
increased TRH translation in the PVN of newborn off-
spring. TBBPA (150 mg/kg) exposure of gestating dams
for 7 days decreased T3-independent TRH and type-4
melanocortin receptors expression; this in turn should de-
crease catabolism, thermogenesis, as well as hypothalamic
sensitivity to melanocortin, thus stimulating orexigenic
pathways. Both actions are predicted to produce a positive
energy balance state (253). Recently, TBBPA and tetra-
chlorobisphenol A were shown to function as obesogens in
zebrafish (254). The more we know about how EDCs act
on central energy regulation, the better we will understand
how EDCs may trigger obesity. However, this is a largely
understudied area of research that should be prioritized
for future study.

iv) PFOA and other POPs. Further studies have tested the
synthetic surfactant PFOA as a putative obesogen in fe-
male mice (141). Exposure to a range of doses (from 0.01
to 5 mg/kg/d) during 17 days of pregnancy revealed that
the lowest doses (0.01 and 0.1) produced higher weight in
adults from 20 to 40 weeks, together with higher serum
levels of insulin and leptin. Increased levels of these two
hormones may change energy balance. Food intake, basal
blood glucose levels, and glucose tolerance remained un-
altered; energy expenditure was not measured. Although
PFOA binds to PPARs at high concentrations (255), its
role in the effects described above is presently unknown.

Other EDCs led to a weight and adiposity increase,
including PCB126 (256), PCB77 (226), and the organo-
phosphate insecticides chlorpyrifos, diazinon, and para-
thion, especially when combined with a high-fat diet (see
Ref. 257 for a review). 2,3,7,8-Tetrachlorodibenzo-p-di-
oxin (TCDD) administration at high doses accelerated
weight gain in mice fed a high-fat diet (258).

Recent work has demonstrated that perinatal exposure
to environmentally relevant doses of DDT reduced energy
expenditure and impaired thermogenesis. This is associ-
ated with a decrease in the expression of mRNA involved

in thermogenesis and substrate utilization in the brown
adipose tissue of adult female mice (259). Because we now
know that human brown adipose tissue plays an essential
role in energy balance (260), its alteration by EDC expo-
sure represents a new area of interest to study.

3. Epigenetics: gene-by-environment connection
To understand how EDCs affect obesity, diabetes mel-

litus, and other metabolic disorders, we must look to genes
and their regulatory factors. The mechanism of the phe-
notypic changes in F1 and F2 generations described in the
above paragraphs likely involves epigenetic modifica-
tions—specifically, mitotically and/or meiotically herita-
ble changes in gene function without changes in DNA
sequence (98, 261). Most of the current epigenetic evi-
dence for EDC effects on the obesity phenotype is from F1
and/or F2 generations, suggesting a direct effect of EDCs
on the gestating mother or the fetus (104).

Interestingly, a mix of plastic derivatives used in con-
sumer and industrial applications (BPA, DEHP, and di-n-
butyl phthalate [DBP]) promotes the epigenetic transgen-
erational inheritance of adult-onset obesity in rats (262).
That study characterized the F1 and F3 phenotypes, with
direct exposure of the fetus and somatic cells to EDCs in
the F1 generation and epigenetic transgenerational inher-
itance through the germline in the F3 generation. An obe-
sity phenotype was observed in 1-year-old F3 female rats
whose weight, fat deposition, and adiposity was increased
in most of the organs examined (262). Interestingly, these
obese female rats had PCOS, a pathology seen in many
obese women and that may, in part, be a result of EDC
exposure (1). Surprisingly, the F1 female rats had normal
weight, a strong indication that the molecular mechanisms
involved in F1 generation and F3 generation are different.
In any case, this work demonstrates an epigenetic trans-
generational inheritance of obesity, which is not due to the
direct effect of EDCs. Whether this can happen with en-
vironmentally relevant doses of EDCs is still unknown
because the levels of plastic compound mixture used in
that study (262) were high compared to current levels of
human exposure. This same research group also studied
transgenerational actions of DDT in rats and demon-
strated a transgenerational obesity phenotype in F3 (but
not F1) animals, along with other associated diseases
(263). The study also identified sperm DNA methylation
regions in a number of genes involved in obesity and poly-
cystic ovarian disease in DDT-exposed rats. This impor-
tant body of work, although it needs to be replicated and
extended to lower dosages, has shown that ancestral en-
vironmental exposures may influence the predisposition
to obesity even without direct exposure to the environ-
mental compound.
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C. Definition and etiology of type 2 diabetes mellitus

According to the American Diabetes Association, “di-
abetes mellitus is a group of metabolic diseases character-
ized by hyperglycemia resulting from defects in insulin
secretion, insulin action, or both. The chronic hypergly-
cemia of diabetes is associated with long-term damage,
dysfunction, and failure of various organs, especially the
eyes, kidneys, nerves, heart, and blood vessels” (264).

The etiology of T2D is multifactorial and not com-
pletely understood. T2D development is normally associ-
ated with a strong genetic predisposition as well as with
environmental factors such as obesity, aging, and lack of
exercise. Obesity triggers insulin resistance via signaling
molecules circulating in blood that are either released from
adipocytes or are not taken up by adipocytes (265, 266).
Some EDCs have been proven to induce insulin resistance
in cellular and animal models, leading to the “diabetogen
hypothesis” (very much in parallel with the “obesogen
hypothesis”). The diabetogen hypothesis proposes that
“every EDC circulating in plasma able to produce insulin
resistance, independently of its obesogenic potential and
its accumulation in adipocytes, may be considered a risk
factor for metabolic syndrome and type 2 diabetes” (267).
The International Diabetes Federation defines the meta-
bolic syndrome as “a cluster of the most dangerous myo-
cardial infarction risk factors: diabetes and prediabetes,
abdominal obesity, high cholesterol and high blood pres-
sure” (http://www.idf.org/metabolic-syndrome).

EDCs acting as obesogens are a risk factor for T2D and
can potentially induce “diabesity,” a form of diabetes that
typically develops in later life and is associated with obe-
sity. However, it is important to note that many EDCs
produce insulin resistance and alter insulin production
and secretion by directly acting on adipocytes, liver, and
�-cells in the absence of overweight or obesity. Therefore,
these EDCs are diabetogens and constitute a risk factor for
T2D on their own.

The diabetogenic action of EDCs could explain, at least
in part, the concept of being metabolically obese despite a
normal weight (268). This phenotype is particularly fre-
quent in Asia, where there is a divergence between the rates
of obesity and T2D (269, 270). Here we will review the
evidence that EDCs can act as diabetogens.

1. The diabetogen hypothesis

a. Epidemiology and evidence in humans. As previously men-
tioned in the Obesity section, readers are referred to re-
views (188–191) written after the NTP Workshop: Role
of Environmental Chemicals in the Development of Dia-
betes and Obesity organized in 2011. Since the NTP work-

shop, a comprehensive review of epidemiological research
about environmental EDCs and T2D including seven pro-
spective studies has been published, and it is highly rec-
ommended (271).

i) Persistent organic pollutants. There is substantial evidence
linking some POP exposure to T2D in humans, including
trans-nonachlor, DDE, PCBs, and dioxin-like chemicals.
The role of POPs, particularly organochloride pesticides
and PCBs, in the incidence of T2D currently represents the
most solid association between a class of EDCs and the
increase in the prevalence of T2D (206). Although there
are some discrepancies, results with occupational cohorts,
nonoccupational populations, as well as the general pop-
ulation indicate an independent association of POP expo-
sure and diabetes mellitus (272). Notably, nonmonotonic
relationships and low-dose effects appear in humans
(206).

Several prospective studies have linked POPs to T2D
in the general population. Those include DDE (273),
PCBs, organochlorine pesticides, hexachlorobenzene
(HCB), and dioxins (274 –278). None of these prospec-
tive studies demonstrate that a single POP significantly
predicted T2D; however, they all concluded that some
POPs or combination of POPs predicted the future risk
of T2D.

ii) BPA, arsenic, and phthalates. Several cross-sectional stud-
ies have associated BPA levels in urine with the incidence
of T2D. The first study appeared in 2008 when the
NHANES released the first large-scale data on urinary
BPA concentrations (175). This study associated BPA uri-
nary levels with a higher incidence of self-reported T2D as
well as CVDs. Subsequent studies linked urinary BPA lev-
els to diabetes in normal-weight, overweight, and obese
people (279), and also to insulin resistance in normal-
weight and obese people (196). Interestingly, a recent
study established a relationship between urinary BPA and
hyperinsulinemia and insulin resistance, particularly in
men (280). This prediabetic state in men matches the data
discussed above in adult mice (172, 244). Other studies
using data from NHANES (2003–2006 and 2003–2008)
found an association in the pooled analysis but not during
the cycle 2003–2006 or cycle 2003–2008 (281, 282). A
new prospective study established an association between
BPA and phthalate exposures with risk of T2D in middle-
aged women (283). One study found no such association
(284), although the authors declared strong conflict of
interest. Arsenic and phthalates are also important EDCs
that have been associated with T2D in cross-sectional
studies (see Ref. 271 for a review).
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b. Cellular models

i) Persistent organic pollutants. Adipocytes are a target of nu-
merous widespread EDCs and may represent a reservoir
for EDCs, especially POPs (229). Nanomolar concentra-
tions of POPs induced insulin resistance and decreased
expression of insulin-dependent genes involved in lipid
homeostasis in the differentiated adipocyte cell line, 3T3-
L1, demonstrating direct actions of POPs on insulin sig-
naling (285). It is of note that not all POPs contributed
equally to the alteration of glucose uptake by adipocytes.
Those that impaired insulin action were non-ortho-sub-
stituted and mono-ortho-substituted PCB mixtures,
organochlorine pesticide mixtures, and DDTs. Polychlo-
rinated dibenzodioxin (PCDD) and polychlorinated
dibenzofuran (PCDF) mixtures presented with normal in-
sulin action (285). Exposure to TCDD decreased glucose
uptake in adipocytes and pancreas (168) and impaired
insulin secretion (286, 287). Dioxins and dioxin-like PCBs
interact with the AhR, which activates signaling pathways
that regulate other nuclear receptors such as PPAR� or
ERs involved in adipogenesis (187, 229). Moreover,
AhR�/� mice presented with increased insulin sensitivity
and improved glucose tolerance (288). It is, therefore,
plausible that activation of AhR by POPs with dioxin ac-
tivity elicits an opposite action.

Interestingly, in addition to an adipogenic effect,
TCDD and PCB77 also triggered a proinflammatory ac-
tion on mouse 3T3-L1 cells, likely through AhR activation
(226). TCDD activates genes related to the inflammatory
pathway in a human model of adipocytes (289). Because
inflammation is linked to dysfunction of adipocytes and
insulin resistance (290), it is possible that in addition to
their obesogenic action, POPs may contribute to adipose
tissue inflammation and thereby increase insulin resis-
tance and T2D (229).

ii) Bisphenol A. In cultured adipose cells derived from hu-
man subcutaneous tissue and 3T3-L1 adipocytes, expo-
sure to 1 nM BPA decreased insulin sensitivity and glucose
utilization and potentiated the release of proinflammatory
molecules such as IL-6 and IFN� (220). BPA at environ-
mentally relevant picomolar and nanomolar levels de-
creased the release of adiponectin from human adipocytes
(291). In the rat hepatoma cell line FaO, BPA at concen-
trations of 100 nM and above induced lipid accumulation
by interfering with lipid oxidation and secretion (292).

The pancreatic �-cell is one of the main targets for en-
vironmentally relevant concentrations of BPA (54, 267).
BPA can affect pancreatic �-cell function in two ways. The
first is a very rapid closure of ATP-sensitive K� channels,
potentiation of glucose-stimulated Ca2� signals, and re-

lease of insulin via binding at extranuclear ER� (169, 170,
293). This rapid action has also been demonstrated in
human islets of Langerhans (293) and in glucagon-releas-
ing pancreatic �-cells (294). The second way BPA can af-
fect pancreatic �-cell function is by increasing glucose-
induced insulin biosynthesis after binding to extranuclear
ER� (143). Concentrations of BPA as low as 1 nM can
trigger these actions, and the extranuclear ER� and ER�

sites of action described in the above studies were dem-
onstrated using knockout mice lacking these receptors
(293, 295). The direct effect of BPA in �-cells is thought to
cause hyperinsulinemia in vivo (244). This hyperinsulin-
emia may be elicited to counteract the BPA-induced insu-
lin resistance, or may be a direct action of BPA on �-cells
causing hyperinsulinemia prior to insulin resistance, or
both (293).

iii) Heavy metals. Arsenic is considered an EDC; at low dos-
ages it can act upon hormone receptors, and at submicro-
molar and micromolar concentrations, arsenic blocked
glucose-stimulated insulin secretion in isolated rat �-cells
(296) and in murine islets of Langerhans, without affect-
ing pancreatic insulin content (297). Other heavy metals
such as inorganic mercury induced �-cell death (298), and
cadmium impaired glucose-stimulated insulin secretion
from pancreatic �-cells (299).

These and other actions of EDCs on �-cells and insulin
sensitivity have been reviewed, and we refer readers to
these additional papers (54, 267, 300–302). Further stud-
ies are still necessary in order to understand the direct
effect of EDCs and the molecular mechanisms in key cell
types involved in metabolism. Most studies have been cen-
tered in adipocytes and the endocrine pancreas, yet the
roles of the liver, skeletal muscle, and brain, which are key
tissues involved in metabolism, are still greatly unknown
and deserve attention.

c. Animal models

i) Persistent organic pollutants. Evidence in adult animals
shows that EDCs alter plasma insulin levels, insulin sen-
sitivity, and glucose tolerance. Exposure of adult rats to
POPs during 28 days worsened high-fat diet-induced in-
sulin resistance and produced abdominal obesity as well as
hepatic steatosis as already discussed (285). This same
group reported that the presence of POPs in farmed
salmon fillets together with a high-fat diet induced obesity
and insulin resistance, glucose intolerance, and hyperin-
sulinemia in mice (303).

Perinatal exposure to perfluorooctane sulfonate
(PFOS; 0.3 and 3 mg/kg/d) affected glucose metabolism in
adult offspring, both at weaning and at 2 months of age
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(304). Weanling males presented higher insulin levels at
both doses, and at 2 months of age fasting serum glucose
and insulin were elevated in animals on a normal diet or
high-fat diet. Animals on a high-fat diet that were exposed
to PFOS had diminished insulin sensitivity compared to
the high-fat diet group. Perinatal exposure to environmen-
tally relevant doses of DDT reduced energy expenditure
and impaired thermogenesis, as already discussed in the
Obesity section. This work also demonstrated an impaired
glucose tolerance, particularly in animals exposed to DDT
in utero and treated with a high-fat diet during adulthood
(259).

ii) BPA and TBT. Much of the work conducted in this area
has focused on BPA. BPA exerted both acute and long-
term effects in male mice. Injections of BPA at 10 �g/kg/d
rapidly (in minutes) increased plasma insulin levels and
decreased glycemia (172). Longer exposures of mice to
BPA at 100 �g/kg/d over 4–8 days resulted in reduced
food intake, body temperature, and locomotor activity,
together with hyperinsulinemia, insulin resistance, and
glucose intolerance, without weight increase (172, 244).
In Long Evans Tokushima Fatty rats (a breed that natu-
rally develops metabolic syndrome at about 25 weeks of
age), BPA exposure at 100 �g/kg/d by oral gavage
throughout puberty accelerated the onset of glucose in-
tolerance and hyperinsulinemia (305).

In the liver of adult male mice treated orally with a
whole range of BPA doses (5, 50, 500, 5000 �g/kg/d)
(306), no increase in weight was reported, and there was
an increase of adiposity only at a concentration of 50 �g/
kg/d. However, lower doses of BPA (5, 50, and 500 �g/
kg/d) increased plasma insulin levels, hepatic mRNA, and
protein expression related to lipid biosynthesis and in-
creased lipid deposition. The study reported no effects at
BPA levels at the NOAEL of 5 mg/kg/d. In a different
study, BPA (50 �g/kg/d, orally) suppressed the activity of
hepatic glucokinase (the glucose sensor of the liver) both
acutely after 2 hours of exposure and after 2 weeks of
chronic exposure (307). Because impaired hepatic glucose
sensing is a risk factor for diabetes mellitus, this supports
the diabetogen hypothesis. When administered chroni-
cally over 60 days, TBT decreased �-cell mass contributing
to the disruption of glucose homeostasis (308). Thus, TBT
is also a putative diabetogen.

Numerous studies have consistently reported that pre-
natal or perinatal exposure to EDCs results in alterations
in glucose homeostasis. Prenatal exposure to BPA (10 �g/
kg/d) provoked insulin resistance, hyperinsulinemia that
likely developed to counteract the decrease in insulin sen-
sitivity, and glucose intolerance without any change in
weight in male offspring at 6 months of age. Neither fe-

males nor younger males (3 mo old) were affected (138).
BPA (5 to 50 000 �g/kg/d) administered orally to pregnant
mice on gestational days (G) 9–18 resulted in an altered
glucose homeostasis phenotype in 3-month-old offspring
(140). That study reported insulin resistance and de-
creased serum adiponectin at all doses tested, and glucose
intolerance appeared at 5 and 5000 �g/kg/d. Hyperinsu-
linemia, likely a consequence of insulin resistance, was
seen at the lowest dose of 5 �g/kg/d. An increase in weight
was observed only at 500 �g/kg/d (140). Perinatal expo-
sure to BPA (3.5 �g/kg/d) induced glucose intolerance in
male offspring at 3 months of age, but not in female off-
spring (245). Metabolomics research has demonstrated
that low doses of BPA disrupted global metabolism, in-
cluding energy metabolism and brain function, in CD-1
mouse pups (309). Molecular epigenetic changes may pro-
vide a mechanistic explanation of how perinatal EDCs
lead to insulin resistance observed in adulthood. The in-
sulin resistance in offspring after perinatal exposure to
BPA may be induced by abnormal DNA methylation in
hepatic cells, which decreased glucokinase expression and
increased PPAR� expression (310). Interestingly, multi-
generational effects in glucose homeostasis have been ob-
served in the F2 generation after exposure of F0 animals to
BPA (40 �g/kg/d). These alterations may result from epi-
genetic methylation of the CpG island in the promoter of
the glucokinase gene in the liver (311).

iii) Phthalates. Perinatal exposure to DEHP at doses of 1.25
and 6.25 mg/kg/d in rats produced important alterations
in glucose homeostasis, which are gender- and age-depen-
dent. By contrast, adipocyte size and body fat percentages
were comparable to controls (312). That study also re-
ported that 15-week-old female rats had increased fasting
serum insulin, whereas glucose and insulin tolerance re-
mained unchanged. Later in life, at 27 weeks of age, the
females’ fasting blood glucose levels were elevated, and
insulin was decreased. The rats presented with impaired
glucose tolerance and reduced insulin release in vivo. In
males at 15 weeks, insulin levels were normal and glucose
tolerance was improved. At 27 weeks, serum insulin was
higher and glucose tolerance was unaltered. The study also
reported disruptions of �-cell mass and function in both
sexes at weaning and a strong decrease in insulin content,
loss in �-cell mass, and abnormal �-cell ultrastructure at
27 weeks. This indicates that the endocrine pancreas may
be a primary target for phthalates during development.

iv) EDC mixtures. Eatingahigh-fatdiet togetherwithamix-
ture of pollutants including DEHP, BPA, PCB153, and
TCDD induced sex-specific metabolic alterations in off-
spring, but no weight gain (313). The study administered
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each EDC at the tolerable daily intake reference dose,
starting 5 weeks before pregnancy and continuing through
gestation and lactation. This mixture of diet and chemicals
in males produced an increase in the expression of hepatic
genes related to cholesterol biosynthesis and a decreased
hepatic total cholesterol level, whereas glucose tolerance
was normal. By contrast, in females, glucose tolerance was
greatly impaired together with a decrease in ER� expres-
sion and estrogen target genes. Notably, cholesterol me-
tabolism in females remained unaltered. In addition to the
alterations in metabolic endpoints, this study is interesting
because it used a mixture of chemicals found in food at low
doses, resembling nonexperimental conditions of expo-
sure to a whole cocktail of chemicals rather than exposure
to one EDC at a time.

D. EDCs and type 1 diabetes mellitus
The etiology of type 1 diabetes mellitus (T1D) is very

different from T2D. It usually occurs at early ages, trig-
gered by an autoimmune reaction accompanied with a
profound inflammatory process that kills pancreatic
�-cells (314). There is some commonality, however, be-
tween both types of diabetes. For instance, insulin resis-
tance accelerates the progression to T1D in people with
islet autoimmunity (315, 316). The incidence of T1D in
children is growing inexplicably. Studies relating EDCs
and other contaminants to T1D are beginning to emerge,
although they are still very preliminary (317, 318).

In animals, BPA in drinking water increased insulitis
(inflammation of the islet of Langerhans caused by the
infiltration of lymphocytes) in mice and accelerated the
onset of T1D in adult female nonobese diabetic mice
(319). Transmaternal exposure to BPA during pregnancy
also accelerated the incidence of T1D in female offspring
(319). The relevance of these nonobese diabetic animals to
humans is questionable because the action of other con-
taminants in nonobese diabetic mice does not translate
well to humans (318). In conclusion, this is an important
area that deserves further research and more studies in
humans.

E. EDCs and cardiovascular diseases
The previous EDC Statement by the Endocrine Society

mentioned an association between EDCs and CVD (1).
The Statement discussed the possibility that EDCs acting
as obesogens may increase the incidence of CVD because
EDCs are linked to obesity. Likewise, any EDC acting as
a diabetogen, inducing insulin resistance and/or dyslipi-
demia, enhances the risk of CVD. Nevertheless, since 2009
the scenario has changed. There are now new studies sug-
gesting a direct link between EDCs and CVD, indepen-
dently of those EDCs acting as obesogens or diabetogens.

1. Classes of EDCs associated with CVD
a. Persistent organic pollutants. Before 2008, epidemiologi-
cal studies indicated an association between dioxin expo-
sure and cardiovascular mortality, including ischemic
heart disease. These studies are synthesized in a systematic
review (320). It is important to note that in most of these
results there was an absence of adjustment for other major
risk factors for CVD, including smoking, lack of exercise,
or alcohol consumption, which represents a major limi-
tation. Organochlorine pesticides were associated with
peripheral artery disease, particularly in obese people
(321). Animal studies support a possible role for dioxins
after binding AhR and inducing inflammation and ath-
erosclerosis (322) and are indicative of TCDD-induced
hypertension (323). There exists a clear association be-
tween prenatal p,p’-DDT and self-reported hypertension,
as recently demonstrated in a longitudinal birth cohort
study (324). This confirms previous associations between
DDT exposure and hypertension (325).

b. BPA. There is evidence that BPA acts directly as a car-
diovascular disruptor in rodents, independently of any
obesogenic or diabetogenic effect. One study showed that
low concentrations of BPA (1 nM) promoted arrhythmias
in female rat hearts through a rapid alteration of Ca2�

handling in myocytes in an ER�-dependent manner, ver-
ified in ER� null mice (326). The authors also showed
rapid action (in minutes) in isolated ventricular myocytes.
Chronic exposure to BPA accelerated atherosclerotic le-
sions in the aorta and increased high-density lipoprotein
cholesterol levels in apolipoprotein-E knockout mice,
with no change in weight (327). Oral administration of
BPA elicited hypertension in adult mice (328). In excised
female rat hearts, BPA exposure (0.1–100 �M) slowed
electrical contraction (329).

The first study that reported an epidemiological asso-
ciation between urinary BPA and T2D and CVD came out
in 2008 (discussed above) (175). Two years later, using a
similar approach with a larger NHANES data set, a study
reported an association between urinary BPA and CVD,
but not diabetes mellitus (281). Other recent studies have
claimed a link between BPA exposure and the incidence of
coronary heart disease (330) and high blood pressure
(331). A new crossover intervention trial in humans dem-
onstrated a rapid increase of blood pressure of about 4.5
mm Hg (332). Although the associations of repeated or
chronic BPA exposure with CVDs still require further
evaluation, this study shows the potential cardiovascular
risk associated with BPA (332).

These studies are currently insufficient to establish a
firm causality between EDC exposure and CVD. How-

doi: 10.1210/er.2015-1010 press.endocrine.org/journal/edrv E27

D
ow

nloaded from
 https://academ

ic.oup.com
/edrv/article/36/6/E1/2354691 by guest on 19 April 2023



ever, they should call attention to the need for more studies
assessing whether EDCs act as cardiovascular disruptors.

F. Conclusions
The obesogen and diabetogen hypotheses propose that

exposure to EDCs promotes the development of obesity,
T2D, or both. Both cellular and animal models demon-
strate a role for EDCs in the etiology of these two pathol-
ogies. For obesogens, animal studies show that EDC-in-
duced weight gain depends on the timing of exposure and
the age of the animals. Exposure during the perinatal
period seems to trigger obesity later in life (after 3 to 6
mo of age). New results covering a whole range of EDC
doses have pointed to the importance of nonmono-
tonic dose-response relationships; some doses induced
weight increase, whereas others did not. Obesity is an
important risk factor for T2D and CVDs, and therefore
obesogens represent an indirect risk for these patholo-
gies (Figure 3).

EDCs can also act as diabetogens, directly targeting �-
and �-cells in the endocrine pancreas, adipocytes, and liver
cells, and provoking insulin resistance together with hy-
perinsulinemia. These changes can also be associated with
altered levels of adiponectin and leptin. Therefore, we can
classify these EDCs as diabetogens that constitute a risk
factor for T2D. This diabetogenic action is also a risk
factor for CVDs and for obesity. Increased levels of insulin
and leptin in plasma and decreased levels of adiponectin
among other metabolic changes may disrupt energy bal-

ance and can lead to diet-induced obesity (333) (Figure 3).
Although there are fewer articles on EDCs and cardiovas-
cular disruption, evidence in humans and in animal mod-
els suggests that dioxins, DDTs, and plastic components
such as BPA may directly target the cardiovascular system
and cause atherosclerosis and/or hypertension.

PCBs, dioxins, brominated flame retardants, and or-
ganochlorine pesticides such as DDT are POPs. They are
highly lipophilic and accumulate in the food chain and in
body tissues. Phthalates and BPA are common chemicals,
and although lipophilic, they accumulate less in body fat
tissues. Nevertheless, because of their widespread use,
they are found in the circulation of almost all individuals
in the industrialized world. Because we are exposed to a
changing mix of these EDCs throughout our lives, it is
important to consider additive or even synergistic effects
of mixtures. In real life, a mixture of EDCs will target
different organs, exerting an integrated action that drives
to metabolic alterations, which will increase susceptibility
to obesity, T2D, and CVDs (Figure 3).

Epidemiological studies in humans also point to an as-
sociation between EDC exposure and obesity and/or T2D.
There are strong prospective studies supporting a serious
link between chlorinated POPs and T2D. However, with
regard to other EDCs, causality is based, for the moment,
only on animal data because most epidemiological studies
are cross-sectional, with diet as an important confound-
ing factor (334). Therefore, although the weight of ev-
idence in humans is adequate to suggest a possible link
between EDCs and metabolic disorders, to establish a

solid causality we need new
studies, particularly with
EDCs other than POPs, and
including prospective inter-
vention trials in controlled
populations.

III. Female
Reproductive Health

A. Introduction to EDCs and
female reproduction

The female reproductive
organs include the ovaries,
oviducts/fallopian tubes,
uterus, and vagina, and they
are hormonally regulated by
the hypothalamus and pitu-
itary. The hypothalamic-pi-
tuitary-ovarian axis organs
interact to fulfill the main

Box 1. Key Points: Obesity and Diabetes Mellitus
� Disruption of glucose and lipid homeostasis is a risk factor for metabolic dis-

orders including obesity and diabetes mellitus.
� BPA, phthalates, TBT, arsenic, PBDEs, PFOA, TCDD, PCBs, and DDTs are

known to have effects on cellular and animal models.
� In animal models, prenatal and perinatal exposures to some EDCs disrupt the

homeostatic control of adipogenesis and/or energy balance and induce obesity.
A growing number of EDCs alter insulin production, secretion, and/or function,
increasing the susceptibility for T2D. Some animal models suggest that EDCs
have direct adverse effects on the cardiovascular system.

� A number of cross-sectional epidemiological studies associate EDC levels with
obesity, diabetes mellitus, and CVDs in humans. There are important prospec-
tive studies associating exposure to POPs and T2D.

� Obesogenic and diabetogenic effects are induced in a nonmonotonic dose-de-
pendent manner. Exposures to different levels produce diverse phenotypes.

� The molecular mechanisms involved are still largely unknown, but alteration of
gene expression after binding to the AhR, PPAR�, and ERs seems to play a role.

� The interaction between EDC exposure and SNPs associated with obesity, T2D,
and CVDs is a key issue for future studies.

E28 Gore et al Second Scientific Statement on EDCs Endocrine Reviews

D
ow

nloaded from
 https://academ

ic.oup.com
/edrv/article/36/6/E1/2354691 by guest on 19 April 2023



roles of the female reproductive system: to produce female
sex hormones, produce female gametes, transport gametes
to a site where sperm can fertilize them, and provide a
favorable environment for the development and delivery
of the fetus. The proper function of every organ in the
female reproductive system is critical to the operation of
these complex processes. Several studies indicate that
EDCs can adversely affect the ovary, uterus, vagina, an-
terior pituitary, and/or steroid production, which can lead
to reproductive disorders such as early puberty, infertility,
abnormal cyclicity, premature ovarian failure/meno-
pause, endometriosis, fibroids, and adverse pregnancy
outcomes (59, 80, 335–345). Sections IIIB to IIIH below

provide an update on studies published over the last 5
years that examine the impact of EDCs on female repro-
ductive organs and reproductive function. A brief sum-
mary of the most common reproductive outcomes is pro-
vided in Table 4.

B. Effects of EDCs on the ovary
In the past 5 years, numerous studies have examined the

effects of EDCs on ovarian development, primarily using
animal models or in vitro systems. Collectively, these stud-
ies show that some EDC exposures adversely affect the
developing ovary by interfering with germ cell nest break-
down, meiosis, and follicle formation and viability (Figure

Table 4. Summary of the Main Effects of EDCs on the Female Reproductive System

Organ or

Condition Category BPA Phthalates Pesticides

Environmental

Contaminants DES

Ovary Ovarian development Decreased ovarian

weight

Delayed ovarian

development
Germ cell nests Decreased germ cell nest

breakdown

Decreased germ cell nest

breakdown
Atresia Increased atresia Increased atresia Increased atresia Increased atresia
Oocytes Increased number of

multioocyte follicles,

interference with

meiosis

Decreased no. of

viable oocytes

Decreased oocyte quality

Primordial follicles Decreased number of

primordial follicles

Increased primordial

follicle

recruitment

Increased activation of

primordial follicles

Follicle growth Decreased antral follicle

growth

Decreased antral

follicle growth

Decreased antral

follicle growth

Decreased follicle growth

Steroidogenesis Altered steroidogenesis Altered

steroidogenesis

Altered

steroidogenesis

Decreased steroidogenesis

Gene expression Altered gene expression Altered gene

expression

Altered gene

expression

Altered gene expression

Uterus Structure Development of

endometrial-like

structures

Altered uterine weight Shorter fundi and uterine

lengths, fewer uterine

glands
Proliferation/hyperplasia/

carcinoma

Impaired proliferation Endometrial hyperplasia,

uterine

adenocarcinoma
Immune function Increased immune

responsiveness

Chronic active

inflammation
Receptivity Compromised

uterine

receptivity,

decreased

implantation

sites

Decreased

implantation sites

Gene expression Altered gene expression Altered gene expression Altered gene expression
Vagina Carcinoma Carcinoma

Altered gene expression
Anterior pituitary Gonadotropins Increased gonadotropin

mRNA

Increased ability to

produce

gonadotropins

Altered gonadotropin

release

Altered gonadotropin

levels

Decreased LH-secreting

gonadotropes

Reproductive cycles Puberty Altered vaginal

opening

Altered onset of puberty

Pathophysiological

reproductive

conditions

Fertility Reduced fertility Reduced fertility Reduced fertility Reduced fertility
Early menopause/premature

reproductive failure

Early menopause/

premature ovarian

failure

Early menopause Early menopause Early menopause Early menopause

Fibroids Increased risk of fibroids Increased risk of

fibroids

Increased risk of fibroids Increased risk of fibroids

Endometriosis Increased risk of

endometriosis

Increased risk of

endometriosis

Increased risk of

endometriosis
Pregnancy and birth

outcomes

Adverse birth outcomes Increased risk of adverse

birth outcomes

Increased risk of

adverse birth

outcomes

Increased risk of

adverse birth

outcomes

Increased risk of adverse

birth outcomes
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4). Information on the effects of specific EDCs on ovarian
development follows.

1. Ovarian development
a. Bisphenol A.Currently,no information isavailableon the
effects of BPA on ovarian development in humans. How-
ever, low-dose BPA increased the incidence of multioocyte
follicles and altered the fetal ovarian steroidogenic gene
and microRNA expression that mediate gonadal differ-
entiation and folliculogenesis in sheep (128, 346). BPA
also increased the incidence of unenclosed oocytes in ma-
caques (347), inhibited germ cell nest breakdown in mice
(348), and decreased the number of primordial follicles in
CD-1 mice (218, 349; reviewed in Ref. 344).

BPA also interfered with ovarian development by af-
fecting the onset of meiosis in the fetal ovary. For example,
daily low-dose BPA exposure (	1 ng/mL in maternal se-
rum) significantly disrupted synapsis and recombination
between homologous chromosomes at the onset of meiosis

in macaques (347). Similarly, gestational exposure to low-
dose BPA altered the expression of genes that control mei-
osis in mice (Stra8, Dazl, Nobox) (350, 351). Further-
more, BPA exposure after the onset of meiosis induced
meiotic delay at G17.5 in CD-1 mice (218).

Consistent with the results from in vivo studies, in vitro
studies indicate that BPA (1–30 �M) impaired meiotic pro-
gression in cultured human fetal oocytes, increased levels
of recombination (MLH1 foci), and induced epigenetic
changes that may contribute to chromosome congression
failure (352–354). Given the limited information on the
effects of BPA on the developing ovary in humans, future
studies should be designed to determine whether BPA ad-
versely affects human ovarian development.

b. Phthalates. Currently, little information is available on
the effects of phthalates on ovarian development in hu-
mans. One study showed that DEHP increased the expres-

Figure 4.

Figure 4. The effects of EDCs on the ovary. This schematic shows the normal developmental stages of ovarian follicles beginning with germ cell
nest breakdown around birth, formation of primordial follicles, and their growth to primary follicles, preantral follicles, antral follicles, and finally,
preovulatory follicles. This schematic also shows ovulation and the formation of the corpus luteum. Examples of EDCs that adversely affect the
ovary are listed in red font above or below their likely site of action.
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sion of liver X receptor � and sterol regulatory element
binding protein members in the fetal human ovary (355).
A few studies examined the effects of phthalates on the
mouse ovary and showed that MEHP decreased the num-
ber of viable oocytes in fetal mouse ovaries, likely by dys-
regulating the expression of Cu-Zn superoxide dismutase
(Sod1) and mitochondrial respiratory chain protein (Nd1)
(356). Moreover, DEHP impaired primordial follicle as-
sembly in cultured newborn mouse ovaries (357). Given
the limited information on the effects of phthalates on the
developing ovary in humans, future studies should be de-
signed to determine whether phthalates adversely affect
ovarian development in humans as well as animal models.
Furthermore, considering that limited information is
available on many phthalates, experimental studies
should examine the effects of phthalates other than just
DEHP and MEHP on the developing ovary.

c. Pesticides. As with BPA, no information is available on
the effects of pesticides on the developing human ovary.
However, animal studies showed that MXC increased the
expression of a number of genes associated with cell death
and primordial follicle activation in mice (358). It also
activated primordial follicles and increased lipid peroxi-
dation in neonatal mouse ovaries (358). Future studies
should be conducted to determine the effects of other
pesticides and their mechanisms of action on the devel-
oping ovary using both experimental and epidemiolog-
ical approaches.

d. Environmental contaminants. Similar to the EDCs men-
tioned above, no information exists on the impact of en-
vironmental contaminants on the developing ovary in hu-
mans. In Wistar rats, however, exposure to TCDD during
pregnancy delayed the development of the ovaries in the
offspring (359). It also reduced the expression of steroid-
ogenic acute regulatory (StAR) protein, a key steroido-
genic enzyme, in fetal ovaries (359). Collectively, these few
studies provide evidence that TCDD adversely affects the
developing ovary in animals. Additional studies are re-
quired, however, to determine whether other environmen-
tal contaminants have similar effects on the developing
ovary.

2. Effects of EDCs on the postnatal ovary
Many studies also show that EDCs affect the structure

and/or function of the postnatal ovary (Figure 4). Infor-
mation on the effects of specific EDCs on the structure/
function of the postnatal ovary follows.

a. Bisphenol A. Although information on the effects of BPA
on the postnatal human ovary is limited, animal studies

consistently show that BPA adversely affected the post-
natal ovary (344). Gestational BPA exposure accelerated
follicle transition, decreasing primordial and increasing
primary follicle numbers in lambs and rats (346, 360).
Low-dose neonatal BPA exposure decreased the numbers
of all follicle types and increased atretic follicles in
rats during adulthood (361). High doses (100 000 and
300 000 �g/kg/d), but not low doses (2.5–2700 �g/kg/d),
of BPA during prenatal life increased cystic follicles, de-
pleted corpora lutea, and reduced antral follicle numbers
in rats (362).

BPA exposure also adversely affected the postnatal
ovary in vitro. BPA inhibited the growth of cultured mouse
antral follicles (363–365), aberrantly up-regulated the ex-
pression of cell cycle regulators and pro- and antiatretic
factors (364), and caused atresia (364). These effects of
BPA on antral follicles were not mouse strain-specific be-
cause BPA inhibited follicle growth in antral follicles iso-
lated from FVB, C57BL/6, and CD-1 mice, with CD-1
follicles being slightly more sensitive to BPA at early time
points compared to the other strains (366).

The effects of BPA on the ovary may depend on which
other chemicals are present in the ovary. Studies indicated
that triclosan interacted with BPA, magnifying its presence
in reproductive tissues in mice (367), and that the extract
Genista tinctoria L ameliorated the toxic effects caused by
BPA on rat ovaries (368).

Collectively, these previous studies provide strong ev-
idence that BPA adversely affects the postnatal ovary by
inhibiting follicle growth and/or increasing atresia/apo-
ptosis. Further studies are required to determine the exact
mechanisms by which BPA adversely affects the postnatal
ovary. Studies are also needed to determine whether other
plasticizers and their metabolites have similar effects to
BPA on the postnatal ovary.

b. Phthalates. Like BPA, information on the effects of
phthalates on the postnatal human ovary is limited. One
study showed that benzyl butyl phthalate induced cell
death in human granulosa cells via a mechanism that was
AhR and CYP1B1 dependent (369). In in vivo experimen-
tal studies, DEHP induced apoptosis, a hallmark of atre-
sia, in granulosa cells in adult ICR mice (370). Further-
more, DEHP accelerated primordial follicle recruitment in
adult mice, likely through alterations in the phosphatidyl-
inositol 3-kinase signaling pathway (371). DEHP, in com-
bination with benzo[a]pyrene, increased atresia and de-
creased follicle numbers in rats (372).

In in vitro studies, both DEHP and MEHP inhibited
follicle growth in mouse antral follicles (373), and MEHP
inhibited follicular growth in cultured rat ovarian follicles
(374). Furthermore, both DEHP and MEHP induced atre-
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sia in cultured mouse antral follicles by mechanisms that
included decreased expression of cell-cycle regulators and
antiapoptotic regulators, as well as increased expression
of proapoptotic factors and oxidative stress (375, 376).
MEHP caused atresia in cultured mouse follicles and in-
creased the expression of the proapoptotic gene Aifm1,
but decreased the proapoptotic gene Bok and the antiapo-
ptotic gene Bcl2l10. In addition, exogenous estradiol in-
terfered with MEHP-induced changes in Aifm1 and
Bcl2l10 in cultured mouse follicles, suggesting that
MEHP-induced follicle atresia and changes in gene ex-
pression required a decrease in estradiol levels (377). Con-
sistent with these results, MEHP caused apoptosis of rat
granulosa cells (374), and DEHP caused apoptosis in mare
cumulus cells by causing oxidative stress (378).

Another phthalate, DBP, inhibited follicle growth and
induced atresia in isolated mouse antral follicles via mech-
anisms that included cell cycle arrest, changes in the ex-
pression of regulators of apoptosis, and the inhibition of
estradiol production (379). Collectively, these previous
studies provide evidence that phthalates adversely affect
the postnatal ovary, but further studies are required to
determine the exact mechanisms. Studies are also needed
to determine whether other plasticizers and their metab-
olites have effects similar to phthalates on the postnatal
ovary.

c. Pesticides. Although limited information is available on
the effects of pesticides on the human postnatal ovary,
animal studies clearly showed that MXC decreased ovar-
ian weights and increased the incidence of cystic ovaries in
rats (380, 381). Furthermore, MXC inhibited growth and
induced atresia in mouse (382–387) and baboon antral
follicles (388). The mechanism by which MXC inhibited
antral follicle growth was mediated, in part, by the AhR
pathway (382) and the ER pathway (389, 390). The mech-
anism by which MXC induced atresia involved alterations
in factors that regulate apoptosis (eg, Bcl-2 and caspase)
(385, 387, 391) and oxidative stress (383, 392, 393).

The major metabolite of MXC, 1,1,1-trichloro-2,
2-bis(4-hydroxyphenyl)ethane (HPTE), also inhibited
growth and induced atresia in antral follicles from adult
mouse ovaries (394). It is likely that this process involved
ER pathways (394), as well as the altered expression of
genes regulating signal transduction, transport, cell cycle,
adhesion, differentiation, motility growth, apoptosis, de-
velopment, and metabolism (395). Similarly, another me-
tabolite of MXC, monohydroxy MXC, inhibited follicle
growth and caused antral follicle atresia in mice (396).

Other pesticides also adversely affected the postnatal
ovary in animal models. Both endosulfan and malathion
decreased the number of healthy follicles and increased the

number of atretic follicles in Wistar rats (397). Chlorpyr-
ifos and endosulfan decreased viability and developmental
competence in oocytes from buffalos (398). Cypermethrin
increased atresia in rats (399), and daily carbamate pes-
ticide exposure for 90 days decreased the number of small
follicles and decreased fertility in albino mice (400). Imi-
dacloprid decreased ovarian weight and increased atresia
in female rats (401). Fenvalerate decreased ovarian weight
and reduced the numbers of preantral follicles and corpora
lutea in rats (402), and it inhibited follicle diameters in
primary cultures of rat preantral follicles (403). Trifluralin
exposure slightly increased cytoplasmic degeneration in
oocytes (404). Bifenthrin inhibited LH-responsive ovula-
tory gene expression in rat granulosa cells, suggesting that
it may increase the risk of ovulatory dysfunction (405).
Long-term exposure to diuron reduced ovarian weight
and corpora lutea numbers in Sprague-Dawley rats (406).
2,4,-Dichlorophenoxyacetic acid altered the activity of
antioxidant enzymes and increased lipid peroxide concen-
trations in the ovaries of pre- and postnatal exposed rats
(407).

Taken together, studies conducted during the past 5
years confirm previous studies that pesticides alter gene
expression, impair follicle growth, increase atresia, and
reduce oocyte quality in the postnatal ovary. Further stud-
ies are needed, however, to examine additional pesticides
and to fully understand the impact of pesticide exposure
on the human postnatal ovary.

d. Diethylstilbestrol. In the past 5 years, no new information
became available on the effects of DES on the postnatal
human ovary. Recent animal studies indicate that DES
adversely affected the postnatal ovary. Neonatal exposure
to DES inhibited germ cell nest breakdown (408) and
caused the formation of polyovular follicles in mice, likely
by interfering with the ER� pathway and inhibiting pro-
grammed oocyte death and germ cell loss (409). It also
reduced the primordial follicle pool and increased atresia
in prepubertal lambs (346), and it caused polyovular ova-
ries in hamsters (410). Although these previous studies
provide solid evidence that DES adversely affects ovarian
structure in a variety of species, studies are needed to de-
termine whether other synthetic estrogens adversely affect
the ovary.

e. Environmental contaminants. In the previous 5 years, lim-
ited information was published on environmental con-
taminants and the human ovary. One study reported that
chlorinated biphenyl levels in follicular fluid samples were
associated with decreased fertilization rates and a lower
chance of oocytes developing into high-quality embryos in
women (411).
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Several studies, however, show that environmental
contaminants affect the postnatal ovary in animal models.
For example, TCDD altered expression of the canonical
clock genes, Bmal1 and Per2, in adult mouse ovaries
(412). It also reduced the number of cells in S-phase and
inhibited the levels of Cdk2 and Cdk2 after pregnant mare
serum gonadotropin treatment in immature rats, suggest-
ing that TCDD inhibited ovulation by blocking cell cycle
progression (413). Oral TCDD administration once a
week for 29 weeks up-regulated the expression of sele-
nium binding protein 2, glutathione S-transferase mu type
3, Lrpap1 protein, reduced nicotinamide adenine dinucle-
otide phosphate, and peptidylprolyl isomerase D, but in-
hibited the expression of prohibitin and N-ethylmaleide-
sensitive factor in Sprague-Dawley rat ovaries (414). Oral
TCDD treatment for 2 years caused chronic inflammation
in rat ovaries (415). Furthermore, in utero low-dose oral
exposure to TCDD induced the expression of inflamma-
tory genes in rats (416). PCB congeners 77, 126, and 153
increased the expression of genes involved in oxytocin
synthesis in bovine granulosa and luteal cells (ie, precur-
sor-neurophysin-oxytocin in granulosa cells and peptidyl-
glycine �-amidating mono-oxygenase) (417). A mixture
of PCB congeners 101 and 118 reduced ovarian weight,
reduced oocyte developmental capacity, and increased fol-
licular atresia in CD-1 mice (418). Prenatal exposure to
PCBs 118 and 153 increased the sum of secondary, early
antral, and antral follicles, whereas prenatal exposure to
PCB 153 increased primary follicles in lambs (419). PCBs
126, 77, and 153 interfered with the mobilization of in-
tracellular calcium in bovine granulosa and luteal cells
(420).

Taken together, studies conducted during the past 5
years confirm previous studies that environmental con-
taminants such as TCDD and PCBs alter gene expression,
impair follicle growth, increase atresia, and reduce oocyte
quality in the postnatal ovary. Additional studies are re-
quired to understand the mechanisms by which these
EDCs affect the postnatal ovary. Additional studies are
also required to determine whether other environmental
contaminants affect the postnatal ovary in humans and
animal models.

f. Other EDCs. A limited number of studies show that a
variety of other EDCs adversely affect the postnatal ovary.
The fungicide mancozeb inhibited proliferation but not
migration in human and mouse granulosa cells in vitro
(421). Paraben exposure during the juvenile-prepubertal
period decreased the number of corpora lutea, increased
the number of cystic follicles, and thinned the follicular
epithelium in rats (422). Tributyltin induced the expres-
sion of apoptotic factors (TNF� and TNFR1), which may

in turn induce apoptosis and result in a loss of ovarian
function in rats (423). Finally, high levels of phytoestro-
gens interfered with adult ovarian function by inhibiting
follicle growth and inducing atresia (424). Given that only
a limited number of studies have examined the effects of
EDCs such as mancozeb, parabens, tributyltin, and phy-
toestrogens on the ovary, future studies are needed to fully
determine the impact of these chemicals on reproductive
health.

g. Transgenerational effects of EDCs on the postnatal ovary.
Interestingly, the effects of EDCs on the ovary may be
transgenerational in nature because studies indicate that
both fetal and neonatal exposure to MXC caused epige-
netic alterations in ovarian genes in adults (80, 425, 426).
Furthermore, developmental exposure to a pesticide mix-
ture containing permethrin and N,N-diethyl-m-toluamide
caused primordial follicle loss in the F3 generation of rats
(427). Similarly, developmental exposure to TCDD
caused primordial follicle loss in the F3 generation of rats
(428). Although these studies provide some evidence that
the effects of EDCs on the ovary may be transgenerational
in nature, they are limited in scope because they have only
been conducted in rodents and have focused on a limited
number of chemicals. Thus, future studies should fully
examine the transgenerational impact of EDCs on the
ovary, taking into consideration various EDCs as well as
species (ie, humans and rodents).

3. Effects of EDCs on ovarian steroidogenesis

The ovaries are the main producers of sex steroid
hormones through a combined effort of the theca and
granulosa cells in preantral and antral follicles. During
steroidogenesis, cytochrome P450scc enzyme (also called
CYP11A1) converts cholesterol (present in the mitochon-
dria of theca cells) into pregnenolone. Steroidogenic en-
zymes (such as 3�-HSD, cytochrome P450 17�, and
aromatase) convert pregnenolone into progesterone, an-
drogens, and finally estrogens. Disruptions in hormone
production could be due to direct effects of EDCs on either
the granulosa or theca cells, or indirectly through the ef-
fects of EDCs on factors required to produce hormones,
such as the steroidogenic enzymes. EDCs that interfere
with enzymes or hormone intermediates in the steroido-
genic pathway may cause abnormal levels of sex steroid
hormones (Figure 5). This in turn may lead to reduced
fertility/infertility, abnormal cyclicity, or a variety of other
health problems because normal levels of sex steroids are
required for normal bone, brain, and cardiovascular func-
tion. Sections a through d below provide information on
the effects of specific EDCs on ovarian steroidogenesis.
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a. Bisphenol A. Human studies demonstrate relationships
between BPA and in vitro fertilization (IVF) hormone lev-
els. In one report, higher levels of BPA were associated
with lower peak serum estradiol levels before oocyte re-
trieval in women undergoing IVF (429–431). Another
study by Ehrlich et al (432) reported an association be-
tween urinary concentrations of BPA and CYP19 gene
expression in a nonmonotonic manner in women under-
going IVF. Furthermore, BPA exposure was associated
with increased levels of testosterone, estradiol, and preg-
nenolone in girls with precocious puberty (433).

In experimental studies, BPA also altered ovarian ste-
roidogenesis, but the directionality of effects (increased or
decreased) depended upon the species, age of exposure,
and doses used in the studies (344, 345). In rats, prenatal
exposure to BPA at high doses (100 000 and 300 000 �g/
kg/d) increased serum estradiol levels and decreased serum
progesterone levels (362). Perinatal (434) and postnatal
(435, 436) low-dose BPA exposure increased serum estra-
diol levels as well as testosterone and progesterone levels
in rodents. Low-dose BPA (below 0.1 mg/kg/d) decreased

estradiol, testosterone, Cyp19 (aromatase), and StAR pro-
tein levels in adult rats (437).

Several in vitro studies confirmed the results of in vivo
studies on BPA (344). BPA inhibited estradiol, testoster-
one, androstenedione, estrone, dehydroepiandrosterone,
and progesterone production, and decreased Star and
Cyp11a1 expression in cultured intact antral follicles in
murine models (363, 365, 438). The ability of BPA to
inhibit steroidogenesis was seen in multiple strains of mice
(CD-1, FVB, and C57BL/6) (366). Another study showed
opposite effects of BPA (100 nM to 100 �M), increasing
testosterone synthesis and Cyp17a (cytochrome P450 17�

hydroxylase/lyase), Cyp11a1, and Star expression in iso-
lated rat theca-interstitial cells (439). In addition, a study
using porcine granulosa cells showed that 0.1 �M of BPA
increased estradiol levels, whereas 1 and 10 �M BPA de-
creased estradiol levels, and that 0.1, 1, and 10 �M de-
creased progesterone levels (440). Collectively, studies on
BPA using in vitro models, animal models, and epidemi-
ological approaches consistently show that BPA exposure
impaired steroidogenesis. Future studies should determine

Figure 5.

Figure 5. Steroidogenic pathways leading to estradiol biosynthesis. The red Xs indicate the hormones or enzymes that have been shown to be
affected by EDCs. Each hormone in the pathway is derived from cholesterol. Reactions are catalyzed by steroidogenic enzymes as they metabolize
each hormone to a different hormone down the pathway. Estradiol is the major hormone produced by antral follicles.

E34 Gore et al Second Scientific Statement on EDCs Endocrine Reviews

D
ow

nloaded from
 https://academ

ic.oup.com
/edrv/article/36/6/E1/2354691 by guest on 19 April 2023



the mechanisms by which BPA alters steroidogenesis and
determine the reasons for differences between studies in
the directionality of the effects of BPA.

b. Phthalates. Although studies in the past 5 years on phtha-
late exposure and steroidogenesis in women have been
limited in number, they suggest that phthalate exposure
may be associated with altered steroidogenesis in women.
The Western Australian Pregnancy Cohort Study reported
a negative association between phthalate metabolites and
human maternal SHBG, but the association between
phthalate metabolites and maternal androgens was incon-
sistent (441). Another human study showed that maternal
urinary levels of MEHP and another phthalate, MEHHP,
were negatively associated with both free testosterone and
the ratio of free testosterone to estradiol measured in the
cord serum from female infants (173).

Several in vivo studies in animals also indicated that
phthalate exposure interfered with normal steroidogene-
sis. DEHP and benzo[a]pyrene exposure inhibited estra-
diol production in rats, likely due to reduced aromatase
(372). Additional DEHP studies in rats showed that it
lowered serum levels of progesterone and estradiol in 20-
day-old females (442) and lowered sex hormone levels in
adults (443), and that prenatal exposure inhibited estra-
diol levels in adult offspring (444). DEHP and MEHP in-
hibited the secretion of serum progesterone levels in adult
mice, but the MEHP-induced decrease in progesterone
was not due to the inhibition of aromatase (370). Mod-
erate to high doses of MEHP during late gestation in mice
caused high levels of estradiol and altered the expression
of aromatase and StAR (445). A study in cycling ewes
showed that DEHP increases plasma concentrations of
progesterone (446).

Consistent with this in vivo work, in vitro studies con-
firm that phthalates can alter steroidogenesis, with most
(but not all) studies showing phthalate-induced decreases
in steroidogenesis. DEHP inhibited estradiol biosynthesis
in cultured mouse antral follicles (373, 447). Similarly,
MEHP inhibited estradiol levels in cultured mouse antral
follicles by decreasing steroidogenic enzyme levels (447).
In addition, DEHP significantly changed the production
of progesterone by oocyte cumulus complexes in porcine
ovaries (448). MEHP increased the inactivation of estra-
diol to estrone in cultured follicles in mice (449), and it
inhibited the production of estradiol in human granulosa-
lutein cells by reducing the expression of aromatase (450,
451). Similarly, MEHP inhibited androstenedione, testos-
terone, and estradiol levels in cultured rat follicles (374).
Another phthalate, DBP, decreased the levels of estradiol
produced by isolated mouse antral follicles (379). By con-
trast to the aforementioned studies showing inhibitory ef-

fects of phthalates on steroidogenesis, MEHP stimulated
basal steroidogenesis in KK-1 granulosa tumor cells, likely
by increasing the amount of cholesterol available for ste-
roidogenesis (452).

Although these previous studies provide consistent ev-
idence that DEHP and MEHP impair steroidogenesis in
animal models, future studies are needed to fully under-
stand the mechanisms by which this occurs. In addition,
given that the effects of many phthalates on steroidogen-
esis have not been examined, future studies should focus
on whether other phthalates impair steroidogenesis.

c. Pesticides. Limited recent information is available on the
association between pesticide exposure and steroidogen-
esis in women. One study of 457 participants in Hawaii
reported an association between heptachlor exposure and
a longer luteal phase length and a drop in estradiol/pro-
gesterone metabolites after ovulation (453). Given the few
studies on the association between pesticide exposure and
steroidogenesis in women, future studies are needed to
confirm these results.

Multiple studies consistently show that a variety of pes-
ticides alter ovarian steroidogenesis in laboratory animals.
For example, compared to vehicle, MXC inhibited the
production of estradiol, testosterone, androstenedione,
and progesterone in isolated mouse antral follicles (454).
The effects of MXC on steroid levels likely stem from its
ability to inhibit the expression of key factors in the es-
tradiol biosynthesis pathway, including aromatase, 17�-
HSD, 17�-hydroxylase/17,20-lyase, 3�-HSD, P450scc,
and StAR protein, together with the ability of MXC to
induce expression of Cyp1b1, an enzyme that metabolizes
estradiol (454). The MXC metabolite, HPTE, inhibited
CYP450-cholesterol side-chain cleavage activity, leading
to decreased progesterone production by cultured rat
ovarian follicular cells (455). The MXC metabolite,
monohydroxy MXC, inhibited steroidogenesis by both
reducing the availability of pregnenolone (396) and in-
hibiting the expression of Cyp11a1, Cyp17�1, and Cyp19
mRNA in mouse antral follicles in vitro (456).

Studies also show that pesticides other than MXC and
its metabolites alter ovarian steroidogenesis. For example,
cypermethrin inhibited the activity of 3�-HSD in rats
(399) and inhibited luteal cell viability and progesterone
secretion in the bovine corpus luteum cells (457). Fenva-
lerate inhibited StAR and P450scc gene expression, result-
ing in decreases in progesterone, testosterone, and estra-
diol production in primary cultures of rat preantral
follicles (403). Furthermore, HCB inhibited testosterone
and estradiol secretion, and pentachlorobenzene stimu-
lated estradiol and testosterone secretion in porcine ovar-
ian follicles (458). These disparate effects may be due to
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differential actions on steroidogenic enzymes because
HCB inhibited Cyp17�, 17�-HSD, and CYP16 expres-
sion, whereas pentachlorobenzene stimulated Cyp17�

and Cyp19, but did not affect 17�-HSD expression (458).
Bifenthrin decreased progesterone expression, likely by
reducing the expression of key steroidogenic enzymes (eg,
P450scc, StAR) in rat ovarian granulosa cells (459). ATR
increased progesterone secretion from newly formed cor-
pora lutea by increasing steroidogenic factors (eg, StAR,
Cyp450ssc, 3�-HSD) and down-regulating the luteolytic
gene, 20�-HSD, in rat ovarian granulosa cells (460). ATR
also increased the estrogen-to-androgen ratio in rats by
increasing levels of aromatase (461), and it increased pro-
gesterone and estradiol production and aromatase activity
in primary rat granulosa cells (462). Furthermore, ATR
disrupted steroidogenesis in swine granulosa cells (463).

The effects of ATR on steroidogenesis, however, ap-
pear to differ with age, dose, and experimental model. Fa
et al (464) showed that ATR decreased steroidogenic en-
zyme expression and estradiol levels in immature rat gran-
ulosa cells in vitro. This contrasts with data from in vivo
studies in adult animals showing that various doses of
ATR increased steroidogenic enzymes and sex steroid hor-
mone levels (460–463). Taken together, studies in the
previous 5 years consistently show that pesticides impair
steroidogenesis in a variety of animal models, although
outcomes may differ depending on species, dose, and tim-
ing of exposure. Future studies should determine whether
pesticide exposures are also associated with altered ste-
roidogenesis in women.

d. Environmental contaminants. Ahumanstudy showed that
high concentrations of PCDDs/PCDFs and PCBs are
linked to lowered estradiol levels in a cohort of 33 girls
(465). To our knowledge, this is the only such study con-
ducted in humans. Experimental studies consistently show
that environmental contaminants alter ovarian steroido-
genesis in a variety of systems. For example, TCDD ex-
posure decreased estradiol in both virgin and multiparous
mice (466). Oral administration of TCDD weekly for 29
weeks reduced estradiol levels in Sprague-Dawley rats
(414), inhibited estradiol production in female mice (466),
and inhibited estradiol biosynthesis in isolated mouse an-
tral follicles (467), likely by reducing the expression of key
enzymes (eg, 17�-HSD) in the estrogen biosynthesis path-
way (468). TCDD reduced serum testosterone levels and
the ratio of testosterone to estradiol in juvenile mice (469),
and TCDD decreased estradiol levels in chicken ovarian
follicles (470) as well as chicken ovaries (471). Taken to-
gether, studies on environmental contaminants in the past
5 years confirm previous work indicating that environ-
mental contaminants such as TCDD and PCBs impair ste-

roidogenesis in a variety of animal models. Given the
limited information on the association between environ-
mental contaminants and steroid levels in humans, further
studies are needed to fully understand the association be-
tween environmental contaminant exposure and steroid
hormone levels in girls and women.

C. Effects of EDCs on uterine structure and function
The uterus is a muscular organ comprised of a fundus,

a corpus, and a narrow caudal portion called the cervix.
The functional portion of the uterus is endometrial tis-
sue—complex glandular tissue and stroma responsible for
creating a healthy environment for embryo implantation
and sustained pregnancy. EDCs that affect uterine re-
sponses to hormones and/or uterine gross morphology
could impair normal uterine functions (such as embryo
implantation) and lead to adverse birth outcomes. Sec-
tions 1a through 1e describe the effects of specific EDCs on
the uterus.

1. EDCs that affect the uterus
a. Bisphenol A. Although the effect of BPA on the structure/
function in the human uterus is unknown, several studies
indicate that BPA affects uterine structure/function in an-
imal models (Figure 6) (344, 345). Gestational and neo-
natal exposure to BPA caused development of endometri-
al-like structures with glands and stroma in adipose tissue
surrounding the genital tract in adult female Balb-c mice
(472, 473). Parental dietary exposure to BPA increased
uterine weight in the F1 offspring in CD-1 mice (474), and
lactational exposure to BPA increased uterine weight in
neonatal rats (475). Furthermore, gestational exposure to
BPA did not affect the morphological appearance of the
fetal uterus, but it altered the expression of genes (eg,
HOXA13, WNT4, and WNT5A) that may regulate uter-
ine function in later life in rhesus macaques (476). Gesta-
tional BPA exposure also increased expression of Hoxa10
in adult CD-1 and ICR mice (100), and postnatal exposure
to BPA decreased estradiol-induced progesterone receptor
(PR) expression in African green monkeys (477). BPA ex-
posure also impaired proliferation of uterine cells both in
vivo and in vitro (100, 478–483), increased the immune
responsiveness of the uterus in C57BL/6 mice in vivo
(484), and exerted estrogenic gene expression profiles in
ovariectomized (OVX) mice (485). In cultured primary
heterogeneous populations of uterine cells, BPA signifi-
cantly inhibited cell contractions, increased oxytocin-re-
lated pathways, and decreased prostaglandin-related sig-
naling (486).

Some of the effects of BPA on the uterus may be
transgenerational in nature. Hiyama et al (487) showed
that prenatal exposure to BPA altered the methylation
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pattern of Hoxa10 in the F2 generation of mice. How-
ever, future studies need to determine whether the al-
tered methylation pattern persists into the F3 genera-
tion and how the altered methylation pattern affects the
function of the uterus.

Some of the effects of BPA on the uterus may be medi-
ated by BPA metabolites and not BPA itself. Okuda et al
(488) showed the BPA metabolite, 4-methyl-2,4,bis(4-hy-
droxyphenyl)pent-1-ene (mono-BPA), has potent estro-
genic activity in terms of effects on uterine weight, myo-
metrial thickness, and luminal epithelial cell height in
OVX rats, but that BPA does not elicit the same estrogenic
responses. Furthermore, they estimated that mono-BPA
was about 500-fold more potent than BPA in the OVX rat
uterus (488). Future studies are required to determine
whether BPA and its metabolites alter uterine function in
women as well as other species.

b. Phthalates. Phthalate exposure has been associated with
uterine structure/function in one human study (Figure 6).
In the Western Australian Pregnancy Cohort Study, con-
centrations of mono-(carboxy-iso-octyl) phthalate were
positively associated with uterine volume (441).

In pregnant mice, DEHP compromised endometrial re-
ceptivity and decreased implantation sites by disrupting

the MAPK and nuclear factor-�B signaling pathways
(489). Dibenzyl phthalate inhibited estradiol-induced
uterine growth in immature mouse uterotrophic assays
(490). DEHP and MEHP stimulated the secretion of pros-
taglandin F2� and inhibited the secretion of prostaglandin
E2 in cultured bovine endometrial cells (491).

It is important to note that not all studies on phthalate
exposure showed an impact on the uterus. Polypropylene
and polyethylene terephthalate did not increase uterine
weight in Sprague-Dawley rats (492). Similarly, exposure
to plastic samples eluted from plastic food containers did
not result in differences in uterine weight between controls
and treated groups of immature Sprague-Dawley rats
(492). Future studies should be conducted to examine in
detail the association between phthalate exposure and
uterine outcomes in women and to determine the mecha-
nisms by which phthalates impair uterine structure/func-
tion in animal models.

c. Pesticides.Althoughrecent studieshavenotexamined the
effect of pesticides on the structure/function of the human
uterus, several studies indicated that pesticides disrupted
uterine structure and/or function in animal models (Figure
6). MXC increased uterine weight in nonpregnant rats and
decreased the number of implantation sites in pregnant

Figure 6.

Figure 6. The effects of EDCs on the uterus, vagina, and anterior pituitary gland. This schematic shows the normal structure of the uterus, vagina,
and anterior pituitary, with a list of EDCs (in red text) that have been shown to perturb the development and function of these structures.
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rats (380). The MXC metabolite HPTE induced estrogen
gene expression profiles in OVX mice (485). Furthermore,
a mixture of organophosphorus pesticides (dichlorvos, di-
methoate, and malathion) increased uterine weight in
Sprague-Dawley rats (493). In immature rats, mirex re-
duced uterine weight, whereas Aroclor 1221 and endo-
sulfan increased uterine weight, suggesting that Aroclor
1221 and endosulfan are estrogenic in the immature utero-
trophic assay (494). Fenvalerate increased resorption sites
in rats (402). DDT and hexachlorocyclohexane (HCH)
stimulated the contraction of myometrial uterine strips;
this may enhance the risk of abortions in pregnant females
(495). Benomyl and carbendazim inhibited cell prolifera-
tion in human endometrial cells (496). Expression profil-
ing studies have shown that ethinyl estradiol and o,p-DDT
exhibit similar temporal profiles, suggesting that o,p-DDT
elicits estrogenic responses in uteri from immature OVX
mice and rats (497). Low doses of endosulfan disrupted
the expression of proteins that regulate uterine develop-
ment and differentiation (ER�, Hoxa10, and �-SMA) in
rats (498). Furthermore, the herbicide pendimethalin in-
creased uterine weight and up-regulated expression of
ER� in rats (499). It is important to note, however, that
not all studies showed that pesticides, insecticides, or her-
bicides affected uterine structure and function. For exam-
ple, pyrethroid metabolites did not affect uterine weight in
Sprague-Dawley rats (500). Further studies are required to
fully determine which pesticides adversely affect uterine
structure and function.

d. Diethylstilbestrol.Synthetic estrogensarewellknowndis-
ruptors of uterine structure and function in humans and
animals (Figure 6). Consistent with previous studies (102,
103), recent data indicate that neonatal DES exposure
caused endometrial hyperplasia/dysplasia in hamsters
(410) and increased uterine adenocarcinoma and uterine
abnormalities in Donryu rats (501). Neonatal DES expo-
sure also caused the differential expression of 900 genes in
one or both layers of the uterus (502). Specifically, DES
altered multiple factors in the PPAR� pathway that reg-
ulate adipogenesis and lipid metabolism, and it perturbed
glucose homeostasis, suggesting that DES affects energy
metabolism in the uterus (502). In the mouse uterus, DES
altered the expression of chromatin-modifying proteins
(503) and Wnt signaling pathway members (504), caused
epigenetic changes in the sine oculis homeobox 1 gene
(503), and decreased the expression of angiogenic factors
(505). DES also altered the expression of genes commonly
involved in metabolism (506) or endometrial cancer in
mice (507), and it activated nongenomic signaling in uter-
ine myometrial cells (508) and increased the incidence of
cystic glands in rats (509).

e. Environmental contaminants. Only one study has been
conducted in humans on environmental contaminants and
uterine structure/function. This report indicated that high
levels of PCBs were associated with shorter fundi and uteri
lengths in a study of 33 girls (465).

Several experimental studies are consistent with the hu-
man study in that they show that industrial environmental
contaminants affect uterine structure and function (Figure
6). Polychlorinated dibenzo-p-dioxins and furans and
PCB-153 caused chronic active inflammation of the
uterus, and 92 polychlorinated dibenzo-p-dioxins and
furans increased endometrial cystic hyperplasia in
Sprague-Dawley rats (415). PCB77 stimulated the force of
myometrial contractions by increasing myometrial syn-
thesis of PGF2� in cattle (510). Exposure to TCDD at G15
caused fewer uterine glands, morphological anomalies,
and decreased expression of genes involved in fluid trans-
port (Aqp3 and Aqp5), cytoarchitecture (Dsc2 and
Sprr2A), and immune regulation (Lcn2 and Ltf) in mice at
9 weeks in response to hormone treatment (511). These
findings persisted, although the half-life of TCDD in mice
is 7–11 days, and the mice were cross-fostered at birth to
avoid TCDD exposure through lactation (511). Further-
more, TCDD exposure induced Cyp1A1 expression and
inhibited �-catenin and E-cadherin in trophoblastic endo-
metrial epithelial cells in vitro, suggesting that TCDD
modulates the Wnt-signaling pathway (512). Acute
TCDD exposure disrupted cannabinoid signaling in hu-
man endometrial biopsy samples (513). Future studies
should further examine the mechanisms by which envi-
ronmental contaminants adversely affect the uterus. In
addition, future studies are required to fully understand
which environmental contaminants pose a risk to uterine
health in women.

f. Other EDCs. A variety of other EDCs may affect uterine
structure and function (Figure 6). The antibacterial agent
triclosan enhanced uterine responses to ethinyl estradiol
and increased the ethinyl estradiol-induced stimulation of
epithelial cell height in rats (514). PFOA at low doses
increased absolute and relative uterine weights, but did
not antagonize the histopathological effects of estradiol in
CD-1 mice (515). In contrast, paraben exposure did not
alter the number of implantation sites or uterine mass in
CF-1 mice (516). Given the relatively few studies on the
effects of triclosan, PFOA, and parabens on uterine struc-
ture and function, future studies should be conducted to
examine the effects of triclosan, PFOA, and parabens on
theuterus. Such studies should examineavarietyof species
and obtain detailed dose-response and time-course
information.
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D. Effects of EDCs on the vagina
Only a limited number of studies assessed the effects of

EDCs on the vagina, and of these, all but one on phthalates
focused on DES (Figure 6). A recent study of women
showed an association between in utero exposure to DES
and clear cell carcinoma of the vagina (517), confirming
previous findings. Furthermore, DES disrupted the ex-
pression of transformation-related protein 63, which
makes cell fate decisions of Müllerian duct epithelium and
induces adenosis lesions in the cervix and vagina in women
(518).

Studies in mice showed that DES induced vaginal ad-
enosis by down-regulating RUNX1, which inhibits the
BMP4/activin A-regulated vaginal cell fate decision (519);
induced epithelial cell proliferation and inhibited stromal
cell proliferation (520); and caused persistent down-reg-
ulation of basic-helix-loop-helix transcription factor ex-
pression (Hes1, Hey1, Heyl) in the vagina, leading to es-
trogen-independent epithelial cell proliferation (521,
522). Neonatal exposure to DES caused persistent
changes in expression of IGF-1 and its downstream sig-
naling factors in mouse vaginas (521). It also up-regulated
Wnt4, a factor correlated with the stratification of epithe-
lial cells, in mouse vaginas (521). Interestingly, the simul-
taneous administration of vitamin D attenuated the ability
of DES to cause hyperplasia of the vagina in neonatal mice
(523).

In the one study in the previous 5 years that did not
focus on DES, polypropylene and polyethylene terephtha-
late did not increase vaginal weight in Sprague-Dawley
rats (492). Although a few studies have been conducted
during the previous 5 years on the effects of EDCs on the
vagina, such studies are very few in number, small in
scope, and focused on DES. Thus, future studies are
needed in this largely understudied area before we fully
appreciate whether other EDCs impair the vagina.

E. Effects of EDCs on the anterior pituitary gland
Female reproductive function is driven by signals, many

of which initiate from the hypothalamus, are propagated
by the gonadotropes of the anterior pituitary gland, and
ultimately play out as actions on the ovary, uterus, and
other parts of the reproductive tract. In response to the
hypothalamic neuropeptide GnRH, as well as to proteins
and steroids produced by the ovary, the anterior pituitary
synthesizes and secretes the gonadotropins LH and FSH,
which control follicle growth, ovulation, steroidogenesis,
and cyclicity. The effects of EDCs on hypothalamic-pitu-
itary neuroendocrine function are covered extensively in
Section VIII, and thus only brief coverage of the anterior
pituitary gland will be given here. Sections 1a through 1e

provide information on the effects of specific EDCs on the
anterior pituitary.

1. EDCs that affect the pituitary
a. Bisphenol A. To our knowledge, no information is avail-
able on the effects of BPA on the human anterior pituitary
gland. Animal studies, however, show that gestational ex-
posure to BPA increased mRNA levels of the gonadotro-
pins, but not other pituitary hormones in mice (524), and
BPA exposure during the perinatal and postnatal periods
increased FSH mRNA levels in mice (434). Neonatal ex-
posure to BPA lowered basal and GnRH-induced LH lev-
els and increased GnRH pulsatility in adult rats, suggest-
ing that neonatal exposure to BPA permanently affects
GnRH pulsatility and pituitary GnRH signaling (525).
Furthermore, BPA reduced the percentage of cells that re-
sponded to estradiol via calcium channel opening and in-
hibited the activation of ERKs in a nonmonotonic dose-
response manner in cultured GH3/B6/F10 rat pituitary
cells (526). Taken together, studies in the previous 5 years
indicate that BPA adversely affects the anterior pituitary in
animal models. However, limited information is available
on its mechanisms of action in animal models and its ef-
fects in humans. Future studies should focus on the mech-
anisms by which BPA affects the pituitary and explore
whether other EDCs have similar effects.

b. Phthalates. To our knowledge, no information is avail-
able on the effects of phthalates on the human anterior
pituitary. A few experimental studies, however, indicate
that phthalates alter anterior pituitary function (Figure 6).
DEHP increased the ability of primary cultures of pituitary
cells to produce and secrete LH in response to GnRH,
suggesting that DEHP stimulates hormonal function
(442). DEHP also increased gonadotropin levels in pre-
pubertal rats (527). Given the limited number of studies,
future studies should examine the effects of phthalates on
the anterior pituitary using both in vitro and in vivo
models.

c. Pesticides. As with BPA and phthalates, no information is
available on the effects of pesticides on the anterior pitu-
itary in humans. Studies in animals, however, showed that
the pesticide ATR adversely affected the function of the
anterior pituitary (Figure 6). ATR both activated the pi-
tuitary release of hormones (528) and inhibited LH release
from the pituitary via a mechanism that includes effects on
the LH pulse generator through alterations in adrenal hor-
mone secretion (529, 530). Given the limited number of
studies, future studies should examine the effects of pes-
ticides on the anterior pituitary using both in vitro and in
vivo models.
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d. Diethylstilbestrol. Synthetic estrogens affect the anterior
pituitary, although research in this arena is largely focused
on DES in animal models (Figure 6). Neonatal DES ex-
posure decreased the percentage of LH-secreting gonado-
tropes in neonatal mice (531), and it also decreased LH�

in 3-month-old mice (532). Interestingly, whereas DES
reduced the gene expression of LH-secreting gonado-
tropes in vitro, it did not affect their numbers (501). Future
research is needed to determine whether DES, as well as
other synthetic estrogens, affects the anterior pituitary in
humans and animal models.

e. Environmental contaminants. Evidence for the effects of
the environmental contaminant TCDD on the anterior
pituitary in humans is lacking, and evidence for the effects
of TCDD in animal models is equivocal. Gestational
TCDD exposures reduced the expression of pituitary go-
nadotropins in rodents (533–536), increased LH secretion
by pituitary cells during the follicular phase in pigs (537),
and decreased LH and FSH levels in virgin female
C57BL/6J mice (466). By contrast, in cultured pituitary
cells, TCDD did not affect the expression of gonadotropin
mRNAs in the absence of GnRH, but it inhibited the syn-
thesis of gonadotropin �-subunit mRNAs in the presence
of GnRH (359). TCDD also up-regulated known AhR
target genes (Cyp1a1 and Cyp1b1) in the rat pituitary
gland, but the physiological consequences of this up-reg-
ulation are unclear (538). Given the equivocal nature of
the findings on the effects of TCDD on the anterior pitu-
itary, studies should be conducted to elucidate the reasons
for discrepancies.

f. Other EDCs. To date, only one study has examined the
impact of other EDCs on the anterior pituitary. This study
showed that a mixture of endocrine disruptors (13 chem-
icals including phthalates, pesticides, UV filters, BPA,
parabens, and paracetamol) given from G7 to postnatal
day (P) 22 increased the incidence of pituitary adenoma in
rats (539). However, further studies are required to de-
termine the mechanisms by which the mixture causes pi-
tuitary adenoma and whether other mixtures adversely
affect the anterior pituitary.

F. Female reproductive cycles

1. Effects on puberty
a. Bisphenol A. Research on BPA and puberty has produced
inconsistent results in epidemiological studies (reviewed in
Refs. 344 and 345). In one epidemiological study, BPA
levels were associated with idiopathic central precocious
puberty in Turkish girls (540), but in another study BPA
levels were not associated with precocious puberty in girls

(433). In a study of 1151 girls ages 6 to 8 years and a study
of 192 girls age 9, BPA exposure was not associated with
accelerated breast or pubic hair development (541, 542).
Similarly, a study of 82 patients with precocious puberty
and 32 patients without precocious puberty did not show
an association between BPA and precocious puberty
(543).

The data on BPA and puberty in animal models are also
equivocal. Some studies show that BPA did not affect vag-
inal opening in gestationally, neonatally, and orally ex-
posed Long Evans rats (544) or in lactationally exposed
rats (475), and BPA did not affect the onset of puberty in
CD-1 mice (474). However, other studies in neonatally
exposed ICR mice, Sprague-Dawley rats, and Long Evans
rats showed that BPA accelerated vaginal opening (525,
545, 546). Given the disparate findings in both epidemi-
ological and experimental studies, future studies should be
designed to determine whether and how BPA exposure
impacts puberty.

b. Phthalates. Studies on phthalate exposure and puberty in
humans are also equivocal (547). The Western Australian
Pregnancy Cohort Study showed an association between
the sum of all DEHP metabolites and a nonsignificant
tendency toward an early age at menarche (P � .069)
(441). Furthermore, a review by Jurewicz and Hanke
(548) reported an association between urinary levels of
phthalates and pubertal gynecomastia, and between se-
rum levels of phthalates and premature thelarche and pre-
cocious puberty in girls. Similarly, in a case-control study
of 104 girls in Taiwan, urinary phthalate metabolites were
significantly higher in girls with precocious puberty (185).
In a multiethnic longitudinal study of 1151 girls in the
United States (New York City, Cincinnati, northern Cal-
ifornia), high-molecular-weight phthalate metabolites
were borderline associated with pubic hair development,
and high-molecular-weight phthalates were inversely as-
sociated with hair stage (541). Furthermore, girls with
precocious puberty had higher levels of kisspeptin, sug-
gesting that phthalates may promote female puberty by
increasing kisspeptin activity (549). However, other stud-
ies suggested that phthalate exposure may be associated
with delayed puberty. In a multiethnic study of 1239 girls
from New York City, Cincinnati, and San Francisco, uri-
nary concentrations of DEHP metabolites were associated
with later pubic hair development, and monobutyl phtha-
late (MBP) levels were associated with older age at first
breast development (550). A Danish study reported that
the highest levels of MBP, MBzP, DEHP metabolites, and
diisononyl phthalate (DINP) metabolites were associated
with delayed age at puberty (551).
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In contrast, a few studies did not find an association
between plasticizer exposure and puberty in humans. In a
multicenter cross-sectional study of 28 girls with central
precocious puberty and 28 prepubertal controls, levels of
nine phthalate metabolites were similar (552). A longitu-
dinal study of 168 healthy girls examined every 6 months
for 5 years did not show an association between phthalate
exposure and age at pubertal milestones (553).

Recent animal studies on the potential impact of phtha-
late exposure on puberty provide interesting but equivocal
data. Some studies showed that DBP and butyl benzyl
phthalate (BBP) exposure did not affect vaginal opening in
rats (554), whereas others show that DBP exposure in-
duced earlier pubertal timing in female Sprague-Dawley
rats (555), or that it delayed vaginal opening and com-
pletely blocked vaginal opening at high doses (750 and
1000 mg/kg/d) in Wistar rats (556). The differences in the
results could be due to differences in dose, timing of dose,
and strain. Given the equivocal nature of the findings in
both epidemiological and experimental studies, future
studies should be designed to determine whether and how
phthalate exposure impacts puberty.

c. Pesticides. The existing human data on pesticide expo-
sure and puberty are limited (557). A small study of 45
girls living in the Menderes region in Turkey did not show
an association between pesticide levels and precocious pu-
berty, but the authors suggested that pesticide exposure
may be associated with obesity and that obesity may be the
underlying cause for precocious puberty (558). The study
was limited because most pesticides, except 4,4� DDE,
were undetectable in the samples. Interestingly, the au-
thors reported that the long axis of the uterus and ovaries
was different in girls with detectable levels of 4,4-DDE
compared to those without detectable levels of DDE (558).
In a small study of 78 children with idiopathic precocious
puberty and 100 control children, the levels of p,p,-DDE
did not differ between children with precocious puberty
and normal age at puberty (559).

The animal studies on pesticides and puberty are in-
consistent with the human studies in that the animal stud-
ies showed that several herbicides/pesticides altered pu-
berty. A high dose of ATR during prenatal life delayed
vaginal opening in Sprague-Dawley rats (560). Similarly,
exposure to simazine for 21 days delayed vaginal opening,
decreased the number of estrous cycles, and delayed the
first day of estrus in Wistar rats (561). Interestingly, ex-
posure to simazine for a longer period of time (41 d) de-
layed vaginal opening and the time of the first estrus but
did not alter the number of normal estrous cycles (561). By
contrast to these effects of ATR and simazine on the re-
tardation of the pubertal process, neonatal exposure to the

herbicide acetochlor accelerated vaginal opening and
caused irregular cyclicity in female rats (562). In contrast,
exposure to pyrethroid metabolites did not affect the onset
of puberty in rats (500). Given the limited data in humans,
future studies are needed to determine whether pesticide
exposure is associated with age at puberty in girls. Fur-
thermore, experimental studies are required to determine
whether and how other pesticides adversely affect
puberty.

d. Environmental contaminants. Although reports on envi-
ronmental contaminants and puberty in humans are lack-
ing, environmental contaminants may influence puberty
in animals. For example, gestational exposure to TCDD
promoted early-onset puberty in the F3 generation of rats
(563). Tributyltin exposure from G6 through lactation
advanced the onset of vaginal opening and the first vaginal
estrus in mice (564). Firemaster 550, a fire-retardant mix-
ture used in foam-based products and a common contain-
ment in house dust, advanced puberty in female rats (565).
In one study, exposure to PCBs during pregnancy and
lactation caused early onset of puberty but did not cause
cycle irregularity in rats (566). By contrast, another study
showed that prenatal exposure of rats to an estrogenic
mixture of PCBs, Aroclor 1221, advanced the timing of
vaginal opening and increased the percentage of animals
with irregular estrous cycles (567). Given the limited data
in humans, future studies are needed to determine whether
environmental contaminant exposure is associated with
age at puberty in girls. Furthermore, experimental studies
are required to determine whether and how other envi-
ronmental contaminants affect puberty.

e. Perfluorooctanoic acid. Studies in humans indicate that
PFOA may be associated with the timing of puberty (568,
569). PFOA was measured in blood collected from Danish
women during their pregnancies (568). Their daughters
(n � 343) then completed questionnaires at age 20 that
assessed the timing of menses. PFOA is known to cross the
placental barrier; therefore, the study used maternal levels
of the chemicals as a proxy for prenatal exposure. Daugh-
ters with the highest levels of prenatal PFOA exposure
reported having their first menstrual period 5.3 months
later than daughters exposed prenatally to lower levels of
PFOA (568). Similarly, in a 2005–2006 survey of residents
with PFOA water contamination from the mid-Ohio Val-
ley in the United States, higher serum concentrations of
PFOA or a related compound, PFOS, were associated with
later age of sexual maturation in 2931 girls aged 9–18
years (130-d delay for PFOA and 138-d delay for PFOS
exposure) (569).
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In contrast, experimental studies suggest that PFOA
may not affect puberty in animal models. For example, in
CD-1 mice, prenatal PFOA exposure (at doses that reca-
pitulate serum concentrations reported in females) did not
affect vaginal opening or time to first estrus, but it altered
mammary gland development (570). The reasons for the
discrepancies between the human and animal studies are
unclear. It is possible that humans and mice have different
sensitivities to PFOA, and this should be examined in fu-
ture studies.

f. Other EDCs. A few studies indicate that other EDCs are
associated with pubertal outcomes. In 12- to 16-year-old
females in the NHANES study, the levels of 2,5-dichloro-
phenol (2,5-DCP) and summed environmental phenols
(2,5-DCP and 2,4-DCP) were inversely associated with
age at menarche after adjustment for BMI and race/eth-
nicity (571). However, parabens, BPA, triclosan, benzo-
phenone 3, total phthalates, and 2,4-DCP were not sig-
nificantly associated with age at menarche (571). In a
multiethnic longitudinal study of 1151 girls in the United
States (New York City, Cincinnati, northern California),
daidzein was inversely associated with breast stage, and
triclosan was inversely associated with hair stage (541).
Future studies should confirm these findings and deter-
mine whether other EDCs are associated with pubertal
outcomes in humans as well as animal models.

2. Effects on estrous and menstrual cyclicity

a. Bisphenol A. Recent studies suggest that plasticizer expo-
sure may alter estrous cyclicity in rodents, but the data are
inconsistent. For BPA exposure, some studies found that
it decreased the time spent in estrus in rats and mice (348,
525, 546), whereas others reported that it increased the
time spent inproestrusandestrus in rats (572).Yet inother
studies, BPA had no effect on estrous cyclicity in gesta-
tionally and neonatally exposed CD-1 mice and Long-
Evans rats (545, 573).

b. Phthalates.Little information isavailableon theeffectsof
phthalates on menstrual/estrous cyclicity. One study on
DEHP showed that exposure during adult life prolonged
the duration of estrus in mice (371).

c. Pesticides.Relatively fewstudieshaveexaminedpesticide
exposure and menstrual cyclicity in women. One study
showed a significant reduction of bleeding (1 d) in women
in the highest tertile of aromatic fungicide exposure (574).
A cross-sectional study of women residing in agricultural
communities showed an association between ATR expo-
sure and increased menstrual irregularity (575).

d. Environmental contaminants. In thepast5years, fewstud-
ies have focused on the association between environmen-
tal contaminant exposure and menstrual characteristics. A
longitudinal study of women trying to become pregnant
showed a significant 3-day increase in cycle length for
women in the highest tertile relative to the lowest tertile of
estrogenic PCB congeners (574). Given the overall lack of
information on EDCs and estrous/menstrual cyclicity, fu-
ture studies should be designed to determine whether and
how EDCs impact estrous and menstrual cyclicity.

3. Effects of EDCs on fertility
a. Bisphenol A. Limited informationexistsonBPAexposure
and fertility in women (reviewed in Refs. 344 and 345). In
the Longitudinal Investigation of Fertility and the Envi-
ronment study, women’s concentrations of BPA were not
associated with time to pregnancy (576). In a study of 137
women undergoing IVF, an association between higher
quartiles of urinary BPA concentrations and increased
odds of implantation failure was found (577). Further-
more, a retrospective cohort study of 115 women under-
going early pregnancy monitoring showed an association
between maternal conjugated BPA levels and a higher risk
of miscarriage (578). Similarly, BPA levels (but not PFOS
and PFOA, MEHP, and DEHP levels) were higher in in-
fertile women compared to fertile women (579). By con-
trast, BPA levels were undetectable in follicular fluid from
women undergoing infertility treatments (580), but this
study did not assess fertility outcomes.

Data from experimental studies indicated that BPA re-
duced fertility. For example, BPA exposure during early
gestation completely ablated embryo implantation (581,
582), and BPA exposure during neonatal life decreased
implantation sites in pregnant rats (110, 583–585). BPA
exposure during gestation reduced fertility with age in
mice (348), and neonatal BPA exposure also decreased
pregnancy maintenance (583). Furthermore, prenatal
BPA exposure may have transgenerational effects on fe-
male fertility (145). Specifically, prenatal BPA exposure
significantly reduced fertility index and the ability of mice
to maintain pregnancies in the F3 generation (145). Future
studies are required to determine how prenatal BPA ex-
posure impacts fertility in the F3 generation. Along the
same lines, future studies should be conducted to clearly
determine whether BPA exposure is associated with infer-
tility in women.

b. Phthalates. Limited information exists on phthalate ex-
posure and fertility outcomes in women. In a cohort of
women planning their first pregnancy, urinary levels of
MEHP were associated with pregnancy loss (489), but
given the small sample size (48 women), the findings need
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to be confirmed. Furthermore, urinary levels of phthalates
were significantly higher in 56 couples recruited from as-
sisted reproduction clinics, compared with 56 couples that
were parents of at least one child (586). By contrast, phtha-
late levels were lower than 15 ng/mL in follicular fluid
from women undergoing infertility treatments (580). This
study, however, did not assess fertility outcomes, so it is
unclear how the low levels of phthalate in the follicular
fluid are associated with fertility outcomes.

Experimental studies show an association between
phthalate exposure and reduced fertility. DEHP exposure
for 8 weeks caused a 100% pregnancy loss in C3H/N mice
(587). Prenatal exposure to DEHP increased the time to
pregnancy in CD-1 mice (588). Given the limited infor-
mation on phthalates and fertility, future studies in both
humans and animals should examine the effects of a wide
variety of phthalates on fertility.

c. Pesticides. The data on pesticide exposure and infertility in
humans are equivocal. Several studies indicated that pesti-
cide exposure was associated with reduced fertility or infer-
tility, whereas others showed no such association. For ex-
ample, levels of HCB, but not DDT/DDE, significantly
increased the odds of implantation failure in 720 women
undergoingIVF(589). Inacross-sectional studyof264Mex-
ican women chronically exposed to organophosphate pesti-
cides, mothers with PON1192RR (paraoxonase) genotypes
hada2-fold increasedriskofmiscarriagecompared tomoth-
ers with PON1192QR/PON119QQ genotype. These latter
mothers also had a 4-fold increased risk of miscarriage com-
pared to mothers with the PON155LL genotype (590). A
study of pregnant women from Poland, Ukraine, and Green-
land showed an association between higher levels of
2,2�,4,4�,5,5�-hexachlorobiphenyl (CB-153) and p,p’-DDE
and an increased risk of fetal loss (591). In a cross-sectional
study of 911 women working in agriculture in Africa, spray-
ing pesticides during the first 3 months of pregnancy was
associated with spontaneous miscarriage (592), and the pes-
ticide DDT was detected in 100% of infertile women at
higher levels than in pregnant women from Rio de Janeiro,
Brazil (593).

In contrast, p,p-DDE levels in serum or follicular fluid
were not associated with fertilization rate or pregnancy
outcome in a case-control study of 619 Saudi women
(19–50 y old) seeking IVF treatment (594). Similarly, us-
ing data obtained through the Danish Occupational Hos-
pitalization Register, women working in horticulture did
not have increased odds of infertility compared with the
standard population (595). Furthermore, in a study of 99
infertile women undergoing IVF treatment in the Czech
Republic, the levels of DDT were correlated with the num-

ber of diploid oocytes, but the findings were not statisti-
cally significant (596).

Prior to the past 5 years, several studies indicated that
pesticide exposures reduce fertility or cause infertility in
animal models (337, 343, 597). These previous findings
have been confirmed in more recent studies. Specifically,
prenatal exposure to MXC reduced fertility in rodents
(380), likely by altering key molecules in the phosphatase
and tensin homolog, IGF-1, and estrogen signaling path-
ways in the ovary (425). Furthermore, a mixture of or-
ganophosphorus pesticides made of dichlorvos, dime-
thoate, and malathion decreased pregnancy and live birth
rates in Sprague-Dawley rats (493). Future studies should
expand these findings by determining whether other pes-
ticide mixtures affect fertility in animal models and
whether they are associated with subfertility or infertility
in women.

d. Environmental contaminants. In a study of 99 infertile
women undergoing IVF treatment in the Czech Republic,
PCB 158 levels were not significantly correlated with fer-
tilization of oocytes, but the authors noted that if the level
of PCB 158 doubled in their statistical model, the ratio of
fertilized to nonfertilized oocytes dropped by 15% (596).
The authors also noted that PCB 47 levels were borderline
negatively associated with successful pregnancy (596).
Given the lack of studies on environmental contaminants
and fertility, future studies examining environmental con-
taminants and fertility are warranted in both animal mod-
els and human populations.

4. Premature ovarian failure/early menopause
a. Bisphenol A. Studies in women showed that BPA expo-
sure is associated with premature ovarian failure and early
menopause in women. In one study, urinary concentra-
tions of BPA were positively associated with markers of
oxidative stress and inflammation in women, suggesting
that BPA exposure promotes oxidative stress and inflam-
mation and may make postmenopausal women suscepti-
ble to other BPA-induced health effects related to aging
(598). A prospective cohort study of women undergoing
infertility treatments showed that higher BPA levels were
associated with lower antral follicle counts, suggesting
that BPA exposure accelerated ovarian failure (599). To
date, studies have not determined whether BPA causes
premature ovarian failure in animal models. Thus, future
studies are required to determine whether this is the case.

b. Phthalates. In the past 5 years, limited information be-
came available on the impact of phthalate exposure on
premature ovarian failure/early menopause in women. In
a cross-sectional survey using the NHANES, women with
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high levels of phthalate metabolites had an earlier mean
age at menopause compared to women with low levels of
phthalate metabolites (600). To date, animal studies have
not determined whether phthalate exposure causes pre-
mature ovarian failure. Thus, future studies are required
to determine whether this is the case. In addition, epide-
miological studies are required to confirm the one study
that has examined phthalate exposure and early meno-
pause in women.

c. Pesticides. In thepast5years, limited informationbecame
available on the impact of pesticide exposure on prema-
ture ovarian failure/early menopause in women. In a cross-
sectional survey using the NHANES, women with high
levels of �-HCH and mirex had an earlier mean age at
menopause compared to women with low levels of
�-HCH and mirex (600).

Animal studies are consistent with this epidemiological
study because they indicated that exposure to pesticides
may cause premature ovarian failure. Perinatal exposure
to MXC or estradiol benzoate advanced the onset of re-
productive senescence in Fischer rats (601). Future studies
should expand these findings by determining whether
other pesticides are associated with premature ovarian
failure/early menopause, and if so, future studies should
determine the underlying mechanisms.

d. Diethylstilbestrol. Combined data from three studies on
DES indicated that in utero exposure was associated with
an increased lifetime risk of early menopause in women
(602). However, animal studies have not determined
whether DES exposure causes premature ovarian failure.
Thus, future studies should focus on this issue.

e. Environmental contaminants. One epidemiological study
showed that women with higher levels of p,p’-DDE had an
earlier age at menopause compared with women with lower
levels (600).This finding isconsistentwiththose fromanimal
studies indicating that environmental contaminants caused
premature reproductive senescence.Forexample,TCDDex-
posure accelerated the onset of acyclicity and causes early
loss of reproductive function with age in Lewis rats (603).
Similarly, prenatal exposure to low levels of a PCB mixture
resulted in rats with significantly longer estrous cycles over
time as they aged, compared to control rats (604). Given the
lack of existing studies, there is a need for additional studies
on environmental contaminants and premature ovarian fail-
ure and early menopause.

f. Other EDCs. A few studies suggested that EDC exposures
may be associated with premature ovarian failure in
women. A prospective cohort study of women seeking

fertility treatment at Massachusetts General Hospital
showed that urinary levels of propyl paraben (a preserva-
tive in personal care products) were associated with a
trend toward lower antral follicle counts as well as higher
day-3 FSH levels (indicators of ovarian aging) (605). Fur-
thermore, exposure to a mixture of 13 chemicals including
phthalates, pesticides, UV filters, BPA, parabens, and
paracetamol from G7 until P21 caused early reproductive
senescence in rats (539). Future studies, however, are
needed to determine whether other EDCs are associated
with premature ovarian failure/early menopause and to
determine the mechanisms by which EDCs cause prema-
ture ovarian failure/early menopause.

g.Transgenerational effects.Thepotential effectsofEDCson
premature ovarian failure may be transgenerational in na-
ture because developmental exposure to a pesticide mix-
ture (permethrin and N,N-diethyl-m-toluamide) in-
creased ovarian insufficiency in the F3 generation of rats
(427). Similarly, TCDD increased the incidence of ovarian
insufficiency in the F3 generation of rats (428). Future
studies should examine the mechanisms by which EDCs
cause transgenerational effects.

G. Pathophysiological reproductive conditions

1. Polycystic ovarian syndrome
PCOS is an endocrinopathy characterized by oligo/an-

ovulation and hyperandrogenemia, and often by meta-
bolic dysfunction such as insulin resistance. Very few stud-
ies examined whether EDC exposure is associated with
PCOS, and those that have are limited in sample size and
scope (606). Sections 1a and 1b below provide informa-
tion on the association between specific EDCs and PCOS.

a. Bisphenol A. The data on BPA exposure and PCOS in
women are limited and equivocal. One case-control study
(71 women with PCOS and 100 women without PCOS)
reported an association between serum BPA levels and
increased testosterone, androstenedione, and insulin re-
sistance in women with PCOS (607). In contrast, a study
of 60 patients with PCOS (23 with insulin resistance and
37 without insulin resistance) and 29 women without
PCOS showed that serum levels of octylphenol, but not
phthalic acid esters or BPA, were higher in PCOS patients
with insulin resistance compared to PCOS patients with-
out insulin resistance (608).

In rodents, prenatal and neonatal low-dose BPA expo-
sures led to the disruption of ovarian cyclicity (545), in-
creased testosterone production (435), and ovarian cysts
(609); and high-dose BPA exposure led to ovarian cysts
(435) and an accumulation of large antral follicles (545).
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However, one study indicated that developmental BPA
exposure (G6 through P40) did not induce key features of
PCOS in rats (610).

It is difficult to extrapolate studies on PCOS in animal
models to humans because the ovarian phenotype in ro-
dents (cystic-appearing follicles) often differs from the
ovarian phenotype of women with PCOS (accumulation
of small antral follicles). Therefore, work in monkeys and
sheep has helped bridge this gap by enabling experimental
analyses of effects of prenatal androgens and/or EDCs. In
rhesus monkeys, exposure to testosterone in early to midg-
estation caused metabolic dysfunctions that are similar to
those observed in women with PCOS, and late gestational
exposure to dihydrotestosterone or DES caused ovarian
hyperandrogenism and menstrual abnormalities similar to
those in women with PCOS (611). Similarly, in ewes, tes-
tosterone propionate injections during pregnancy caused
female lambs to develop hyperinsulinemia (612, 613).
However, EDC effects in these latter species are lacking
and provide a basis for future studies.

b. Phthalates. To date, limited information is available on
phthalates and PCOS. In the Western Australian Preg-
nancy Cohort study, MEP and the sum of all phthalate
metabolites measured were protective against PCOS, sug-
gesting that antenatal exposure to phthalates may be as-
sociated with estrogenic and/or antiandrogenic outcomes
in adolescent girls (441). Future studies should confirm
these findings and examine whether other phthalate me-
tabolites are associated with PCOS.

2. Endometriosis
Endometriosis is a gynecological condition in which

uterine endometrial cells grow outside the uterine cavity.
This condition often causes pain and infertility. Sections
2a through 2d describe the relations between EDC expo-
sure and endometriosis.

a. Bisphenol A. To date, not many studies have focused on
whether BPA exposure is associated with risk of endome-
triosis in women. One case-control study of 69 women
suggested that serum BPA concentrations may be associ-
ated with the occurrence of endometriosis (614), but these
findings need to be confirmed by other studies before de-
finitive conclusions can be drawn about the association
between BPA exposure and endometriosis.

b. Phthalates. Several studies have focused on whether
phthalate exposure is associated with an increased risk of
endometriosis and suggest that there is an association. In
a prospective case-control study in Korea, women with
advanced stages of endometriosis had significantly higher

plasma levels of MEHP and DEHP than women without
advanced stages of endometriosis (615). In another case-
control study, women with endometriosis had signifi-
cantly higher levels of total urinary mono-n-butyl phtha-
late than controls (616). A cross-sectional study of urinary
phthalates (NHANES) showed a positive association be-
tween MBP and an increased risk of endometriosis (617).
Similarly, in the Natural History, Diagnosis, and Out-
comes Study, six phthalate metabolites were significantly
associated with 2-fold increased odds of endometriosis
(618).

It is important to note that not all epidemiological stud-
ies have shown that phthalate exposure increased the risk
of endometriosis. For example, a population-based, case-
control study of women in a large healthcare system in the
United States Pacific Northwest showed a strong inverse
association between MEHP concentration and the risk of
endometriosis and suggested a nonsignificant inverse as-
sociation between DEHP, MEHHP, MEOHP, and the risk
of endometriosis (619). Similarly, a study of infertile Jap-
anese women did not show an increased risk of endome-
triosis in association with urinary concentrations of
phthalate metabolites (620). However, the sample size in
the Japanese study was small and only included 57 cases
(women with endometriosis) and 80 controls (women
without endometriosis) (620). Furthermore, a cross-sec-
tional study of 1227 women in NHANES did not show an
association between most phthalate metabolites and en-
dometriosis, although MEHP was inversely related to the
odds of having endometriosis combined with leiomyoma
(617).

If phthalates are associated with endometriosis, the
mechanism of action is not clear. One study indicated that
in vitro treatment with DEHP increased the viability of
Ishikawa cells and endometrial stromal cells in serum free
conditions after exposure to hydrogen peroxide (621).
These data suggest that the increased viability may have
led to some aspects of endometriosis (621). Thus, it is
possible that phthalate exposure increased the viability of
cells, a condition that predisposes women to endometri-
osis. Future studies should determine whether this is the
case.

c. Pesticides. In the past 5 years, only a few studies focused
on the association between pesticide exposure and endo-
metriosis. A case-control study of women enrolled in a
large healthcare system in the United States Pacific North-
west showed that serum concentrations of �-HCH and
mirex were positively associated with endometriosis
(622). A study of women aged 18–40 years undergoing
laparoscopy showed a significant association between ar-
omatic fungicides, t-nonachlor, and HCB and an in-
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creased risk of endometriosis (623). Future studies are re-
quired to confirm these findings and to determine the
mechanisms by which pesticides may increase the risk of
endometriosis.

d. Environmental contaminants. Several earlier studies
showed that the environmental contaminant TCDD was
associated with an increased risk of endometriosis in non-
human primates and women (624). Recent studies have
expanded on this work by examining the potential mech-
anisms behind this association. These studies indicated
that TCDD exposure disrupted cannabinoid signaling in
the human endometrium, leading to increased inflamma-
tion in the endometrium (513) and that it inhibited pro-
gesterone responsiveness in humans and animal models
(624). Interestingly, exposing mice to TCDD caused a pro-
gesterone-resistant phenotype in adults that persisted over
multiple generations, suggesting that TCDD exposure had
transgenerational effects on endometriosis (625). Further-
more, recent studies showed that TCDD increased the ex-
pression of thymus-expressed chemokine and promoted
the invasiveness of endometrial stromal cells by increasing
the expression of matrix metalloproteinase-2 and -9,
which in turn may have contributed to the onset and pro-
gression of endometriosis (626). In addition, recent studies
showed that TCDD reduced the expression of CD82 (a
wide-spectrum tumor metastasis suppressor that inhibits
the mobility and invasiveness of cells), and increased the
expression of CCL2-CCR2, which recruited macrophages
and further down-regulated CD82 (627). TCDD, in com-
bination with estradiol, also increased RANTES (C-C
chemokine, regulated on activation, normal T cell ex-
pressed and secreted) in endometriosis-associated cocul-
ture, with the resulting effect of recruiting macrophages,
inhibiting apoptosis, thereby facilitating the progression
of endometriosis (628).

A few additional recent studies indicated that other en-
vironmental contaminants were associated with an in-
creased risk of endometriosis. A case-control study in
Rome showed a positive association between dioxin-like
PCBs and an increased risk of endometriosis (629). Inter-
estingly, a case-control study in Italian women showed
that genetic polymorphisms in glutathione transferase
(GST) modified the association between PCB exposure
and endometriosis (630). Specifically, GSTP1 wild-type
genotype in the presence of medium-high blood levels of
PCB-153 significantly increased the risk of endometriosis.
Furthermore, a recent study showed that total equivalence
and concentrations of dioxins and PCBs were higher in
patients with deep infiltrating endometriosis compared to
controls without endometriosis (631). In contrast, among
patients at a reproductive medicine clinic in Atlanta, Geor-

gia, levels of serum dioxins and PCBs were similar in
women with and without endometriosis (632). In the
ENDO study (633), the POP �-HCH was positively as-
sociated with endometriosis. In a case-control study of
group health enrollees in western Washington (251 cases
and 538 controls), summed and estrogenic PCB concen-
trations were not associated with endometriosis, but
PCB170, PCB201, and PCB196 were all significantly be-
low the null (634). Further studies are required to confirm
these results and to determine why certain environmental
contaminants, but not others, are associated with
endometriosis.

3. Fibroids
Fibroids are benign smooth muscle tumors that develop

in the uterus. They often cause pain and heavy menstru-
ation. In the past 5 years, a few studies examined the link
between EDC exposure and fibroids. Sections 3a through
3e below provide specific examples of EDCs that are as-
sociated with fibroids.

a. Bisphenol A. A few studies examined the associations be-
tween known EDCs and fibroids in women. A case-con-
trol study in China showed that the mean concentrations
and ranges of distribution of BPA, nonylphenol, and oc-
tylphenol were higher in women with fibroids compared
to women without fibroids (635, 636). A case-control
study of 128 patients showed a borderline significant in-
crease in levels of BPA in women with no or mild fibroids
vs women with moderate or severe fibroids (637).

Data from in vitro studies are consistent with those
from human studies. One study showed that BPA pro-
moted growth of primary cultures of human uterine fi-
broid cells (638). Another study showed that BPA en-
hanced cell proliferation and colony-forming efficiency in
human uterine myoma mesenchymal stem cells (639). Al-
though the current epidemiological and in vitro studies are
consistent, future studies need to confirm these results.

b. Phthalates. Several recent studies focused on whether
phthalate exposures were associated with fibroids in
women. A cross-sectional study of 1227 women in
NHANES showed a positive association between MBP
and an increased risk of fibroids, but MEHP, MEHHP,
and MEOHP were inversely associated with fibroids
(617). Similarly, women with fibroids had significantly
higher levels of total urinary MEHP; and women with the
GSTM1 null genotype who have been exposed to MEHP
had an even higher risk of fibroids, indicating that both
GSTM1 null genotype and phthalate exposure are asso-
ciated with fibroids (616). Although these studies provide
important information, the findings need to be confirmed
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and expanded to include assessment of the association
between other phthalates and endometriosis.

c. Pesticides. Limited information is available on pesticide
exposure and uterine fibroids. In one study, fenvalerate
stimulated the growth of uterine fibroid cells by enhancing
cell cycle progression and inhibiting apoptosis through an
ER-independent pathway (640). Furthermore, fenvaler-
ate-induced cell proliferation required the down-regula-
tion of p27 (641). Given the limited amount of informa-
tion on pesticides and fibroids, future studies should be
designed to examine pesticides and fibroids in epidemio-
logical and experimental studies.

d. Diethylstilbestrol. A few recent studies confirmed the
known association between DES exposure and fibroids. In
the Sister Study, in utero exposure to DES was positively
associated with early-onset fibroids (642, 643). Similarly,
in the Nurses’ Health Study II, prenatal DES exposure was
associated with uterine fibroids, with the strongest risk
being for women exposed to DES in the first trimester
(644). Given the consistency in findings, future studies
should be focused on determining the mechanism by
which DES exposure increases the risk of fibroids.

e. Environmental contaminants. Only a few epidemiological
studies examined the association between environmental
contaminants and fibroids. In a cohort study of women
undergoing laparoscopy or laparotomy at 14 hospital cen-
ters, PCB levels were positively associated with fibroids in
the absence of other gynecological disorders (645). In the
Great Lakes Fish Consumption Study, years of sport fish-
ing were associated with an increased risk of fibroids
(646). Future studies should confirm these findings as well
as examine the mechanisms underlying the association be-
tween environmental contaminant exposure and fibroids.

H. Pregnancy and birth

1. Preterm birth

a. Bisphenol A. Studies on the link between BPA exposure
and preterm birth produced equivocal results (344). A
nested case-control study of 60 pregnant women showed
a positive association between urinary BPA concentration
and preterm birth (647). In contrast, several experimental
studies showed that BPA did not alter gestation length in
gestationally and neonatally exposed mice (648), adult
exposed mice (573), or gestationally and neonatally ex-
posed Sprague-Dawley rats (649). Given the equivocal na-
ture of the findings, future studies are needed to determine
whether BPA exposure is associated with premature birth.

b. Phthalates. The data on phthalate exposure and preterm
birth are also equivocal. In a pregnancy cohort study of
283 women from California, Iowa, Minnesota, and Mis-
souri, women at the 75th percentile of DEHP metabolite
concentrations had a 2-day longer mean length of gesta-
tion than women at the 25th percentile (650). Further-
more, MEHP and MEOHP concentrations were associ-
ated with increased odds of delivering at 41 weeks or later
and reduced odds of preterm delivery, suggesting that
DEHP exposure may interfere with the timing of parturi-
tion (650). In contrast, in a large Mexican birth cohort
study, urinary levels of MBP and MBzP were associated
with preterm birth (651). Similarly, in a study of 311 Af-
rican American or Dominican women from New York
City, urinary MEHP levels were associated with shorter
gestational age, on average 5 days less among women with
the highest vs lowest quartile concentrations of MEHP
(652). Interestingly, the results were similar for other
DEHP metabolites (652). Furthermore, in a nested case-
control study in Massachusetts, MEHP, mono-(2-ethyl-
5-carboxypentyl) phthalate (MECPP), and total DEHP
metabolites were associated with increased odds of pre-
term birth (653). MEHP, MECPP, MBP, mono-93-car-
boxypropyl phthalate, and total DEHP metabolites were
associated with increased odds of prematurity (653).

The potential mechanisms by which phthalates may
affect preterm birth are unknown. It is possible that phtha-
late exposure might affect placental function, and altered
placental function may increase the risk of preterm birth.
This possibility is supported by studies that indicate that
gestational phthalate exposures in humans are associated
with decreased expression of genes required for tropho-
blast differentiation and placenta steroidogenesis (654).
Given the equivocal epidemiological findings, future stud-
ies should examine the reasons for discrepancies among
studies. If phthalate exposure is associated with preterm
birth, future studies should examine the underlying
mechanism.

c. Pesticides. Several previous studies indicate that pesticide
exposure is associated with an increased risk of preterm
birth in humans (655, 656), and studies conducted in the
past 5 years confirm these previous findings. In a case-
control study of 156 women with preterm birth and 151
women without preterm birth, women with preterm de-
livery had significantly higher levels of HCH, �-HCH, and
p’p’-DDE (657). Furthermore, the presence of polymor-
phisms in CYP1A1m2 and GSTM1 null genotypes mag-
nified the risk of preterm birth, suggesting a gene-envi-
ronment interaction in pregnant women (657). Similarly,
a review of Kentucky birth certificate data for 2004–2006
and ATR levels in public drinking water for 2000–2008
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showed increased odds of preterm birth for women living
in the counties with the highest ATR exposure (658). In
addition, chlordecone concentration was associated with
decreased risk of length of gestation and an increased risk
of preterm birth in a study of 818 women in Guadeloupe
(659), and pesticide consumption per capita was associ-
ated with premature birth in Brazil (660).

In contrast, not all studies indicate that pesticide expo-
sure is associated with preterm birth. A study of 1568
mother-child pairs in three Spanish areas did not show an
association between prenatal exposure to hexachloroben-
zene and preterm birth (661). Similarly, a retrospective
cohort study in Indiana did not find an association be-
tween ATR exposure and preterm birth, although ATR is
associated with a small-for-gestational age condition
(662). The mechanisms by which pesticides may increase
the risk of preterm birth are unclear. However, chlorpyr-
ifos modifies genes relevant for placenta function (eg,
ABCG2 [ATP-binding cassette, subfamily G], GCM1
[glial cells missing homolog 1], and �hCG [human chori-
onic gonadotropin]) in JEG-3 cells (663), and thus, it is
possible that the gene modifications affect placental func-
tion. Future studies should determine the reasons for dis-
crepancies among existing studies and determine whether
andhowunexaminedpesticides andpesticidemixtures are
associated with preterm birth.

d. Environmental contaminants. Limited recent information
has been published on environmental contaminants and
preterm birth in humans. Experimental studies, however,
indicate that TCDD exposure caused premature birth in
F1 mice as well as in three subsequent generations (664).
It is thought that TCDD exposure increased sensitivity to
inflammation, which further negatively impacted gesta-
tion length (664). This is supported by studies using sec-
ond trimester placental explants, in which TCDD expo-
sure shifted immunity to a proinflammatory phenotype at
the maternal-fetal interface that could increase the risk of
infection-mediated preterm birth (665). It is also sup-
ported by studies showing that developmental TCDD ex-
posure was associated with preterm birth in a subsequent
adult pregnancy and that this was due to altered PR ex-
pression and inflammation in the placenta (666). It will be
important for future studies to determine whether envi-
ronmental contaminants have similar effects in humans
and whether other unexamined environmental contami-
nants are associated with preterm birth.

2. Pregnancy and birth outcomes
a. Bisphenol A. Studies show that BPA exposure increased
the risk of adverse birth outcomes in humans (667). In a
study of 72 pregnant women, urinary BPA levels were

associated with a 1.1-day decrease in gestation length in
males, but not females (349). In a multicenter birth cohort
study of mothers and children in Korea, prenatal exposure
to BPA was associated with increased birth weight and
length, particularly in male neonates (543). In the Gener-
ation R study in The Netherlands, however, prenatal BPA
exposure was associated with reduced fetal weight and
head circumference (668). Future studies are required to
understand the mechanism underlying the association be-
tween BPA exposure and adverse birth outcomes.

b. Phthalates. In some studies, phthalate exposure was as-
sociated with an increased risk of adverse birth outcomes
in humans. In the Generation R study of pregnant women
participating in a prospective cohort study in The Neth-
erlands, maternal phthalate exposure was associated with
an increased time-to-pregnancy (669) as well as impaired
fetal growth during pregnancy and decreased placental
weight (670). In a study of 72 pregnant women, urinary
MEHHP was associated with a 4.2-day decrease in ges-
tation (349). Interestingly, the decreases in gestation time
were only observed in males, suggesting sex-specific alter-
ations during the initiation of labor (349). In 111 pregnant
Japanese women, maternal urinary MEHP levels were
negatively associated with anogenital distance (AGD) in
male offspring (671). In contrast, amniotic fluid levels of
MBP were negatively associated with AGD in female off-
spring (672).

Not all studies, however, indicated an association be-
tween phthalate exposure and adverse birth outcomes in
humans. In a case-control study nested in a French mother-
child cohort study, phthalates were not associated with
birth weight (673) although urinary concentrations of
DCP and 2,5-DCP were associated with decreased birth
weight in males, and urinary levels of benzophenone were
positively associated with birth weight and head circum-
ference (673). Similarly, in a study of 149 pregnant Jap-
anese women, urinary levels of phthalate esters were not
associated with birth outcomes; however, urinary levels of
1-hydroxypyrene, a polyaromatic hydrocarbon metabo-
lite, were negatively correlated with birth weight, birth
length, and head circumference (674).

Data from animal studies indicate that phthalate ex-
posure caused adverse birth outcomes. Gestational expo-
sure to DEHP (500 mg/kg/d) caused complete pregnancy
failure in mice (675) and decreased fetal quality and
weight in rats (676). DEHP exposure at 3000 mg/kg be-
fore mating until G7 decreased pregnancy rate, but lower
doses did not impact fertility or early embryonic develop-
ment in rats (677). Furthermore, exposure to DEHP from
G12 to P21 restricted growth and delayed lung maturation
in newborn rats (678). Similarly, gestational exposure to
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DBP significantly increased fetal weight in female rats
(679). It is important to point out that these were high-
dose studies. Future studies should determine the reasons
for discrepancies among epidemiological studies and de-
termine the mechanism by which phthalates cause adverse
birth outcomes in animal models.

c. Pesticides. Pesticide exposure has been associated with
adverse effects on pregnancy/birth outcomes in epidemi-
ological studies. In a search on occupational exposure to
chemicals and time to pregnancy, pesticide exposure was
associated with an increased time to pregnancy (670). In
442 participants in the Center for Health Assessment of
Mothers and Children of Salinas (CHAMACOS), high
methyl bromide use within 5 km of the home during the
second trimester of pregnancy was negatively associated
with birth weight, birth length, and head circumference;
similar associations exist between methyl bromide use
during the second trimester (680). Interestingly, infants
with the paraoxonase 1 (PON1) genotype (-108TT), a low
enzyme activity phenotype, were more susceptible to or-
ganochlorine pesticide exposure effects on fetal growth
and length of gestation compared to infants without the
low enzyme activity phenotype (681). In a cohort study of
11 446 women-neonate pairs in France, levels of ATR
metabolites and nitrates were significantly associated with
infants being small for gestational age (682). In the Agri-
cultural Health Study, a large study of 2246 farm women,
“ever use” of the pesticide carbaryl was associated with
decreased birth weight (683). In a case-cohort study nested
in a prospective birth cohort of 579 pregnant women in
France, the presence of ATR was associated with fetal
growth restriction and small head circumference for sex
and gestational age, but not with any congenital abnor-
malities. Furthermore, head circumference was inversely
associated with presence of urinary metolachlor (684). In
a study of 150 women who underwent an elective cesarean
delivery at term in New Jersey, high metolachlor concen-
trations in cord blood were significantly associated with
birth weight, and increasing cord dichloran concentra-
tions were associated with an increase in abdominal cir-
cumference (685). In a cross-sectional pilot study in
women from Mexico, pesticide exposure was associated
with higher placental maturity, which may potentially af-
fect nutrient transport from the mother to the fetus (686).

Some of these associations between pesticide exposure
and birth outcomes may be sex-dependent. In 187 healthy
pregnant women in Shanghai, China, urinary diethyl
phosphate levels were associated with a decrease in ges-
tational duration in girls, but not boys (687). Further-
more, some of the associations between pesticide exposure

and preterm birth may be due to oxidative stress and in-
flammation. Organochlorine pesticide levels were associ-
ated with preterm delivery and increased oxidative stress
in a small study of 30 women with preterm delivery and 30
women without preterm delivery (688), and environmen-
tal pesticide exposure increased the frequency of the anti-
inflammatory cytokine IL-13 in the placenta, which may
lead to up-regulation of enzymes implicated in tissue re-
pair (689). In addition, in a study of 50 women delivering
babies with low birth weight and 50 women delivering
babies with normal birth weight, levels of �HCH and total
HCH and oxidative stress markers were observed in
women with low birth weight babies compared to controls
(690).

Data from animal studies confirm the association be-
tween pesticide exposure and numerous adverse preg-
nancy outcomes in women. Collectively, these studies
showed that p,’p-DDT levels in adipose tissue were sig-
nificantly related to birth length (691), and that p,p’-DDE
concentrations were also significantly associated with de-
creased birth weight and shortened gestational age (692).
An in utero study showed that low exposure to DDT was
negatively correlated with head circumference, crown-
heel length, and birth weight, (independent of gestational
age and/or preterm birth) (693). Furthermore, synthetic
insecticides (XenTari and deltamethrin) reduced implan-
tation sites in pregnant rats (694). In sheep, MXC expo-
sure from G30 to G90 caused low birth weight offspring
that were hypergonadotropic during early postnatal life
and had severely dampened preovulatory surges (695).
Additional studies are needed to determine whether other
pesticides cause adverse birth outcomes and to fully un-
derstand the underlying mechanism by which pesticides
cause adverse birth outcomes.

d. Perfluorooctanoic acid. A few studies indicate that PFOA
exposure may be associated with adverse pregnancy out-
comes in humans. Data collected in 2005–2006 demon-
strated that serum PFOA and the related compound PFOS
were associated with pregnancy-induced hypertension in
a group of over 1300 women. Furthermore, a recent meta-
analysis of both human and rodent data demonstrated
that PFOA exposure was associated with a decrease in
mean birth weight of �0.023 g (95% confidence interval
[CI], �0.029, �0.016) per 1-unit increase in dose (mg/kg
body weight/d) in rodents and was associated with a
�18.9 g (95% CI, �29.8, �7.9) difference in birth weight
in humans (696–698). These findings should be con-
firmed in future studies. Furthermore, experimental stud-
ies should be designed to determine the mechanisms by
which PFOA causes adverse pregnancy outcomes.
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e. Environmental contaminants. Epidemiological studies in-
dicate that environmental contaminant exposure is asso-
ciated with adverse birth outcomes. In a prospective
cohort study of 514 pregnant women, significant associ-
ations between PCBs and birth weight were found for
male, but not female infants (699). A study of 3421 preg-
nant women reported that time to pregnancy increased
with increasing levels of PCBs (700). Furthermore, re-
duced fecundity was associated with levels of p,p’-DDE,
total PCBs, and PCB153 and PCB187 (700). In the Seveso
Women’s Health Study, every 10-fold increase in serum
levels of TCDD was associated with a 25% increase in
time to pregnancy and almost a doubling in the odds of
infertility (151). In a study of Japanese mothers living in
the coastal areas of Japan, concentrations of PCDDs and
dibenzofurans in breast milk were inversely correlated
with newborn length, and TCDD was negatively corre-
lated with newborn head circumference, even after adjust-
ment for gestational age, infant birth weight, and other
confounders (701). A mother-child cohort study in Greece
(1117 mothers and newborns) showed that birth weight
was negatively associated with increasing levels of HCB
and PCBs and reported small negative associations be-
tween POPs and head circumference, but not gestational
age (702). In the Hokkaido Study on Environment and
Children’s Health, an ongoing cohort study in Japan
(large-scale cohort � 20 940; Sapporo cohort � 514),
PCDF and PCDD exposures were negatively associated
with birth weight and infant development, with males be-
ing more susceptible than females (308). In a study of 248
pregnant Inuit women, cord blood concentrations of
PCB153, HCB, and mercury were significantly associated
with shorter duration pregnancy (703). Finally, a meta-
analysis of 12 European birth cohorts reported that in-
creasing concentrations of PCB153 were associated with
decreased birth weight (704).

There are exceptions to those studies demonstrating an
association between environmental contaminant expo-
sure and adverse birth outcomes. For example, in the
Seveso Women’s Health Study, a retrospective cohort
study of TCDD exposure and reproductive health, serum
TCDD was not significantly associated with spontaneous
abortion fetal growth, gestation length, or birth weight
(705).

Animal studies are consistent with epidemiological
studies indicating that environmental contaminant expo-
sure is associated with adverse birth outcomes. Several
such studies indicated that exposure to environmental
contaminants adversely affects birth outcomes. In rats,
TCDD exposure caused aberrations in cytokinesis in two-
cell embryos and morulas (706). In a three-generation ex-
periment in mice, TCDD exposure significantly reduced

pup survival in the F2 and F3 generation (466). Further
studies are required to determine how TCDD affects the
survival of pups in the F2 and F3 generations.

I. Conclusions
During the past 5 years, several studies examined the

effects of EDCs on the female reproductive system. Col-
lectively, these studies consistently show that: 1) plasti-
cizers, the pesticide MXC, and TCDD impair ovarian de-
velopment by interfering with germ cell nest breakdown
and follicle formation; 2) pesticides and plasticizers affect
postnatal ovarian structure and function in animal models
by decreasing ovarian weight, inhibiting follicle growth,
and/or increasing atresia/apoptosis; and 3) pesticides,
phthalates, BPA, and environmental contaminants impair
ovarian steroidogenesis in animal models and women. Al-
though the data are not always consistent between exper-
imental and epidemiological studies, they suggest that
EDCs may adversely affect the structure and/or function
of the uterus, vagina, and anterior pituitary, and that they
may be associated with abnormal puberty, irregular cy-
clicity, reduced fertility, infertility, PCOS, endometriosis,
fibroids, preterm birth, and adverse birth outcomes. It is
important to note, however, that limited data are available
on the effects and associations of EDCs and human re-
productive outcomes. Furthermore, limited information is
available to explain the inconsistencies in results among
studies and to understand the mechanisms by which EDCs
adversely affect female reproduction. In addition, many
potential EDCs have not been studied at all in experimen-
tal or epidemiological studies. Thus, there is a real need for
future studies to focus on the effects and mechanisms by
which EDCs affect female reproductive outcomes in both
experimental and epidemiological studies.

IV. Male Reproductive Health

A. Introduction
The EDC field has a decades-long history in the area of

male reproductive health due to long-standing concerns
regarding how chemicals affect reproduction in wildlife
and humans (707, 708). Furthermore, the DES experience
pointed to the possibility that pharmaceutical estrogens,
and potentially environmental estrogens, can affect not
only female but also male reproductive health (709). This
discovery spurred a comprehensive assessment on how
hormone exposure affected human health (710), eventu-
ally leading to an understanding and more mechanistic
evidence that EDCs, especially those that are antiandro-
genic, play key roles in the development and maintenance
of male health (711). This section focuses primarily on the
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literature in humans, with briefer summaries of animal
studies. Therefore, in providing background on male re-
productive development, the life stages and ages refer to
humans.

B. Male sexual development, and Nature’s experiments
Normal development of the male gonads begins early in

embryogenesis, with the differentiation of the testis from
a bipotential gonad. The internal sex organs arise as a
consequence of the maintenance of the mesonephric ducts
(or Wolffian ducts) and the regression of the parameso-
nephric (or Müllerian ducts) due to the testicular hor-
mones testosterone and anti-Müllerian hormone, respec-
tively. The development of external genitalia, scrotum,
and testicular descent are under the control of several ge-
netic and hormonal pathways. Testosterone and its me-
tabolite dihydrotestosterone drive the masculinization of
the external genitalia. Testicular insulin-like peptide 3 is
also necessary for testicular descent. Timing of the hor-
mone action is important. In humans, normal androgen
action during gestational weeks 8–15 is critical for normal
development of the genitalia; penile malformations arise
at this time window, whereas development of sperm pro-
duction capacity occurs in a much broader time window
that continues to puberty. In rodents, the early androgen-
dependent developmental phase is called the male pro-

gramming window, which occurs at E13–E17 (712). An-
other sex-specific indicator of androgen action in fetal life
is AGD, which is larger in males than females beginning in
fetal life through adulthood (713). In males, the onset of
puberty is androgen-driven, with regulation occurring at
the hypothalamic level via neurons secreting kisspeptin
that starts the regulatory cascade via GnRH neurons to the
pituitary gland and from there to the testis. Testicular
growth is the hallmark of the onset of puberty, but it is
difficult to monitor without physical measurements;
therefore studies on the timing of male puberty in humans
are less frequent than those in females. Furthermore, find-
ings on the effects of endocrine disruptors on the timing of
male puberty have been rather limited, and consistent
findings have only been reported for lead exposure, which
is associated with delayed puberty (for review, see Ref.
714).

Natural mutations or hormonal abnormalities have been
extremely informative in helping us better understand the
consequencesofdisturbances in thedevelopmentalprocesses
described above, including their consequences on male re-
productive organs. Genetic mutations affecting androgen
production or action cause testicular dysgenesis syndrome
(TDS), including cryptorchidism, hypospadias, impaired se-
men quality, and markedly increased risk of testicular cancer
(715). The mutations encompass a large number of genes,

including those that encode
ARs, key steroidogenic en-
zymes, and regulatory tran-
scription factors. Although
defects in these genes cause
TDS, there isanothergroupof
genes associated with an in-
creased risk for TDS, such as
Kit-ligand, BMP7, and
TGFbR3 (716). Despite this
knowledge, attempts to find a
geneticbasisofTDSoutcomes
have largely failed,andwecan
onlygivemoleculargeneticdi-
agnoses for a small minority
of cases. It seems likely that all
components of TDS have a
multifactorial etiology, and
environmental factors play an
important role.

Considering the impor-
tance of normal androgen
action in male reproductive
development and function, it
is not surprising that chemi-
cal compounds that disrupt

Box 2. Key Points: Female Reproduction
� The female reproductive system is complex and requires proper structure and

function of many organs, including the ovary, uterus, vagina, and anterior pi-
tuitary. EDCs have the potential to interfere with female reproduction by ad-
versely affecting the structure and/or function of female reproductive organs.

� Studies consistently show that some EDCs impair key processes in ovarian de-
velopment (germ cell nest breakdown and follicle formation) in animal models;
adversely affect the structure and function of the postnatal ovary by inhibiting
follicle growth and/or increasing atresia/apoptosis in animal models; and dis-
rupt steroid hormone levels in animals and women.

� Although the data are not always consistent between experimental and epide-
miological studies, they suggest that some EDCs may adversely affect the struc-
ture and/or function of the uterus, vagina, and anterior pituitary. Some EDCs are
also associated with abnormal puberty, irregular cyclicity, reduced fertility, in-
fertility, PCOS, endometriosis, fibroids, preterm birth, and adverse birth
outcomes.

� Limited information is available to explain the inconsistencies in findings among
studies and to explain the mechanisms by which EDCs adversely affect female
reproduction. Thus, more research is needed in this area.

� Many potential EDCs have not been studied at all in experimental or epidemi-
ological studies. Thus, there is a real need for future studies to focus on the effects
and mechanisms by which EDCs affect female reproductive outcomes in both
experimental and epidemiological studies.
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androgen production or action can cause TDS symptoms
such as hypospadias, cryptorchidism, and impaired sper-
matogenesis in experimental animals. Although there are
no animal models for human testicular germ cell cancer
(TGCC), antiandrogenic compounds do cause structural
alterations in the testis resembling the abnormalities seen
in human testicular cancer (711). Animal models show
that antiandrogens can act in a dose-additive manner,
which has challenged the current no adverse effect levels
because the adverse outcomes have appeared when the
animals have been exposed to a combination of chemicals
far below their individual NOAELs (717–719). In addi-
tion to antiandrogens, estrogens and dioxins cause similar
effects, via their cognate ERs and AhRs, respectively. The
balance between these hormone-receptor pathways is also
important, beyond the individual roles of each hormonal
system. Because the bulk of studies have focused on anti-
androgens, these are currently the main focus of EDC re-
search in male reproduction.

C. Hypospadias
Hypospadias is a condition in which the urethral folds

do not fuse properly, and the urethra is exteriorized on the
ventral side rather than the tip of the penis. The incidence
of hypospadias varies regionally, and temporal increases
in the number of cases have been reported in several coun-
tries over different time periods (720). These epidemio-
logical variations may reflect environmental influences,
but surprisingly few studies have evaluated the role of
environmental chemicals in hypospadias. Case-control
studies of hypospadias are challenging because the mal-
formation is rare and its severity is variable. Therefore, the
number of subjects is small in most of the studies, many of
which are not adequately statistically powered to enable
the detection of significant associations.

1. Pesticides, PCBs, phthalates, and other
industrial exposures
a. Humans. One meta-analysis suggested an association be-
tween an increased risk of hypospadias in sons of parents
exposed to pesticides (721). Exposure was assessed by an
evaluation of medical charts, parental interviews, occu-
pation, job exposure matrix, or linkage of agricultural
census and birth records. Pooled risk ratios were 1.36
(95% CI, 1.04–1.77) and 1.19 (95% CI, 1.00–1.41) for
maternal and paternal exposures, respectively (721). Be-
cause these pesticides represented a number of chemicals,
it is not clear which ones may be linked to hypospadias.

Later studies using the job exposure matrix (a list of
levels of exposure to a variety of harmful [or potentially
harmful] agents for selected occupational titles) as a proxy
for pesticide exposure did not show significant associa-

tions with hypospadias (722, 723), but they suggested a
link to heavy metals or maternal exposure to any EDC
(724). A similar relationship was also found in a small
Italian study (725). However, there are caveats to this
work because exposure assessments in the absence of mea-
surements of chemical exposure leave a lot of uncertainty
and can cause inconsistencies (726).

In the Collaborative Perinatal Project (CPP) conducted
in the United States in the 1950s and 1960s, maternal
serum samples were collected during pregnancy and an-
alyzed for several chemicals. The children of these mothers
were examined several times during childhood until the
age of 7 years (727–730). Results indicated an increased
odds ratio for hypospadias for the sum of some PCBs, but
no linear association with PCB levels was reported (730).
Results also did not indicate any statistically significant
associations between hypospadias and chlordane-related
contaminants, DDE, �-HCH, or other pesticides (727–
730). A similar study using maternal serum samples from
the 1950s and 1960s and assessing hypospadias from
medical records did not find an association between hy-
pospadias and levels of DDT or DDE during pregnancy
(731). A more recent study that recruited families between
2005 and 2007 reported an association between an in-
creased risk of hypospadias and above-median levels of
HCB in primiparous women several weeks after delivery
(724). A small questionnaire-based study found no asso-
ciation between the rate of hypospadias in offspring and
levels of polybrominated biphenyl (PBB)-153 in mothers’
serum at the time of conception (732). Similarly, another
study reported no significant associations between hypos-
padias and midpregnancy serum levels of PCBs, PBDEs,
HCB, DDT, or DDE (733). A common problem in the
studies of hypospadias is the small number of cases, as
indicated earlier, and therefore the statistical power to
detect any significant associations is very limited. This is
less of an issue in cryptorchidism studies, discussed next,
because undescended testicles are fairly common.

b. Animal studies. In animal studies, hypospadias is a com-
mon outcome in male pups that have been exposed to
antiandrogens in utero. Table 5 lists some of the chemicals
causing hypospadias in experimental animals. Some of the
chemicals inhibit testosterone production (eg, phthalate
esters [BBP, DBP, DEHP, DINP]), whereas others block
the androgen receptor (AR) (eg, the pesticide DDE, and
fungicides vinclozolin and procymidone). Despite their
dissimilar mechanism of action, these chemicals act in a
dose-additive manner, with increased likelihood of ad-
verse effects of low doses of individual chemicals in the
mixture (734, 735).
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Table 5. Effects of EDCs Observed in Reproductive System of Male Animals

EDC Observation Ref.

Alkyl phenol ethoxylates (p-tert-octylphenol,

p-nonylphenol)

Reduction in testis weight, decreased seminiferous tubule diameter 1283
Increased testis weight, reduction in epithelial height of the efferent ducts 1284
Decreased testis weight 1283, 1285
Decreased epididymal weight, decreased total cauda epididymal sperm count 1285

BPA Reduced sperm count 110
DDE Nipple retention 1262, 1286, 1287

Hypospadias 1286
Reduced accessory sex organ weights 1262, 1286, 1288
Reduced AGD 1262, 1287
Delayed preputial separation 1262
Abnormally small penis, poorly organized testis, decreased plasma testosterone levels 1289

DES Sterility, epididymal cysts, cryptorchidism, testicular lesions, inflammatory disease of the accessory sex glands,

reduction in the number of spermatogonia with multinucleate cells in lumina of testis, nodular

enlargements of the seminal vesicles and/or prostate

1290

Reduction in testis weight 1284, 1291, 1292
Distension and overgrowth of the rete testis 1284, 1292, 1293
Distension and reduction in epithelial height of the efferent ducts 1284
Underdevelopment of the epididymal duct epithelium, convolution of the extra-epididymal vas; decreased AR

expression in testis, epithelium of the rete testis, caput and cauda epididymis, and vas deferens

1292

Reduction in epithelial height in the vas deferens 1292, 1293
Decreased testosterone levels 1293, 1294
Increased gonadotropin levels, increased pubertal FSH levels 1294
Decreased pituitary response to GnRH 1295

Dicarboximide fungicides (vinclozolin,

procymidone, prochloraz)

Hypospadias 1286, 1288, 1296, 1297
Cleft phallus 1288, 1296
Reduced AGD 734, 981, 1286, 1296–1299
Decreased testis weight 1297, 1298
Cryptorchidism 1296, 1297, 1300
Increased number of apoptotic germ cells in testis, reduced elongated spermatid content per testis 981
Nipple retention 1286, 1296, 1299, 1300
Reduced accessory sex organ weights 981, 1286, 1296, 1298, 1300
Glandular atrophy and chronic inflammation of prostate 981, 1297, 1300
Reduced secretion and chronic inflammation of seminal vesicles, chronic inflammation of epididymis,

spermatogenic granuloma

1297

Epididymal granulomas 1296, 1300
Agenesis of prostate, decreased fertility, decreased testosterone levels 1296
Decreased sperm number and daily sperm production 1286, 1296, 1298
Increased sperm head abnormalities 1298
Low ejaculated sperm count 1286
Abnormal morphology of seminiferous tubules 1296, 1298
Reduction of erections during the ex copula penile reflex test, increase in seminal emissions during the ex

copula penile reflex tests

1301

Dioxins Reduced accessory sex organ weights 808, 1302–1304
Decreased testis weight, altered sex behavior, decreased daily sperm production, dose-related tendency for

decreased plasma testosterone and DHT

1302

Reduced AGD 808, 1302–1304
Epididymal malformations 808, 1304
Decreased sperm numbers 808, 1302, 1304

Herbicides (linuron) Nipple retention 1160, 1286, 1305
Reduced accessory sex organ weights, delayed preputial separation, decreased testis weight, reduced

spermatid number, decreased AGD

1286

Decreased AGD 1160, 1286, 1305
Epispadias 1286
Testicular and epididymal malformations 1286
Delayed preputial separation 1306
Decreased weight of ventral prostate 1306
Decreased testosterone level 735
Reduced sperm count 735

Paracetamol Decreased AGD 744
PCBs 77, 118, 126, 132 Reduced accessory sex organ weights 1286, 1307, 1308

Decreased testis weight 1286, 1308
Increased testis weight, increased epididymis weight, reduced AGD, increased daily sperm production,

altered sex behavior

1307

Increased AGD, increased number of abnormal sperm 1308
Delay in onset of spermatogenesis, preputial separation, and sex accessory growth 1286

Decreased sperm number and total motile

sperm count

1286, 1308

Phthalate esters (DEHP, BBP, DINP, DBP) Nipple retention 1286, 1309–1313
Decreased testis weight 718, 1300, 1311–1315
Reduced AGD 718, 1286, 1309–1313
Cryptorchidism 718, 1286, 1311–1313, 1315
Reduced accessory sex organ weights 1286, 1309, 1311–1313, 1315
Lesion of the rete testis 1309
Hemorrhagic testis 1286, 1311
Cleft phallus and hypospadias 1286, 1309, 1311–1313
Multinucleated gonocytes, agenesis of bulbourethral glands and gubernacular cords 1311

(Continued)
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D. Cryptorchidism
Cryptorchidism is the failure of the testis to fully de-

scend to the bottom of the scrotum. The incidence of con-
genital cryptorchidism in full-term boys varies between 1
and 9% in different countries, whereas the frequency is
consistently higher in preterm boys and correlates nega-
tively to gestational age (736). In countries where pro-
spective clinical studies with well-documented diagnostic
criteria have been performed, the incidence of cryp-
torchidism has increased from 1–3% in the late 1950s to
7–9% in the 2000s (720).

During the last 20 years, it has become evident that in
addition to congenital cryptorchidism, many boys acquire
cryptorchidism during childhood, when one or both testes
ascend to an abnormal position. The frequency of this
condition varies greatly. In a clinical follow-up study in
England, the cumulative incidence at 2 years of age was
7% (737). In epidemiological studies, particularly those
based on registry data, congenital and acquired cryp-
torchidism are not separated, although their etiology may
be very different.

Cryptorchidism shows familial clustering, which may
be the result of either genetic or environmental factors.
Studies have also reported similar concordance of cryp-
torchidism in heterozygotic and monozygotic twins, sug-
gesting that the shared fetal milieu might play a role (738).
There are several known risk factors for cryptorchidism,
including small for gestational age; gestational diabetes in
the mother; and maternal alcohol, acetaminophen, to-
bacco, or nicotine substitute use during pregnancy (739–
744). The roles of alcohol, smoking, and painkillers have
remained somewhat controversial because of conflicting
results. It is also difficult to discern individual effects, be-
cause these substances are often used together.

1. Pesticides
a. Humans. Several studies have explored the association
between cryptorchidism and pesticide exposure. Adipose
tissue from cryptorchid boys undergoing orchiopexy had
higher levels of heptachloroepoxide and HCB than con-

trols, whereas there were no differences for PCBs (745). A
number of case-control studies have reported on EDCs in
peripheral serum, cord blood serum, placenta, and moth-
er’s milk. A Finnish-Danish study reported higher levels of
eight chlorinated pesticides in breast milk of cryptorchid
compared to noncryptorchid boys (746). The US CPP
study (described above) reported negative associations
between cryptorchidism and p,p’DDE, p,p’DDT, hepta-
chloroepoxide, HCB, and chlordane-related pesticides,
whereas �-HCH (in concentration percentiles between 50
and 90) showed a positive association (727–730). Cali-
fornia children in the two higher quartiles of DDT expo-
sure (measured from maternal pregnancy serum) had a
higher incidence of cryptorchidism, whereas the study
found no significant association with DDE (731). A Span-
ish study that assessed total estrogenic burden in placenta
samples linked cryptorchidism with xenoestrogen expo-
sure and associated detectable levels of lindane and mirex
with higher cryptorchidism risk (747).

2. Flame retardants, PCBs, DDT, and dioxin
a. Humans. Flame retardants, PCBs, DDT, and dioxin have
been assessed for their relationships with cryptorchidism.
The US CPP found no association between PCBs and cryp-
torchidism (730). In a Finnish-Danish study, PCBs and
PBDEs were measured in mother’s milk and placenta (56,
57). The concentration of these chemicals in placenta did
not show any positive association with cryptorchidism,
but the Danish cryptorchid boys were exposed to signif-
icantly lower levels of PCBs in breast milk compared to
controls (748), whereas the level of PBDEs in breast milk
was higher in the cryptorchid group vs controls (749). A
small study (nine cases, 450 controls) reported no associ-
ation between maternal serum levels of PBB-153 at the
time of conception and cryptorchidism (732).

Dioxin levels in breast milk were associated with an
increased risk of cryptorchidism in Danish boys (750),
whereas placental levels had no such association (748).
Dibutyltin concentrations in placenta were associated

Table 5. Continued

EDC Observation Ref.

Agenesis of the seminal vesicles and coagulating glands 1311, 1313
Agenesis of epididymis and vas deferens 1286, 1312, 1313
Histopathological changes of testis 718, 1309, 1312–1315
Delayed preputial separation 1286, 1312
Reduced fertility and fecundity 1286
Reduced daily sperm production, increased serum testosterone levels 1315
Reduced testicular testosterone levels 1310, 1314
Reduced serum inhibin B levels, increased plasma LH levels 1310

Tributyltin Increased AGD 1316
Reduced number of Sertoli cells and gonocytes in fetal testis 1317

Abbreviation: DHT, dihydrotestosterone. [Updated from J. Toppari et al: Endocrine Disrupters and Child Health. Possible Developmental Early Effects of Endocrine
Disrupters on Child Health. World Health Organization, Geneva, Switzerland, 2012 (1318), with permission.]
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with an increased incidence of cryptorchidism in Danish
boys, whereas there was an opposite association with
dibutyltin in Finnish boys (751). Cord blood levels of per-
fluorinated compounds were not associated with cryp-
torchidism in the Finnish-Danish study when the Finnish
and Danish children were combined into one group, but in
Finnish children the level of PFOA was negatively corre-
lated to the risk of cryptorchidism (752).

A French case-control study on cryptorchidism mea-
sured concentrations of DDE, PCBs, DBP, and MBP in
colostrum and cord blood (753). The boys in the high-
exposure group (based on combined exposure to DDE and
PCBs) had a higher risk of cryptorchidism than boys in the
lower exposure group. A similar tendency was found for
MBP. A US study that examined testicular position at the
mean age of 12.8 months reported an association between
levels of maternal urinary MEHP and incomplete testes
descent (754). Maternal urinary levels of five phthalate
metabolites were also associated negatively with AGD,
suggesting an antiandrogenic effect (754). The Finnish-
Danish study reported an association between phthalate
levels in mother’s milk and serum testosterone and LH
concentrations at 3 months of age in boys, although there
was no direct association between cryptorchidism and
milk phthalate levels (755). High phthalate exposure was
associated with a decline in free testosterone and an in-
crease in LH concentration, again suggesting an antian-
drogenic effect (755).

b. Animal studies. Experimental animal studies (Table 5)
show that exposures to antiandrogenic EDCs lead to cryp-
torchidism, similar to the effect of these compounds on
hypospadias (719). Moreover, estrogenic compounds can
also lead to cryptorchidism (756). Thus, mixture effects of
EDCs may be due to their various estrogenic and antian-
drogenic properties. There is no reason why the same
mechanisms do not apply to humans, who share the same
biological mechanisms of testicular descent as rodents, but
it remains to be proven whether human exposure to EDC
mixtures may be responsible for the outcome of cryp-
torchidism (757).

E. Testicular cancer
The incidence of TGCC, which represents 95% of all

testicular cancer cases, has increased in recent decades.
Basic research suggests that TGCC has a fetal origin, and
hormonal stimulation from puberty onward stimulates tu-
mor development (758), with a peak incidence in young
men. There are large incidence differences between regions
and populations (759). The highest incidence is among
Caucasians, with African Americans having much lower
incidence than Caucasians living in the same geographic

areas of the United States (759, 760). However, incidence
has increased in both races. Genome-wide association
studies have identified genetic polymorphisms that in-
crease susceptibility to TGCC, but it has become apparent
that environmental factors play an important role. Swed-
ish immigration studies show that TGCC risk in the first
generation of immigrants follows the pattern of their
home country, whereas the second generation (born in
Sweden) adopts the Swedish risk profile (761). All these
findings point to environmental effects. Cryptorchidism
and hypospadias are well-characterized risk factors of
TGCC, and they have risk factors in common, such as
small for gestational age. Because these diseases and birth
defects are linked together and are also associated with
poor semen quality, Skakkebaek et al (715) hypothesized
that they could be signs of a common entity, TDS. Exper-
imental animal studies show that exposure to EDCs with
antiandrogenic properties (such as DBP, DEHP, vinclo-
zolin, and procymidone) cause typical TDS defects and
support the possibility that the same is the case in humans
(720). However, TGCC does not develop in rats and mice
as it does in humans, and animal models of human testic-
ular cancer are lacking. Therefore, research on EDCs and
TGCC are limited to human epidemiological studies.

1. PCBs and PBDEs
a. Humans. Although the roots of the disease may originate
in utero, associations between EDC exposures and TGCC
are based primarily on assessments in adults. Not surpris-
ingly, these studies reported mostly negative results, ie, no
association with occupational or environmental exposure
(762). Hardell et al (763–765) studied both prenatal and
postnatal exposures and found that maternal serum con-
centrations of PBDEs and PCB congeners (collected when
the men were adults) were higher in the TGCC group than
in controls, whereas no association was found between
TGCC and PCB levels in the adult men themselves. One US
study reported an inverse association between TGCC and
PCB (730). Clearly, we need more studies assessing the
association of fetal exposure to EDCs with TGCC, some-
thing that is extremely difficult to do due to the long lag
between exposure in utero and adult outcome.

2. DDT and DDE
a. Humans. Five studies analyzed the association between
TGCC and DDT and DDE (40, 764, 766–768). None of
the studies found an association with DDT; however, four
of the studies found a positive association with DDE (re-
viewed in 769, 770). A separate study reported an asso-
ciation between chlordane exposure (cis-nonachlor and
trans-nonachlor) and TGCC; however, it did not establish
any associations between TGCC and exposure to oxy-
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chlordane, MC6, heptachlor, dieldrin, mirex, HCB, or
HCH (729).

b. Animal studies. Although there are no good animal models
for TGCC, ultrastructural changes in testicular histology
havebeenusedasaproxy for cancer risk (771).For example,
phthalate esters produced structural abnormalities in rat tes-
tesafter fetalexposure(711).Table5listsseveralotherchem-
icals that have been shown to cause structural abnormalities
inthedevelopingtestisandarethereforeconsideredpotential
testicular germ cell carcinogens.

F. Semen quality
Insults to spermatogenic cells in adult men typically

have a temporary effect on sperm production. Many can-
cer treatments and low-dose irradiation are examples of
such insults. If the spermatogonial stem cells are not de-
stroyed, sperm production can reappear after months or
years. A good example comes from maternal smoking dur-
ing pregnancy, which is associated with reduced sperm
concentration and total sperm counts in sons, whereas an
adultmale’sownsmokinghas lessof aneffect, if any (750).
Moreover, combining exposure in utero with adult expo-
sure impairs testicular function even more than either of
these alone (772). Interestingly, maternal smoking does
not seem to affect all male reproductive health problems
because there is no association with testicular cancer and
very weak or no association with cryptorchidism (773).

1. Humans
By contrast to smoking, chemical exposures to the de-

veloping testes, particularly those that influence sper-
matogonial stem cells or Sertoli cells, can cause irreversible
changes that result in permanently low adult sperm num-
bers. Several studies have examined the association be-
tween adult PCB exposure and semen quality (774). The
results varied considerably and included positive (775,
776), inverse (777, 778), or no associations (775–782).
There are also conflicting results in studies that assessed
sperm morphology and DNA integrity. Sperm morphol-
ogy did not differ between exposure groups in three stud-
ies (776, 779, 780), was positively correlated in one study
(777), and was inversely associated in another study (783).
Sperm DNA integrity was impaired in association with
PCB exposure in four studies (779, 784–786), whereas
one study reported no association (778). Sperm motility
was negatively associated in most of these studies. Thus,
PCB exposure may affect sperm DNA integrity and mo-
tility, but the underlying mechanism is unknown.

Two studies from endemic malaria areas with high DDT
use and levels (South Africa and Mexico) reported that DDE
exposure was inversely associated with sperm motility (787)

and total sperm count (787), and positively correlated with
defects in sperm chromatin condensation and morphology
(788). Inverse associations with sperm motility were also
found in regions where DDE levels were not as high as in
malaria areas (776, 781). Two other studies found no asso-
ciation (775, 778). Sperm concentration was positively but
weakly associated with DDE exposure in two Nordic studies
(775, 776). There are many studies showing no association
between DDE and sperm morphology (776, 778, 780) or
sperm DNA integrity (780, 784, 786). Follow-up studies on
children born after in utero exposure during the Taiwanese
food accident (high PCB and dibenzofuran exposure)
showed that they had impaired sperm morphology and mo-
tility as adults (789).

Studies assessing men exposed in the Seveso accident
have revealed no association between adult exposure to
dioxin and any long-term effects on semen quality (150).
In contrast, fetal and perinatal exposure via breast-feeding
was associated with reductions in sperm concentration,
number of motile sperm, and total sperm number. The
critical exposure window appears to have been infancy
because the effect was seen only in breast-fed sons and not
in formula-fed sons (150). This exposure window occurs
at the time of rapid Sertoli cell proliferation, which may
explain the association.

Two small studies have assessed the association between se-
men quality and PBDEs used as flame retardants (790, 791). A
Japanese study of 10 men found a negative association with
sperm concentration and testicular size (790), whereas a Cana-
dian study of 52 men found that only sperm motility was in-
versely associated with PBDE exposure (791).

Five studies examined the association between expo-
sure to perfluorinated compounds and semen quality
(792–796). Two of these studies found an inverse associ-
ation with sperm morphology (793, 794), but otherwise
there were no consistent findings. Men from Greenland had
compromised sperm DNA integrity associated with PFOA,
butnotmen fromPolandorUkraine (796).Fetal exposure to
PFOA was inversely associated with sperm concentration
and total sperm number in young adulthood, whereas there
was no association with PFOS exposure (797).

Studies on semen quality suffer from the same problem
as those on testicular cancer: long time lags between crit-
ical exposure and the manifestation of adverse effects. Al-
though it is possible to conduct studies on POPs years after
exposure due to the persistence of these chemicals, corre-
lations with more rapidly metabolized compounds must
be made much closer to the time of exposure. Our knowl-
edge is therefore limited mostly to the POPs reviewed
above. The studies clearly agree with the hypothesis that
early exposure windows are key to determining the out-
come because the adverse associations are most often
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found in groups with early-life exposure (eg, to dioxin and
PFOA). Forthcoming prospective studies of cohorts with
early exposure to other POPs will advance our knowledge
of a wider spectrum of chemicals. However, we will have
to wait until the existing cohorts grow into adulthood. In
addition, animal research shows that fetal exposure to
dioxins, antiandrogens, and estrogenic chemicals affects
semen quality as summarized in Table 5.

G. Conclusions
As a whole, research on EDCs and male reproductive

function is suggestive of links between exposures and a
range of disorders that include developmental abnormal-
ities such as cryptorchidism and hypospadias, poor semen
quality, and increased risk of TGCC (Box 3). However,
drawing direct links and determining which EDCs may
play causal roles in these aspects of TDS has not been
possible in humans. The animal literature (Table 5) is be-
ginning to identify potential candidates, especially anti-
androgens. Much more research is needed on these and
other EDCs to which humans are commonly exposed, in-
cluding during prenatal and early-life development.

V. Hormone-Sensitive Cancers in Females

A. Introduction
The incidence of hormone-sensitive cancers of the breast,

endometrium, ovary, testis, prostate, and thyroid has risen at a

quicker pace than genetic drift over the last few decades (798,
799). Although some of the increase in diagnosis may be from
enhanceddetectionandscreening, ithasbeenhypothesizedthat
increases in these types of cancers are, in part, due to lifestyle
choices (to includenutritional intake,ageatwhichthefirstchild
is conceived, pharmaceutical use, and food/drink storage con-
tainers) and EDCs in the environment. Much of the research
investigating the effects of EDCs and cancer has focused on the
breast, prostate, and testes, whereas other less common hor-
mone-related diseases such as endometrial and ovarian cancer
have received little attention. Additionally, much of the atten-
tion in the area of environmental chemicals has been on trying
to identify carcinogens in exposed adult humans and rodents.
EDCs may have a different role in reproductive tissues than
carcinogens; altered hormone receptor patterns, competition
for endogenous hormone, inadequate feedback loops, and im-
proper methylation patterns are just some results of EDC ex-
posure that may disrupt development and disease risk for life.

B. Critical periods of mammary gland development
The mammary gland, a reproductive organ required for

lactation in all mammals, is particularly sensitive to EDCs
because its complex development involves growth, differen-
tiation, secretory activity, and regression, all orchestrated by
hormones, growth factors, and stromal factors. The multi-
cellular components producing the signals for tissue devel-
opment inhumansandrodentsareshowninFigure7.Several
cell typesmustcoordinate theiractionsfornormalmammary

gland development, and they
are all targets for endocrine
disruption. Three stages of
mammaryglanddevelopment
are particularly vulnerable to
exogenous perturbation: the
prenatalorgestationalperiod,
puberty, and pregnancy (800,
801). Other female reproduc-
tiveorgans, suchastheovaries
and uterus, are more vulnera-
ble to EDCs during the in
utero, neonatal, and pubertal
phases of development. This
section focuses on mammary
development.

Gestation, puberty, and
pregnancy are known criti-
cal periods during which
EDC exposure may affect
mammary gland develop-
ment (800, 801) (Figure 8).
Endocrine disruption during

Box 3. Key Points: Male Reproduction
� Development of the male reproductive system is hormonally regulated, with

androgens providing the driving force in masculinization of genitalia.
� Cryptorchidism and hypospadias are the most common birth defects of male

reproductiveorgans, and their incidencehas increased inmanycountriesover the
same period when the incidence of testicular cancer has multiplied.

� Although results are variable, a large proportion of men have decreased semen
quality, resulting in delayed time to conception.

� Animal experiments demonstrate clearly that disruption of hormones regulating
development of the reproductive tract cause cryptorchidism, hypospadias, poor
semen quality, and ultrastructural testicular abnormalities that are similar to
changes associated with human testicular cancer. These outcomes can therefore
be considered signs of a common problem, TDS.

� Antiandrogens, xenoestrogens, and dioxins are the best-characterized endocrine
disruptors of the male reproductive system. Antiandrogenic chemicals act ad-
ditively, irrespective of their mechanism of action (ie, whether they are receptor
antagonists or inhibitors of hormone synthesis).

� The number of known antiandrogenic and xenoestrogenic EDCs is increasing,
and it remains to be established which of them might contribute most to human
reproductive problems.
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gestation, when the mammary epithelial bud is receiving
signals to form ducts and extend into the fat pad, could
lead to altered developmental timing and/or unusual for-
mation of glandular structures. Epigenetic modifications
during early life may also lead to altered programming of
the gland and altered structure or function in later life.
Additionally, stem cell nests may be modified during this
time; their role in normal development has been rarely
studied. During the pubertal period, mammary growth is
exponential due to the proliferation and rapid division of
terminal end buds (TEBs); the highly proliferative nature
of TEBs is what makes these structures particularly vul-
nerable to EDCs. TEBs are the least mature undifferenti-
ated terminal structures and the most susceptible, whereas
lobules are more mature and less susceptible to chemical
carcinogens (802). The TEBs eventually differentiate, and
the mature gland settles into its normal adult cycle. Pro-
longing the window of time that TEBs are present could

lead to increased risk of deleterious effects from a chemical
carcinogen exposure. In fact, several studies have deter-
mined that the presence of TEBs at the time of exposure to
a carcinogen is positively associated with tumor multiplic-
ity (803, 804). This is likely due to the presence of stem
cells, the hypothesized site of eventual tumor initiation, in
the TEBs during puberty. The microenvironment of the
gland at this time may also play a role in eventual risk for
tumor formation. Modified stromal makeup (increased
breast density) may lead to a more permissive environment
and enable a switch from epithelial cell dormancy to met-
astatic growth (805). Finally, the gland undergoes a third
critical period of development during pregnancy as it pre-
pares itself for functional lactation. Interruption of lacta-
tion can lead to mortality or malnutrition of the offspring
and is particularly important in wildlife and domestic spe-
cies that rely solely on maternal nourishment for repro-

Figure 7.

Figure 7. The multiple influences of the environment on mammary development. Environmental factors may affect breast development and later-
life risk for disease or dysfunction via indirect and direct mechanisms. Environmental exposures may change endogenous signals (hormones and
growth factors) that affect endocrine organs, as well as tissues near the mammary gland (ie, fat). Those nearby tissues can send atypical messages
through the vascular system, culminating in perturbed mammary development. Mammary tissue may also be a direct target of environmental
exposures; epithelia, fibroblasts, fat cells, and inflammatory cells express unique and shared receptors that are targets for environmental chemicals.
The tight cellular junctions signal across cell types, affecting neighboring cells as well as the target cells (ie, epithelial cells in the terminal end bud).
These various endocrine/paracrine/autocrine signaling mechanisms may affect the status of mammary epithelia over the lifetime of the individual.
[Reprinted from Figure 2 in S. E. Fenton et al: Perinatal environmental exposures affect mammary development, function, and cancer risk in
adulthood. Annu Rev Pharmacol Toxicol. 2012;52:455–479 (1276), with permission. © Annual Reviews.]
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duction. Pregnancy has been shown to be protective of
breast tissue to later-life disease (cancer) in humans (800).

C. Effects of EDCs on the mammary gland: rodent
models and epidemiological studies

Research on EDCs and mammary tissue has been in-
formed by the history of certain estrogenic pharmaceuti-
cals used over the last several decades. These compounds,
especially DES, tamoxifen, and hormones given to peri-
menopausal women, have helped experts to define and
further understand the critical windows of susceptibility
in regard to cancer development in reproductive organs.
Some of these drugs given for the purpose of having en-

docrine “correcting” effects resulted in endocrine “dis-
ruption” instead, along with long-term adverse effects
(95).

There are numerous environmental chemicals that are
linked to mammary gland and breast development and an
enhanced risk for cancer development. Some of this evi-
dence is from epidemiological studies, but the majority is
from rodent models. Because a comprehensive literature
review was recently completed on these chemicals (801),
we used this as a starting platform. We performed another
PubMed search looking for the keywords breast, environ-
ment, exposure, mammary gland, cancer, tumor, devel-

Figure 8.

Figure 8. Stages of normal rat mammary gland (MG) development and effects of environment on subsequent events. Different effects and
outcomes after EDC exposure are strongly dependent upon the age of exposure (neonatal period, puberty, pregnancy) and time of analysis. Early-
life effects such as altered thelarche or gynecomastia present themselves in adolescents, whereas effects on lactation or mammary tumorigenesis
become evident during adulthood. Arrows indicate plausible (gray) or more certain (white) mechanistic pathways. Photomicrographs for early life
and puberty were all taken at 16� magnification on a macroscope. [Adapted from R. R. Enoch et al: Mammary gland development as a sensitive
end point after acute prenatal exposure to an atrazine metabolite mixture in female Long-Evans rats. Environ Health Perspect. 2007;115:541–547
(884), with permission.] Photomicrographs for pregnancy/lactation and adulthood were taken at 10� magnification on a standard microscope
(from S.E.F.). [Reprinted from Figure 1 in R. A. Rudel et al: Environmental exposures and mammary gland development: state of the science, public
health implications, and research recommendations. Environ Health Perspect. 2011;119:1053–1061 (801), with permission.]
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opment, dioxin, TCDD, PCB, BPA, phthalate, DDT,
DDE, xenoestrogen, perfluorochemical, PFOA, ATR,
chlorotriazine, DES, ethinyl estradiol, and estrogen to up-
date the knowledge base in this document. Of these EDCs,
we have summarized the modes of action for many of
those most commonly studied in the mammary gland (Ta-
ble 2). Notably, these mechanisms apply to EDC actions
in other systems discussed throughout this review.

Data that were strictly single cell type-based (not rep-
resentative of the breast cellular makeup) were excluded,
unless there was in vivo confirmation of the effect. We
included rat, mouse, nonhuman primate, and human data,
regardless of whether the data reported a positive or neg-
ative outcome. The data discussed here do not represent all
chemicals known to affect the breast, but highlight several
examples for which both positive and negative data have
accumulated.

1. Dioxins
There are more than 400 types of dioxin-related com-

pounds, about 30 of which are significantly toxic to human
health, with TCDD being the most toxic. TCDD is an or-
ganochlorine that isaproductof industrialprocesses, suchas
paperbleaching, smelting,andthemanufactureofherbicides
and pesticides. TCDD is lipophilic and has a long half-life in
humansandlargemammals (eg,whales,polarbears)of7–11
years, which causes it to bioaccumulate in animals and the
environment (806). TCDD is a ligand for the AhR and func-
tionsasa signal transducerwithantiestrogenicactions (807).
TCDD alters development in a wide range of estrogen-re-
sponsive female tissues including the vagina (808, 809) and
the mammary gland (810). TCDD can also reduce estradiol
production and elevate ER mRNA expression in exposed rat
uteri and ovaries (811).

a. Humans. Studies of adolescent Belgian children living in
a dioxin-polluted suburb revealed a correlation between
high serum levels of dioxin and an increased chance of
delayed breast development (812). Likewise, high pre-
natal and/or lactational exposure to dioxin-like com-
pounds was significantly correlated with delayed initi-
ation of breast development in a longitudinal study of
Amsterdam-born adolescents (813). In that study, di-
oxin measurements at the time of puberty were not cor-
related with pubertal development, demonstrating a
critical window (fetal/infancy) for the effects of dioxin
on breast development.

In Seveso, Italy, an industrial accident in 1976 resulted
in the highest contamination of TCDD known in human
residential populations. Data collected after this accident
have helped researchers evaluate the potential long-term
effects of TCDD exposure on cancer incidence. Ten- and

15-year follow-up studies found no increase in incidence
or mortality (814, 815), and a 20-year follow-up study
found that women who resided in the most heavily con-
taminated zones had a slight increase of cancer risk (816).
However, these results were based on only five cases. The
Seveso cohort was reinvestigated in the Women’s Health
Study to explore a possible link between breast cancer
incidence and early-life exposure. Serum from women
who were infants at the time of the accident had a 10-fold
increase in serum TCDD, which was associated with a
2-fold increase in breast cancer incidence (817). These
women are not yet between the ages of 40 and 55 years, the
age of highest breast cancer risk; therefore, it is important
to continue to follow and assess breast cancer incidence in
these women as they age. A second epidemiological study
in Chapayevsk, Russia, a region contaminated by dioxin,
reported elevated breast cancer mortality among women
living near the chemical plant (818).

b. Animal studies. Studies conducted in rodents exposed in
utero to dioxin have reported a range of mammary gland
developmental effects that are consistent with the delayed
developmental effects in children. These include an in-
creased TEB number in exposed rats at a time when duct
ends in control rats are differentiated (810, 819), under-
sized mammary glands with decreased branching (819),
and deficient lobule development (819, 820). Rat studies
also confirmed that prenatal exposure to dioxin was the
critical window for persistent developmental effects (819).
Prenatal exposure to dioxin also increased the number of
chemically induced mammary adenocarcinomas in female
rats (810, 821).

2. DDT and DDE
a. Humans. Human studies have revealed that DDT and
DDE may affect a woman’s ability to lactate. Mothers
with high levels of DDE (milk and serum levels measured)
tended to discontinue breast-feeding sooner than those
with lower levels of exposure (822, 823). Furthermore, a
second study found that women who previously breast-
fed demonstrated shortened lactation duration associated
with DDE exposure (824); these effects were proposed to
be due to lactation failure. In contradiction to this, other
studies have found no association between DDT or any of
its metabolites and lactation duration (825, 826). Re-
search has shown that DDE has estrogen-like or antian-
drogenic activity (39), and this may interfere with normal
hormonal control during lactation.

Exposure to DDT or its metabolites has been inconsis-
tently associated with an increase of breast cancer inci-
dence. Little evidence for increased risk was reported in
studies measuring exposure levels at the time of diagnosis
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(827). Ina recentmeta-analysis that foundno linkbetween
DDT or DDE levels and breast cancer (828), there was
large variability in data sets regarding study designs,
method of reporting exposures, and consideration of vari-
ables such as age and menopausal status. A case-control
study by Cohn et al (829) that took age at exposure into
consideration revealed that high levels of serum p,p’-DDT
correlated with a statistically significant 5-fold increased
risk among women who were born after 1931. These
women were exposed to p,p’-DDT before 14 years of age
because DDT was in peak use in 1945. These findings
substantiate the importance of evaluating exposures at
younger ages when assessing breast cancer risk and high-
light the sensitivity of the mammary gland around pu-
berty. With that in mind, another study examined asso-
ciations between self-reported acute exposure to a DDT
fogger truck and ER-positive/PR-positive breast cancer in
the Long Island Breast Cancer Study project. An increased
risk of breast cancer for women who were 20 years of age
or less that reported seeing a fogger truck, compared to
women in the same birth cohort that did not see a fogger
truck, was reported (830).

In an effort to sort out the conflicting association be-
tween breast cancer risk and DDT and its metabolites,
Boada et al (831) hypothesized that most studies did not
take into account that human beings are exposed to mul-
tiple organochlorine pesticides simultaneously and that
these mixtures could exert different effects than those ex-
erted by one chemical alone. That study evaluated serum
profile of mixtures of organochlorines in healthy women
and women diagnosed with breast cancer from Gran Ca-
naria Island. Although the serum levels of DDE and DDD
were higher in breast cancer patients than in healthy
women, after a multivariate analysis, only DDD showed a
moderate increase in the risk of developing breast cancer.
Breast cancer patients presented more frequently with a
combination of aldrin, DDE, and DDD, and this mixture
was not found in the healthy women (831).

b. Animal studies. Studies in animals have reported several
developmental effects due to exposure to DDT at different
critical periods. Pubertal acute exposure to DDT in rats
acted as a morphogen causing increased mammary cell
proliferation, which promotes the progression of TEBs to
more differentiated lobular terminal ductal structures
(832). However, rats dosed with DDE 5 weeks before mat-
ing and through gestation and lactation exhibited normal
lactation (833).

Most of these studies centered on the estrogenic con-
geners o,p’-DDT and o,p’-DDE, but one study explored
the antiandrogenic p,p’-DDE and its effects on mammary
tumor multiplicity in a tumor-forming strain of mouse.

After implanting p,p’-DDE pellets into MMTV-Neu
transgenic mice, Johnson et al (834) found that p,p’-DDE
did not increase mammary tumor multiplicity but did act
as a tumor promoter. Tumors were detected at 3 months
of age in mice treated with p,p’-DDE pellets, nearly 2
months before the first tumor appeared in the control
group, suggesting that early-life exposure to p,p’-DDE
may predispose females to early-onset breast cancer (834).

3. Diethylstilbestrol
a. Animal studies. In addition to the better-known effects of
early-life DES exposure on reproductive tract develop-
ment and vaginocervical cancer in humans, animal studies
have also shown that DES exposure affects mammary
glands. In utero and lactational exposure to high doses of
DES increased mammary gland growth and decreased the
number of TEBs (835). Neonatal high-dose exposure to
DES triggered extensive ductal dilation at P33 and pro-
moted precocious lactogenesis in postpubertal, nullipa-
rous 12-week-old female mice (836). In contrast, low-dose
DES reduced ductal branching at P6 and P33 (837). Low-
dose exposure to DES during pregnancy caused impaired
lactation in rats (838).

Gestational exposure of DES in rats resulted in an in-
crease in spontaneous mammary gland tumors (839). Fur-
thermore, multiple studies in mice showed that prenatal
exposure to DES increased the risk of mammary tumori-
genesis in females exposed to a known carcinogen, as well
as the numbers of TEBs (840, 841). In mice treated pre-
natally with DES there was a significant increase in en-
hancer of Zeste homolog 2 (EZH2) protein and EZH2
activity (measured by increased mammary histone H3
trimethylation)—a histone methyltransferase that may be
linked to breast cancer risk and epigenetic regulation of
tumorigenesis, as well as an increase in adult mammary
gland EZH2 (842). However, two studies found that rel-
atively high-dose exposure during neonatal development
reduced TEB numbers and prevented spontaneous mam-
mary gland tumors (841, 843). The mechanism for effects
of DES on reproductive tissues likely varies by tissue.
Taken together, this highlights the likelihood that DES
daughters may have increased risk of adverse breast out-
comes, cancer, and developmental abnormalities of the
vagina.

4. Perfluorooctanoic acid
PFOA, also referred to as C8, is a well-studied synthetic

surfactant that has proven to be a developmental toxicant.
Industrial uses for PFOA include grease proofing, water-
proofing, stain repellents, fire-fighting foams, and friction
reducers. Consumer products that contain PFOA include
dental products and food container linings. PFOA is an
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environmentally ubiquitous, persistent, and stable com-
pound that has a half-life of 16–22 days in mice and 2–4
years in humans (844). It does not share any structural
similarities with other EDCs, and although it is capable of
binding to ERs and causing binding of a compound-ER
interaction with the response elements, it has not tradi-
tionally demonstrated estrogenic activity in mammals
(845, 846), although this type of activity has been reported
in fish (845). In vitro studies have shown that PFOA in
combination with estradiol is both estrogenic and anties-
trogenic (845), but it does not interfere with or enhance
estrogenic signaling in uterotrophic assays (515).

a. Humans. Epidemiological studies have suggested a pos-
itive association between PFOA and delayed puberty,
early menopause, and pre-eclampsia (569, 847). Delayed
pubertal timing (self-reported) was correlated with high
PFOA concentrations in young girls living near a chemical
plant in the Mid-Ohio Valley (569). Due to the positive
association of PFOA with factors that reduce breast cancer
risk, it has been suggested that PFOA may also reduce
breast cancer risk. However, recent data from the highly
exposed population of Greenlandic Inuit women revealed
a positive association between serum concentrations of
perfluorinated compounds and increased breast cancer
risk (849).

There are, to our knowledge, no reports on the rela-
tionship between breast developmental timing and early-
life perfluorinated exposure in girls. However, the Breast
Cancer and the Environment Research Program reported
two important findings that may link the two endpoints.
First, researchers found a linear relationship between the
amount of breast-feeding time and the serum PFOA levels
measured in girls at 6–8 years of age (850). In the same
study, there was a highly significant relationship between
the sources of the drinking water in an area in northern
Kentucky called the Cincinnati Center and girls’ serum
PFOA concentrations. This suggests that the child is ex-
posed to PFOA through breast milk. Second, a study that
compared formula- and breast-fed girls found that girls
that were predominantly breast-fed underwent later-onset
breast development (850). Breast-feeding duration was di-
rectly associated with delayed age at onset of breast de-
velopment (P � .008). This effect was evident in the Cin-
cinnati Center girls, and the entire three-center cohort.
These studies suggest that early-life exposure to PFOA via
drinking water or breast milk may result in later-onset
breast developmental timing, as has been shown in mice.
Overall nutritional status is certainly an important con-
sideration in these types of studies.

b. Animal studies. The link between PFOA and altered
breast development timing and function was first uncov-
ered by studies in animal models. PFOA delivered to preg-
nant mice caused a lack of normal lactational competency
in the exposed dam (851) and led to increased offspring
mortality (851, 852). Gestational PFOA exposure resulted
in delays in mammary gland epithelial cell development
and ductal elongation, as well as reductions in ductal
branching and TEB appearance at weaning in CD-1 fe-
male mouse offspring (851, 853). Abnormal mammary
gland maturation persisted at 18 months in these animals
and included increased epithelial hyperplasia and in-
creased stromal density—factors associated with in-
creased breast cancer risk (851, 853–855). In addition,
White et al (855) demonstrated that chronic low-dose
PFOA exposure, similar to the concentrations found in
highly contaminated human water supplies, slowed mam-
mary gland differentiation in F1 and F2 female CD-1 mice.
In subsequent studies, using doses that were 10- and 30-
fold lower than in the previous studies, exposures for both
full gestation (1–17 d) and half gestation (10–17 d) fo-
cused around the time of mammary bud development
were sufficient to stunt mouse mammary gland develop-
ment (856) and alter gene expression required for normal
gland development. Another study found similar devel-
opmental deficits after low-dose prenatal exposures in
C57Bl/6 mice (570), with no change in the timing of vag-
inal opening or first estrus. Studies that reported on PFOA
exposure in the peripubertal period found no effects at 1
mg PFOA/kg body weight or less and mixed effects at
higher doses, including altered estrous cyclicity, decreased
ovarian steroid hormonal synthetic enzymes, and reduced
gene expression of steroid-induced mammary growth fac-
tors. Results varied significantly depending on the strain of
mouse tested (570, 857). A recent paper highlighting the
strain differences in metabolism or excretion of PFOA re-
ported that when Sv/129 mice received doses three to 300
times higher than those that affected CD-1 mice, Sv/129
mice had no mammary effects and lower than expected
PFOA blood concentrations (858).

5. Bisphenol A
BPA shares some structural similarity to estradiol and

binds to ER� with weak affinity (859). BPA has a strong
binding affinity to the estrogen-related receptor � and the
G protein-coupled ER (GPER) (860, 861). In vitro BPA
induced the proliferation of an ER�-positive breast epi-
thelial carcinoma cell line (MCF-7) and increased the ex-
pression of the PR (862).

a. Animal studies. Many in vitro and rodent-based studies
have shown that BPA is an estrogenic chemical that can act
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as an endocrine disruptor, even at low doses (863). How-
ever, the evidence linking elevated levels of BPA in humans
and increased breast cancer risk is both lacking and un-
convincing (863). This may be due to the short half-life of
the chemical, the difficulty in assessing exposure during
susceptible life stages, and the growing list of chemicals
(analogs) on the market that may replace it.

On the other hand, many animal studies have demon-
strated that BPA alters mammary development, growth,
and the risk for forming tumors. Fetal exposure to low,
human-relevant doses of BPA altered the development of
mouse mammary glands by increasing the percentage of
ducts, TEBs, and alveolar buds at 6 months of age (864).
In addition, perinatal low-dose exposure resulted in en-
hanced lateral branching and increased TEBs at puberty in
mice (865). Of special concern is the ability of BPA to
increase TEB density because these structures contain the
cells that are the proposed targets in which cancer arises in
humans and rodents. Gestational exposure to BPA in rats
was associated with preneoplastic lesions by P50 and
mammary gland adenocarcinomas by P90 (866). More
recently, BPA given orally during gestation and through
90 days of age induced a significant increase in minimal
grade ductal hyperplasia in female rats at 21 days in three
dose groups and significant hyperplasia at 90 days in the
highest dose group. When lesion severity was taken into
consideration, significant hyperplasia at 90 days was ev-
ident in two of the three dose groups that demonstrated
that effect at 21 days (362). In the 90-day-old group, the
National Center for Toxicological Research study re-
ported a mammary gland ductal adenocarcinoma at 2.5
�g BPA/kg body weight per day. BPA administration was
also associated with ductal hyperplasia in 90-day-old male
rats when severity was taken into consideration (362).
Rats and mice exposed to BPA during early life were sus-
ceptible to carcinogen-induced mammary tumors and
showed a decrease in tumor latency (867, 868). Recently,
prenatal BPA exposure was shown to induce growth and
branching of the male CD-1 mouse rudimentary gland
(869) and the male rat mammary epithelium (870). Non-
human primate studies reported similar growth-promot-
ing effects of the immature female breast linked to BPA
(871).

6. Phthalates
a. Humans. In a study of nearly 1200 peripubertal girls
(550), urinary concentrations of high molecular weight
(including DEHP) phthalates, known to have antiandro-
genic effects in other studies, were associated with delayed
pubic hair acquisition. Age at breast development in that
same study was older in girls in the fifth quintile of urinary
MBzP concentrations compared to those in the first quin-

tile. However, in a small cohort of Puerto Rican girls,
significantly higher levels of high molecular weight phtha-
lates [dimethyl, diethyl, dibutyl, and di-(2-ethylhexyl)]
and its major metabolite, MEHP, were identified in 68%
of samples from precocious thelarche patients (872).

A recent case study examined the association between
urinary concentrations of phthalate metabolites and
breast cancer in women of northern Mexico. Phthalates
were detected in 82% of women, and the concentrations
of MEP were higher in breast cancer patients than in con-
trols. Conversely, MBP, MEOHP, and mono (3-carboxy-
propyl) phthalates were inversely associated with breast
cancer risk because they were more abundant in control
women. The authors concluded that exposure to diethyl
phthalate, the parent compound of MEP, may be associ-
ated with a 2-fold increase in breast cancer risk (873).

b. Animal studies. DBP induced reproductive toxicity in ro-
dents and has the potential to bind weakly to ERs (874,
875). In rats, DBP exposure from late gestation through
lactation resulted in poor mammary alveolar branching
and hypoplasia in the adult female offspring (876). By
contrast, in utero exposure to BBP resulted in a marginal
acceleration of mammary gland growth by increasing the
proliferative index of TEBs, but delaying and in delayed
pubertal onset (877, 878).

7. Atrazine
a. Humans. Epidemiological studies have revealed little or
no association between occupational or agricultural ex-
posures to ATR and breast cancer. In 1997, an ecology
study showed a statistically significant increase in breast
cancer risk with triazine exposure from contaminated sur-
face water in the years 1991–1992 in Kentucky. Addition-
ally, this paper reports an association between ground-
water contamination and increased breast cancer, but no
such association was found for surface water contamina-
tion in the years 1993–1994 (879). The authors noted that
the inconsistent associations seen between the two measure-
ments may have been due to surface water data that did not
measureactual triazine levelsbut insteadwasgivenapositive
or negative detection score. However, Muir et al (880) used
a population census and pesticide application data from
1989–1991 in urban and rural regions of Lincolnshire and
Leicestershire counties in the United Kingdom and observed
a positive association between ATR application and breast
cancer for the rural regions of Leicestershire County, but not
for Lincolnshire County. In a second Kentucky study using
data from 1993–1997, investigators found no association
between ATR-contaminated water and breast cancer risk
(881). Similar results have been seen by McElroy et al (882)
in a case-control study of ATR-contaminated well water in
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Wisconsin. Overall, these studies, however limited, do not
suggest an increased risk of breast cancer from adult expo-
sure to ATR. Considering the rodent data on early-life ex-
posure to ATR and its connection to mammary gland tu-
morigenesis (seeSectionV.C.7.b),morestudiesareneededto
investigate the relationship between levels and timing (ie,
prenatal, adult) of ATR exposure and breast cancer in
humans.

b. Animal studies. Several rat studies have examined the im-
pact of ATR on the developing mammary gland during ges-
tation. ATR exposures caused delayed mammary gland de-
velopment (smallglandsize, sparsebranching,andabundant
TEBs) in female offspring compared to controls (883). Low-
doseprenatal exposure toATRand itsmetabolitesproduced
similar effects in offspring (884). Later studies carried out in
less sensitive rat strains (560) or in rats with an abundance of
pup death (885) found that ATR had little effect on mam-
mary epithelial development. This underscores the impor-
tance of the species and strain in evaluating endocrine-dis-
rupting actions of environmental chemicals.

Although ATR is not classified as a direct carcinogen,
chronic dietary ATR exposure increased mammary ade-
nocarcinomas in female Sprague-Dawley rats and in-
creased hyperplasia in high-dosed males (886). In con-
trast, ATR did not increase tumorigenesis in female F334,
male Sprague-Dawley, or male F334 rats (887, 888). In
addition, chronic high-dose dietary ATR caused length-
ened estrous cycles, increased days in estrus, and increased
the incidence or earlier onset of mammary tumor formation
in female Sprague-Dawley rats (888). Moreover, ATR in-
creased the incidence of mammary adenomas and adenocar-
cinomas in human c-HA-ras proto-oncogene transgenic rats
that were pre-exposed to a chemical carcinogen (889).

D. Uterine cancer, ovarian cancer, and EDCs

Endometrial adenocarcinoma, commonly referred to
as uterine cancer, is the most common malignancy of the
female genital tract, and incidence rates are rising as life
expectancy increases. Type I endometrial cancer is asso-
ciated with endometrial hyperplasia in premenopausal
and perimenopausal women with a history of elevated
estrogen levels (890). Type II endometrial cancer is asso-
ciated with endometrial atrophy in older women and is
estrogen-independent. Numerous studies have shown that
elevated levels of unopposed endogenous estrogens are
associated with an increased risk of endometrial cancer
(891). Despite the role hormones play in disease progres-
sion, only a handful of studies have examined the risks of
EDC exposure and endometrial cancers.

1. Humans
In 1995, a study by Sturgeon et al (892) did not find a

significant association between serum DDT levels and en-
dometrial cancer in women. A second study confirmed
these results (84), showing that neither DDT nor PCB ex-
posure increased risk. A third study in women found a
weak but nonsignificant association between serum DDE
levels and an increased risk of endometrial cancer (41). All
of these studies investigated DDE concentrations of en-
dometrial cancer patients compared to hospital-based
controls, but none explored the possibility that fetal ex-
posure to EDCs may be of importance. Thus, we need
future studies to clarify potential links between fetal ex-
posure to DDT and endometrial cancer.

Several epidemiological studies have revealed an in-
creased risk of endometrial cancer in association with EDC
exposure. Occupational exposure to dioxins increased en-
dometrial cancer risk in female workers (893). No difference
in serum BPA levels was found in patients with simple hy-
perplasia compared to healthy controls. However, BPA lev-
els were lower in women suffering from hyperplasia that had
malignantpotential than inpatientswith endometrial cancer
(894). Also, phthalate metabolites are associated with a
2-fold increase in magnetic resonance imaging diagnoses of
endometriosis (618), and another study revealed that as
the concentration of phthalates in urine increases, so
does the risk of endometrial effects (619). Other com-
binations of EDCs have been implicated in uterine can-
cer, but limited evidence is available for the link be-
tween any individual EDC and uterine cancer (895).

In Western countries, ovarian cancer is the leading cause
of death from a gynecological malignancy. A majority of
ovarian tumors overexpress ER�, and this facilitates tumor
growth through estrogen signaling (896). High serum levels
of estrogens and hormone replacement treatments are po-
tential risk factors for ovarian cancer, but the signaling path-
ways are not completely clear (897, 898).

EDCs might also increase ovarian cancer risk, but stud-
ies are limited in number. In a population-based case-con-
trol study, women previously exposed to chlorotriazine
herbicides showed a significant 2.7-fold increased risk for
ovarian neoplasms (899). In contrast, an epidemiological
study showed a weak but nonsignificant association be-
tween ovarian cancer and occupational exposure to chlo-
rotriazines (900). In the Agricultural Health Study (a large
cohort of private and commercial pesticide applicators
from Iowa and North Carolina), investigators found in-
creased risk of ovarian cancer among women employed as
private applicators (901). All of these studies demonstrat-
ing consistent effects of herbicide exposure and ovarian
cancer risk are limited by the number of women that work
as pesticide applicators, so combining and analyzing data
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sets collected with similar variables in the future would be
recommended. Research conducted in 2013 revealed that
higher PFOA levels were associated with ovarian cancer
among residents living near the DuPont Teflon plant in
West Virginia (902).

2. Animal studies

In rats, neonatal exposure to DES induced transcription
of estrogen-responsive genes and caused an increase in sus-
ceptibility to develop hyperproliferative lesions, thought
to be precursors of endometrial cancers (904, 905). In
mice, neonatal exposure to DES caused more than 90% of
female offspring to develop endometrial cancer by 18
months of age (906). A recent study revealed that an in
utero exposure to BPA could elicit an endometriosis-like
phenotype in female mice offspring (472). TBBPA, a com-
monly used flame-retardant replacement, was recently re-
ported by the NTP to induce aggressive uterine cancer in
rats (2014 NTP Technical Report, CAS no. 79-94-7), po-
tentially by altering steroid enzymatic activity. Finally, an-
imal studies have shown that chronic exposure to TCDD
promotes the development of ovarian tumors in female
Sprague-Dawley rats (903). These examples underscore
the need to further investigate female reproductive cancer
endpoints in rodent models and its relationship with en-
vironmental exposures that demonstrate structural or
mechanistic similarity to DES, BPA, or TBBPA.

E. Cellular and molecular mechanisms of EDCs in
mammary, ovary, and uterus

Most studies examining the mechanism by which EDCs
exert their effects have focused on nuclear hormone recep-
tors. This large superfamily includes ERs, ARs, and PRs that
play diverse roles in development, proliferation, and metab-
olism. Beyond these traditional mechanisms, EDCs can also
affect transcriptional coactivators, enzymes of steroid hor-
mone biosynthesis, nonsteroid receptors (thyroid, retinoid,
glucocorticoid, PPAR-related signaling, and AhR), DNA-
mediated mechanisms (mutagenic and epigenetic), and mi-
croenvironment signaling. Table 1 lists a number of exam-
ples by which EDCs disrupt female reproductive organ
development and function and increase the risk for cancer.
Outcomes for various target organs are listed separately un-
der eachEDCbecause theeffectofanEDConthebreastmay
beentirelydifferent fromtheeffectontheuterus; ie,estrogens
are “protective” in the breast and may have “hyperprolif-
erative” effects in the uterus, and progestins may enhance
breast cancer risk but act to protect the uterus from cancer.
However, we need additional studies to better understand
these mechanisms, as well as yet undiscovered pathways for
current and potentially new EDCs.

F. Conclusions
Over the years, evidence has accumulated for the po-

tential adverse effects that EDCs have on breast develop-
ment and risk for cancer susceptibility. EDCs may act at
many levels to disrupt female reproductive tissue devel-
opment and to make tissue more vulnerable to a subse-
quent hit of an environmental chemical or hormonal in-
sult. For decades, chemicals were tested in rodents at high
doses for carcinogenicity, but today we understand that
effects of chemicals at low levels may show endocrine-
disrupting activity that is not present at high exposure
levels. Therefore, it is important to consider the modifying
effects of EDCs on female reproductive tissues. Several
chemicals, such as PFOA and BPA, are known to modify
the stromal compartment of the mammary gland (907,
908) or uterus (515) in rodents, and others have clear
effects on reproductive function in the female (see Section
III) and brain (see Section VIII). Many of these outcomes
are known risk factors for breast cancer (timing of puberty
and menopause, age at first child, breast density, etc) and
should be considered as mediators/modulators of the la-
tent effects of EDCs in the breast, uterus, and ovary.

Adding to this complexity is the fact that EDCs also act
as obesogens (see Section II). Obesity plays a significant
role in pubertal timing; fat makes up the primary portion
of the developing breast tissue and may house lipophilic
chemicals for extended periods of time. Furthermore, obe-
sity plays a role in breast cancer risk. These multifactorial
effects of EDCs may enhance obesity, alter normal hor-
monal milieu, and change the developmental patterns of
reproductive tissues all at once, leading to a snowball ef-
fect for the EDC or mixture of EDCs in question. Further-
more, although EDCs are often investigated as single
chemicals for effects on disease in rodent and epidemio-
logical studies, evidence is accumulating that EDCs shar-
ing structural homology, the ability to bind and activate
certain receptors, or similar outcomes in high-throughput
tests designed to indicate endocrine-disrupting activity
may act in like ways and should be considered in groups
or mixtures.

VI. Prostate Gland Disruption

A. Prostate Development and Hormone Sensitivity
The prostate gland is a male accessory gland that pro-

duces seminal fluids that transport sperm and enhance
their fertilizing capacity. A critical feature of the prostate
gland, particularly with regard to EDCs, is its absolute
dependence on hormones, especially androgens, for em-
bryological development, growth, function, and homeo-
stasis throughout life. Heightened androgen action in the
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prostate gland is made possible by expression of 5�-re-
ductase (SRD5A1 and SRD5A2), which converts testos-
terone to dihydrotestosterone, an androgen with 5-fold
higher affinity for AR relative to testosterone. Several ad-
ditional steroidogenic enzymes expressed in the prostate
are critical for balanced steroidal regulation of the gland
and prostate health. Prostate cells and tissues express AR,
ER�, ER�, other nuclear hormone receptors (retinoic acid
receptor, RXR, AhR), membrane receptors (GPER), and
the vitamin D receptor (VDR) in a cell-specific and devel-
opmentally dependent manner (909). Protein hormones
such as prolactin (PRL), GH, and IGF-1 also have specific
actions in the prostate through receptors expressed in
prostate epithelial cells (910–912).

In addition, there is a strong influence of androgens,
estrogens, and other steroid and protein hormones in both
prostate cancer and benign prostatic hyperplasia (BPH)
regarding etiology, progression, and therapeutic modali-
ties. Initially, all prostate cancer is dependent on andro-
gens, whereas aberrant AR signaling and altered steroid

metabolism play essential roles in androgen-dependent
progression to castration-resistant prostate cancer (for re-
views, see Refs. 913–915). Importantly, there is clear ev-
idence from both humans and rodent models that estro-
gens can initiate prostate cancer and drive progression
(916–918). Similarly, androgens combined with elevated
estrogens are essential for the development of BPH (919).
Thus, EDCs that augment or interfere with these hormone
signaling pathways have marked potential to influence
prostate disease incidence and progression in the human
population. Prostate stem cells also play a role in these
processes because there is an equilibrium between self-
renewal and differentiation in prostate epithelial stem cell
populations (920) that may be altered by exposure to
EDCs.

The importance of developmental exposure and latent
disease in the prostate is exemplified in sons of mothers
who used DES during pregnancy. These individuals had
structural abnormalities in the prostatic utricle with persis-
tent ectasia (dilation) (921), similar to reports in rodent stud-

ies of developmental estrog-
enization. Studies conducted
to date on prostatic disease in-
cidence in DES-exposed sons
followed through 25–60
years of age have not identi-
fied an increased risk of BPH
or prostatic inflammation
(922); however, they did not
assess prostate cancer. Be-
cause these cohorts are only
now entering the age for ele-
vated BPH rates and prostate
cancer onset, a thorough fol-
low-up over the next 25 years
is needed to accurately assess
whether fetal DES exposure
influences prostate disease
risk and outcomes. The ani-
mal findings, together with
the literature showing the im-
portance of appropriate en-
dogenous hormonal expo-
sures for normal prostate
development and function
support a developmental ba-
sisofadultprostatediseasesas
a function of early-life hor-
monal imbalancesand,poten-
tially, EDC exposures that
modulate these pathways.

Box 4. Key Points: Hormone-Sensitive Cancers in Females
� Incidences of breast (especially in men and women under 40 years of age),

endometrial, and ovarian cancers are increasing, and it is suspected that EDCs
and other environmental factors are contributing to this increase.

� Critical periods of mammary gland development enhance susceptibility to life-
long or persistent adverse effects of EDC exposure.

� Rodent studies have identified EDCs altering mammary development, suscep-
tibility to tumors, and lactation after critical period exposures. Examples include
industrial chemicals, pollutants, herbicides, and pharmaceuticals.

� Dioxin is an EDC demonstrating DOHaD principles; early-life exposure leads to
delayed pubertal breast tissue development in female rodents and in girls. Dioxin
has also demonstrated effects on later life lactation and breast and ovarian cancer
risk.

� Recent epidemiological studies focused on adult breast cancer risk indicate the
importance of evaluating EDC exposures at a young age when assessing hor-
mone-sensitive cancers in women.

� Mechanisms of action for female reproductive cancers are not well understood;
the roadblocks result from the innate complexity of tissue-specific multicell
communication, lack of appropriate in vitro test systems, variables such as obe-
sity and cyclicity, and latency (often 2–3 y in rodents and 40–50 y in women)
from the time of exposure to adverse outcomes.

� Because many targets of EDCs are conserved across species, future epidemio-
logical studies focused on mechanisms of action for cancer of the breast, ovary,
or uterus should test reported rodent biomarkers of effect and vice versa to
expand translation of effects.

� There is a critical need for testing mixtures of EDCs based on their structural or
activity homology and for integrating adequate precancerous cell lines repre-
senting female reproductive tissues in high-throughput chemical screening and
testing.
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B. EDC actions in the prostate gland
The previous EDC review (1) highlighted research stud-

ies available on EDCs and prostate cancer, using both
epidemiology data and work from animal models that ei-
ther supported these findings or, in the absence of any
human data, predicted that effects may occur. This update
will summarize highlights of the previous review, expand
the discussions with new data, and evaluate agents not
previously discussed for which prostate-specific evidence
is now available (Table 6). The focus will be on human
epidemiology or other human-related studies with addi-
tions, where available, of in vitro and in vivo animal mod-
els that provide controlled conditions and mechanistic in-
sight. It should be noted that spontaneous prostate cancer

in rats and mice occurs at very low incidence and thus does
not effectively recapitulate the high incidence of prostate
cancer in men. Use of rodents as prostate cancer models
requires the use of chemical carcinogens and hormonal or
genetic manipulation with �1 year for tumorigenesis
(923). Thus, negative tumorigenic findings in rodents
must be interpreted with caution.

1. Farming and pesticides
a. Human exposures. The most compelling data for a link
between prostate disease and environmental factors apart
from diet comes from extensive epidemiology studies on
occupational exposure to pesticides, largely in the farming
communities, and increased prostate cancer. The primary

Table 6. Effects of EDCs on Prostate Cancer Risk and Mortality

EDC Exposure Period Effect Ref.

Human studies
Agent Orange/dioxin Adult Increased PCa risk, increased recurrence, progression 944–948
Aldrin (pesticide) Adult Increased aggressive PCa, increased PCa risk with family history 927, 928
Arsenic (heavy metal) Adult Increased PCa incidence, mortality 986, 990
ATR (pesticide) Adult Increased PCa risk with family history 937
BPA Development Increased carcinogenic susceptibility 960

Adult Increased PCa incidence 958
Cadmium (heavy metal) Adult Increased or decreased PCa risk 999–1001
Coumaphos (pesticide) Adult Increased PCa risk with family history 927, 928
DES In utero Persistent ectasia 921
DDT/DDE Adult No change in PCa risk 976, 977
Dieldrin, lindane, toxaphene,

MXC, heptaphor, dicofol
(pesticides)

Adult Increased PCa risk 934, 1213

Endosulfan (pesticide) Adult Increased PCa risk 933, 934
Fonofos (pesticide) Adult Increased aggressive PCa, increased PCa risk with family history 926, 936, 937, 939
Malathion (pesticide) Adult Increased PCa risk, Increased aggressive PCa 926
PCBs Adult No change in PCa risk 976, 977

Adult occupational Increased PCa risk, mortality 975
Phorate (pesticide) Adult Increased PCa risk with family history 939, 943
Simazine (pesticide) Adult Increased PCa risk 933
TCDD Adult Increased PCa risk 949
Terbufos (pesticide) Adult Increased aggressive PCa, increased PCa risk with family history 926, 933, 939–941

Animal studies
Arsenic (heavy metal) Adult Increased stem cell transformation, human cells 992, 993
BPA Neonatal Increased carcinogenic susceptibility in rats 105, 106, 959, 969,

1319
Embryonic to adult Increased stem/progenitor cell proliferation, human cells 960, 1320
Adult Increased aromatase activity, increased estradiol:testosterone

ratio in rats
974

Adult Increased PCa cell proliferation, xenografts growth, human cell
line

1236

Adult Increased PCa cell migration, invasion, human cell lines 966
Adult Increased centrosome amplification, benign and PCa human

cell lines
958

Cadmium (heavy metal) Adult Increased stem cell transformation, human cells 1005
Adult Epithelial hyperplasia in rats, increased AR, ER 1003, 1004

DES Perinatal PIN, tumors with aging 970, 1275, 1321
PCBs Adult Altered AR, ER, decreased secretions in rats 973

Adult Increased proliferation, PSA, human cell line 979
TCDD Perinatal Increased epithelial hyperplasia in mice 956

Adult Decreased PCa progression in TRAMP mice 956
Vinclozolin In utero Chronic prostatitis as adults in rats 981, 983, 984

Abbreviation: PCa, prostate cancer.
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source for these studies is derived from the prospective
Agricultural Health Study (AHS) in the United States, con-
ducted by governmental health agencies (www.aghealth.
org), that has followed approximately 57 000 private
(farmer) and commercial pesticide applicators since 1993.
Since the previous EDC review (1), many additional stud-
ies have been published that interrogate this and other
pesticide-exposed populations in greater detail, identify-
ing more chemicals associated with increased prostate
cancer rates and providing further insight into the inter-
action between pesticides and prostate cancer risk. Of rel-
evance to this review, a subset of these compounds are
linked to hormonal activities suggesting their potential as
endocrine disruptors, and these are highlighted below. It
should be noted that the individual pesticides were not
measured in the AHS participants, as is the case for most
other epidemiology studies on pesticides. Rather, expo-
sures were linked to disease outcomes based on subject
recall of exposure through questionnaires or documented
occupational exposures. Thus, direct links with each agent
are difficult to assess and remain to be addressed in future
studies.

Although initial studies had implicated methyl bromide
exposure as having the strongest risk with prostate cancer
(924), this has not persisted with longer follow-up in the
AHS (925). However, a subsequent analysis of the AHS
cohort has identified specific organophosphate insecti-
cides (fonofos, malathion, terbufos, and aldrin) with
increased risk of aggressive prostate cancer (926). Addi-
tionally, multiple analyses have again confirmed an asso-
ciation between certain organophosphate (eg, couma-
phos) and organochlorine (eg, aldrin) pesticides and
increased prostate cancer risk in men with a familial his-
tory of the disease (927, 928). Although exposure to these
compounds can induce oxidative stress, reactive oxygen
species buildup, and DNA damage, certain organophos-
phate and organochlorine chemicals may influence sex
hormone homeostasis and act as EDCs. Specifically, stud-
ies show that chlorpyrifos, coumaphos, fonofos, and
phorate strongly inhibited the hepatic CYP1A2 and
CYP3A4 enzymes that metabolize testosterone, estradiol,
and estrone (929, 930). Malathion reduced serum FSH,
LH, and testosterone (931), and aldrin increased aroma-
tase activity (932). The AHS findings are supported by
other population studies, including a large case-control
Canadian analysis that observed a significant increase in
prostate cancer among farmers in British Columbia (933).
Interrogation of this group in relationship to specific pes-
ticides determined that increased prostate cancer risk was
associated with exposure to several chemicals known to
exhibit EDC activity, including simazine (an aromatase
inducer), endosulfan (an estrogen agonist/androgen an-

tagonist and aromatase inducer), DDT (xenoestrogen that
binds ERs and antagonizes AR), diazinon (estrogenic ac-
tivity), and malathion (antiandrogenic properties). Of fur-
ther note is a recent case-controlled study that examined
prostate cancer risk in the general population (ie, nonoc-
cupational exposures) living in an agriculturally intensive
area in California (934). A significant association was
found between increased prostate cancer rates and ambi-
ent pesticide exposure (residential and soil/dust drift) to a
group of organochlorines with known EDC actions: diel-
drin, endosulfan, MXC, lindane, toxaphene, dicofol, and
heptaphor. Thus, in addition to farmers and other groups
with occupational exposures to pesticides, prostate cancer
risk may be applicable to individuals living in agricultural
regions of the country. This is supported by data from the
cross-sectional NHANES study that examined prostate
and breast cancer rates as a function of serum organo-
chlorine pesticides measured in the participants (935). Al-
though breast cancer did not associate with the examined
organochlorines, prostate cancer risk was significantly as-
sociated with background exposures to �-HCH, trans-
nonachlor, and dieldrin, all with known EDC activities.
Thus, the prostate cancer link with several pesticides that
haveEDCactivity is not restricted toapplicators and farm-
ers alone but to the general population, at least in the
limited studies conducted to date.

To understand specific genes that may be involved in
the gene-environment interactions with prostate cancer,
detailed gene SNP analysis was undertaken in nested case-
control substudies within the AHS cohort and was exam-
ined against exposures for specific chemicals. Associations
were found between several specific pesticide chemicals
and interactions with SNPs in base or nucleotide excision
repair pathway genes, suggesting a role of these chemicals
in oxidative stress and DNA damage/repair (936, 937).
Interestingly, those pesticides interacting with nucleotide
excision repair genes included fonofos, and those inter-
acting with base excision repair genes included fonofos
and ATR, the latter having actions that include alterations
in estrogen metabolism that elevate estradiol levels (929,
938). Specific analysis of polymorphisms in xenobiotic
metabolizing genes (phases I and II) identified interactions
with a handful of SNP variants, petroleum oil distillate
chemicals (terbufos, fonofos, phorate, methyl bromide),
and increased prostate cancer risk (939), again supporting
potential action of a subset of pesticide chemicals as EDCs.
One gene associated with increased prostate cancer risk in
the pesticide applicator population was TXNRD2, a re-
dox enzyme (939). Of particular interest, this gene par-
tially overlaps on chromosome 22 with catechol-O-
methyl transferase, a phase II enzyme important in
androgen and estrogen metabolism. Furthermore, SNPs in
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several phase I/phase II enzyme genes, including the
CYP2C family, CYP2C18, and CYP2C19 that directly
metabolize pesticides and steroids, have positive associa-
tions with prostate cancer, suggesting that alterations in
the levels of steroidal and toxic pesticide intermediates
may influence prostate cancer risk (939). Although fono-
fos usage has been discontinued due to its potential car-
cinogenic activities, terbufos is the fourth most common
organophosphate insecticide in the United States, and it is
associated with elevated prostate cancer risk in the AHS
cohort (940). An analysis of vitamin D pathway gene vari-
ants in relation to prostate cancer in the AHS cohort iden-
tified five significant, monotonic interactions with in-
creasing cancer risk involving terbufos with vitamin D
binding protein variants, and parathion with VDR and
RXR� gene variants (941). These gene variants lower cir-
culating 25-hydroxyvitamin D levels and reduce VDR and
RXR� activity, abrogating the chemoprotective actions of
vitamin D against prostate cancer (941, 942). Aldrin use
and variants in TET2 and PP2A genes, the latter that de-
phosphorylates AR, were associated with increased pros-
tate cancer risk (928). Finally, interactions were identified
between coumaphos, terbufos, and phorate with gene
variants of chromosome 8q24, a hotspot previously asso-
ciated with prostate cancer risk (943). Of note, one 8q24
variant that statistically associates with these insecticides
resides within an AR enhancer site, suggesting a potential
hormone-related mechanism of action.

b. Cell and animal models. Animal models and in vitro ex-
periments support these data and are available for some of
the individual chemicals mentioned above as well as for
the organophosphates and organochlorines as a group.
Due to the large number of chemicals in the separate stud-
ies, they are not individually discussed herein, and readers
are directed to Table 6 for details. In summary, a signifi-
cant amount of new data has accumulated in the past 5
years that confirms and expands on exposure to EDC-
active pesticides, particularly in the organophosphate and
organochlorine class, and its direct association with ele-
vated prostate cancer risk in humans.

2. Agent Orange and dioxin
a. Human exposures. The first EDC Scientific Statement (1)
did not detail the known associations between Agent Or-
ange and dioxin exposures and increased prostate cancer
risk, so we briefly review the data. For greater details, we
refer the reader to the most recent Veterans and Agent
Orange Update 2012, released by the National Academy
of Sciences (944). During the Vietnam conflict (1962–
1971), the herbicide Agent Orange, a 50:50 mixture of
2,4-di-chlorophenoxyacetic acid and 2,4,5-trichlorophe-

noxyacetic acid with picloram and cacodylic acid, was
sprayed to defoliate the jungle. TCDD, the most toxic
form of dioxin, was an unintentional contaminant gener-
ated during the production of 2,4,5-trichlorophenoxy-
acetic acid by the Dow Chemical Company. The subse-
quent health effects of Agent Orange are largely attributed
to this chemical. In response to a Congressional law in
1991, the National Academy of Sciences convened a com-
mittee to evaluate potential health effects from this expo-
sure in the Vietnam veterans. Published epidemiological
data, mechanistic studies, and animal research results are
compiled and reanalyzed, and health risks are identified in
reports that are released biannually. Increased prostate
cancer rates in Agent Orange-exposed veterans have been
identified, with a relative increased risk of 2.3–6.0 in the
highest exposure group (Air Force Ranch Hand sprayers)
compared toveteranswhoserved inSoutheastAsiabutdid
not spray (944, 945). Furthermore, this highly exposed
group developed the disease earlier and had more aggres-
sive forms of prostate cancer at diagnosis (946). Based on
these and other studies, the Veterans and Agent Orange
Committee concludes that there is suggestive evidence of
an association between exposure to Agent Orange chem-
icals of interest and prostate cancer (944). In addition, a
more recent study of prostate cancer diagnosis at biopsy in
Agent Orange-exposed veterans, compared to nonex-
posed veterans, found a 1.75-fold increased risk of high-
grade prostate cancer (Gleason score �7) and a 2.1-fold
increase in detecting prostate cancer with a Gleason score
�8, including both aggressive and potentially lethal forms
of the disease (947). Furthermore, a follow-up analysis (up
to 60 mo) of veterans with prostate cancer found that
those exposed to Agent Orange were more likely to have
recurrence and progression (948). That TCDD is the toxic
agent in these studies is supported by a recent meta-anal-
ysis of TCDD-exposed cohorts representing 40 286 par-
ticipants, which reported a positive association between
TCDD exposure and prostate cancer (meta-standardized
mortality ratio � 1.26) (949).

b. Cell lines/mechanistic studies. The biological effects of
Agent Orange chemicals and TCDD in particular are me-
diated through the binding to the transcription factor AhR
that is expressed in nearly every cell, leading to dimeriza-
tion with aryl hydrocarbon receptor nuclear translocator
and binding of aryl hydrocarbon response elements up-
stream of TCDD-regulated genes (950–952). Many AhR-
regulated genes encode phase I metabolizing enzymes such
as CYP1A1, CYP1A2, CYP1B1, and several phase II con-
jugating enzymes, which serve as biomarkers of activa-
tion. Recent studies have also identified nongenomic sig-
naling of TCDD through the AhR that contributes to its
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toxic effects (953). Of note, AhR and aryl hydrocarbon
receptor nuclear translocator are expressed in adult hu-
man prostate epithelial progenitor cells, and dioxin expo-
sure results in a dose-dependent expansion of prostate
stem and progenitor cell numbers (954), which could per-
mit increased opportunities for carcinogenic hits, thus
driving increased cancer incidence. Interestingly, studies
on TCDD effects on prostate cancer cells in vitro have
produced variable results, with some showing prolifera-
tive effects and others showing no stimulation or repres-
sion (955).

c. Animal studies. Although animal studies are limited, the
murine model does not support TCDD as a carcinogenic
in the adult prostate. In fact, selective AhR activators in-
hibited prostate cancer cell proliferation and delayed pros-
tate cancer progression in the transgenic adenocarcinoma
of the mouse prostate (TRAMP) model of cancer (956).
This indicates that the rodent prostate may not be an
effective model for TCDD-driven prostate cancers in hu-
mans. However, developmental exposure to TCDD in-
creased prostate hyperplastic lesions with aging in a wild-
type mouse model, suggesting that timing of TCDD
exposure may be a critical variable in determining pros-
tatic effects, with the developing prostate being more sen-
sitive than the adult prostate (956).

3. Bisphenol A
There have been a considerable number of studies over

the past several years investigating the potential for ad-
verse health effects from BPA, including its role as a po-
tential carcinogen (957). Of relevance to prostate cancer,
some new studies have been conducted in human popu-
lations, tissues, and cells, although most work has focused
on animal models, the latter providing valuable mecha-
nistic information.

a. Human studies. The first direct clinical evidence that BPA
exposure may be associated with prostate cancer comes
from a recent prospective study of 60 urological patients
evaluated for potential prostate cancer due to elevated
serum prostate-specific antigen (PSA) (958). Urinary BPA-
glucuronide levels before prostate biopsy were signifi-
cantly higher in the biopsy-confirmed prostate cancer pa-
tients than those with no diagnosis of cancer. When the
datawereanalyzedbypatient age, cancer-positivepatients
	65 years old had higher urine BPA-glucuronide levels
than noncancer patients, whereas there was no difference
in BPA levels in cancer vs noncancer patients in men �65
years old. One possible interpretation is that BPA expo-
sure is associated with earlier-onset prostate cancer. Al-
ternatively, the presence of high BPA concentrations may

suggest a lifestyle that sustains higher BPA exposures, per-
haps compounded with other factors associated with in-
creased risk of prostate cancer (958). Nonetheless, these
positive associations between BPA levels and prostate can-
cer diagnosis are provocative, and we need larger case-
controlled studies to confirm potential correlations.

b. Human stem cells. Recent studies have shown that human
prostate stem and progenitor cells are targets of BPA that
can reprogram the cells after brief, low-dose exposures.
Adult prostate stem-progenitor cells were isolated from
the prostates of young disease-free men (960), and treat-
ment with BPA increased stem cell self-renewal, progen-
itor cell proliferation, and stemness gene expression in a
dose-dependent manner. Both 10 nM BPA and 17�-estra-
diol induced equimolar rapid membrane-initiated signal-
ing in these ER-positive cells, identifying the human pros-
tate stem and progenitor cells as direct BPA targets.
Genome-wide profiling of BPA-exposed progenitor cells
found that several genes were consistently altered across
organ donors, including multiple SNORDs, a class of
noncoding RNAs (961). Furthermore, BPA-regulated
SNORDs were associated with specific histone modifica-
tions (H3K4me3, H3K9me3, H3K27me3), thus identify-
ing an epigenetic basis for prostate progenitor cell repro-
gramming. These findings have been corroborated by
studies using human embryonic stem cells for directed dif-
ferentiation to prostatic organoids in vitro (962). Expo-
sure to BPA modified branching morphogenesis, with 1
nM accelerating and 10 nM restricting early organoid
branching. Furthermore, low-dose BPA stimulated focal
aggregates of resident stem cells in the mature prostate
organoids, suggesting that BPA increased stem cell sym-
metric self-renewal. Together, these studies indicate that
embryonic and adult prostate stem cells are influenced by
low-level BPA exposures that amplify their numbers and
modify gene expression. This is particularly relevant be-
cause lifetime cancer risk is strongly correlated with the
total number of divisions of the stem cells that maintain
tissue homeostasis (963). Thus, chronic low-level stimu-
lation of stem-progenitor cell numbers may stochastically
increase the potential for carcinogenic hits to cells that can
populate tumors.

Earlier work with rodent models determined that de-
velopmental exposure to low-dose BPA increased pros-
tatic susceptibility to estrogen-driven carcinogenesis with
aging (959). To examine whether the human prostate is
similarly sensitive to low-dose BPA exposures, prostate
stem-progenitor cells from disease-free men were grown in
nude mice, forming an in vivo humanized prostate-like
gland producing PSA� epithelium (960). Developmental
BPA exposure was modeled by feeding the murine host
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low doses of BPA as the prostates formed (peak free-BPA,
0.39 or 1.35 ng/mL serum). At maturation, mice were
given estradiol implants to model rising estradiol levels in
aging men. After 2–4 months, the incidence of prostatic
intraepithelial neoplasia (PIN) and adenocarcinoma in the
human prostate epithelium significantly increased from
13% in oil-fed controls to 33–36% in grafts exposed to
either BPA dose in vivo. Together, the above models in-
dicate that developmental stage BPA exposures can in-
crease pathological lesions and carcinogenic susceptibility
in the human prostate epithelium.

c.Cell lines/mechanistic studies.ThepreviousEDCreport (1)
reviewed in vitro and in vivo studies in human prostate
cancer cell lines. Low-dose BPA exposure stimulated cell
proliferation and xenograft growth of LNCaP cells, a line
that contains a gain-of-function mutated AR resulting in
promiscuous ligand binding. BPA did not have this effect
in AR-negative cells (PC-3, DU-145) or a prostate cancer
cell line containing wild-type AR, suggesting that it is ac-
tivation of the gain-of-function AR that mediated the ef-
fects of BPA. The gain-of-function point mutation in the
AR ligand binding domain of LNCaP cells is found in
approximately 5% of advanced prostate cancers in pa-
tients who relapse after androgen deprivation therapy. Be-
cause many other AR-ligand binding domain mutations
are also observed in advanced disease, the findings suggest
that BPA exposure may be a risk factor for progression and
therapeutic relapse in a subpopulation of men with pros-
tate cancer (964, 965). Since that time, new studies with
LNCaP cells showed that BPA (0.1–10 nM) markedly stim-
ulated cell migration and invasion, an effect mediated
through the up-regulation of the Ca2� ion channel gene
and protein, Orai1 (966). Because the AR-negative PC3
cells exhibited a similar response, these studies indicate
that BPA can also influence human prostate cancer cell
migration and invasion in an AR-independent manner,
most likely through ER�, which is expressed at high levels
in both LNCaP and PC3 cells. That BPA exposure may
provide a procarcinogenic environment is implicated
by studies with nontumorigenic human prostate cells
(PNT1a) and PC3 cancer cells exposed to 200 nM BPA
short term (24 h) or 1 nM BPA long term (2 mo), demon-
strating significantly increased levels of DNA bulky ad-
ducts (967). These data propose a plausible mechanism
involving BPA oxidation to semiquinone or quinone in-
termediates that form DNA adducts, leading to direct
DNA damage within prostate epithelial cells. Another re-
cent study reported that low-dose BPA exposures (0.01–
0.1 nM) potentiated centrosome amplification in non-
transformed and transformed human prostate epithelial
cell lines, with a nonmonotonic dose-response observed in

four of six lines (958). Furthermore, in that same study,
BPA exposure promoted anchorage-independent growth
in the androgen-independent C4–2 cell line. Together,
these studies support the concept that BPA may contribute
to neoplastic transformation and modulate the aggressive-
ness of human prostate cancer cells.

d. Animal models. In the past 5 years, data derived from
animal models have provided additional evidence to sup-
port a consequence of BPA exposure in relation to prostate
diseases, including prostate cancer. Previous studies in rats
determined that a brief perinatal exposure to low-dose
BPA (10 �g/kg body weight) epigenetically reprogrammed
the prostate tissues and markedly increased the incidence
and severity of prostatic precancerous lesions upon treat-
ment with estradiol as adults (105). A subsequent study by
this group directly addressed the issue of BPA exposure
route, finding a nearly identical heightened susceptibility
to prostate neoplasia and tumors after either oral or sub-
cutaneous administration of 10 �g/kg body weight BPA
during the postnatal period (959). This was recently con-
firmed in an independent study using rat pups neonatally
exposed to either 50 �g/kg body weight orally or 10 �g/kg
body weight subcutaneously, which produced compara-
ble serum free BPA levels. As compared to neonatal oil-
control rats, BPA exposures led to an elevated incidence of
severe PIN in the lateral prostates given elevated estradiol
levels as adults (968). However, rates of prostate cancer
were not influenced by developmental BPA treatments. In
another new study, pregnant rat dams were treated orally
with low-dose (25 �g/kg body weight) or 10-fold higher
levels of BPA from day 10 to 21 of gestation. A significant
increase in total prostatic lesions (inflammation, hyper-
plasia, dysplasia) was observed at 6 months, with the
greatest responses seen at the lower dose (969). This sug-
gests that fetal BPA exposures (during prostate determi-
nation and initial budding) may produce heightened pros-
tate pathology with aging as compared to postnatal
exposures (during branching morphogenesis and cell dif-
ferentiation) when BPA exposures alone were insufficient
to induce prostatic pathology (105, 959). It is noteworthy
that concurrent treatment with the phytochemical indole-
3-carbinol during gestational BPA exposure was able to
attenuate the deleterious effects of BPA on prostatic le-
sions, largely by reducing the inflammatory response and
proliferative index in the ventral prostate tissues, provid-
ing promise for chemoprotective approaches using natural
products (969).

To evaluate the potential for transgenerational effects
of BPA on prostate pathology in future generations, a re-
cent study exposed pregnant rats to high doses of BPA
mixed with phthalates. Although prostatic epithelial at-
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rophy or hyperplasia was observed in the male offspring at
1 year, this was not transmitted to subsequent generations
(262). However, an epigenetic basis for the lifelong mem-
ory of developmental BPA exposure was elaborated fur-
ther using prostates collected over the life span of rats
treated neonatally with low-dose BPA and given adult es-
trogens that drove prostatic neoplasia (106). Using global
DNA methylation analysis, three distinct patterns of func-
tional DNA methylation changes were identified in re-
sponse to early-life BPA: those that appeared early and
persisted throughout life, those that appeared after later-
life hormonal events such as puberty and rising adult es-
trogens, and those that increased and decreased over the
life span of the animal (106). Specific genes with aberrant
expression were characterized in detail (Pde4D4, Hpcal1,
Nsbp1), each previously implicated in various cancers,
including prostate. Furthermore, upon BPA exposure,
early and persistent overexpression of prostate DNA
methyltransferases (Dmnt3a/b) and methyl-CpG binding
domain proteins with demethylase activity (Mbd2/4) were
noted, which may mechanistically underlie early-life re-
programming and permit dynamic changes in response to
secondary estrogenic exposures throughout life (106). To-
gether, these results highlight the complexity of develop-
mental reprogramming events initiated by BPA exposures
that may predispose to carcinogenesis with aging.

Earlier studies using primary cultures of fetal mouse
prostate mesenchymal cells established that, similar to es-
tradiol, BPA stimulated AR and ER� gene expression in a
dose-dependent manner (971), providing a molecular
mode of action for BPA effects in the developing prostate.
This was recently confirmed in studies with in vivo low-
dose BPA exposures of mice during gestation, demonstrat-
ing increased Cyp19A1 gene expression and aromatase
activity, and resultant elevations in estradiol synthesis in
the embryonic urogenital sinus tissue that together am-
plify estrogenic actions during this critical developmental
window (972, 973). New studies on prostates from rats
gestationally exposed to low-dose BPA reported elevated
AR and ER� protein in prostate tissues prepubertally as
well as at 6 months, suggesting that altered steroid recep-
tor levels throughout life may underlie the aberrant pros-
tatic growth responses over the life span (969). In this
regard, it is noteworthy that brief exposure of adult rats to
BPA increased aromatase levels, resulting in a higher
plasma estradiol:testosterone ratio in a dose-dependent
manner (974), suggesting that the adult prostate gland
may remain susceptible to BPA effects throughout the
course of life.

4. Polychlorinated biphenyls
a. Human studies. The previous EDC review (1) highlighted a
few reports showing significant associations between
PCB153 and PCB180 and elevated prostate cancer risk and
increased prostate cancer mortality in men occupationally
exposed to PCBs. A recent updated analysis of this later co-
hort of 24 865 capacitor manufacturing workers in the
United States exposed to PCBs with 35 years of follow-up
data confirmed the elevation in mortality from prostate can-
cer, indicating that the disease was significantly associated
with the estimated 20-year lagged cumulative PCB exposure
among long-term workers (975). Furthermore, using a so-
phisticated job exposure matrix, prostate cancer deaths
showedan increased trend inassociationwith increasing lev-
els of cumulative PCB exposure (975). On the other hand, a
new prospective, nested case-control study in 14 203 Japa-
nese men with a mean follow-up of 12.8 years found no
association between prostate cancer incidence and any or-
ganochlorinemeasured inplasma, includingo,p’-DDT,p,p’-
DDT, p,p’-DDE, nonachlor, and � 40 PCBs, suggesting that
the general population may not be at increased risk as com-
pared to occupationally exposed workers (976). Due to the
aging component of prostate cancer risk, however, a longer-
term follow-up is necessary to validate these results. Given
that Asian men have the lowest worldwide incidence of pros-
tate cancer (as reflected in the small number of 201 prostate
cancer cases in this large cohort), race-based factors may
have contributed to these negative findings. However, a
small case-control study of urology patients in Canada sim-
ilarly found no correlation between prostate cancers in the
general population and plasma levels of nine PCB congeners
including PCB153 and PCB180, as well as other organo-
chlorines (977). The studies referenced above all relate to
adult exposures to PCBs, so whether developmental expo-
sures to these agents may differentially influence adult pros-
tate cancer risk is a possibility that has not been addressed.
Together, the above studies strongly support the hypothesis
that higher-dose exposures occurring in men occupationally
exposedtoPCBsresult in increasedprostatecancerrates later
in life. Whether this increased risk occurs in the general pop-
ulation will require continued analysis in larger cohorts and
in populations at higher risk for prostate cancer onset, eg,
African American and US Caucasian men.

b. Cell lines and animal studies. The number of in vitro pros-
tatemodelsor invivoanimal studiesonPCBs is limited.An
in vitro analysis of the effects of selected PCBs on the
human prostate cancer cell line LNCaP found several that
reduced cell proliferation, PSA secretion, and 5�-reduc-
tase activity, whereas others (including PCB153 and 118)
exhibited biphasic effects, inducing proliferation and PSA
secretion at low concentrations (978). A recent examina-
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tion of PCB11, a ubiquitous PCB found in air samples,
reported a buildup of oxidation injury and growth inhi-
bition in the normal human prostate cell line RWPE-1
(979). Of potential clinical relevance, a study examining
the effect of Aroclor 1254 or PCB153 on oxidative stress
and growth inhibition in RWPE-1 cells, reported that ad-
verse effects were mitigated by antioxidant treatment after
exposure (980). Similarly, Aroclor 1254 treatment of
adult rats altered prostate AR and ER expression and com-
promised prostate secretory activity; interestingly, �-to-
copherol treatment prevented this effect, suggesting that
this antioxidant may be protective against PCB toxicity
(973). Clearly, more mechanistic studies are required be-
fore modes of action can be derived.

5. Vinclozolin
The fungicide vinclozolin has antiandrogenic proper-

ties through antagonism of the AR (982). After in utero
exposure, chronic prostatitis was observed in adult male
rats, an effect transmitted transgenerationally through the
male gamete over four generations (983). A new study
examining the effects of direct in utero vinclozolin expo-
sure on ventral lobe prostates in rats reported that vinclo-
zolin-induced prostatitis was associated with reduced AR
levels and increased nuclear factor �B activation in pros-
tatic epithelium, an effect that was fully reversible with
high-dose testosterone treatments during puberty (981,
984). This supports the hypothesis that vinclozolin actions
in the prostate are induced through its AR antagonistic
actions. At present, there are no reports on the effects of
adult exposure to vinclozolin on subsequent prostate dis-
ease, nor are there studies reporting adverse effects in hu-
mans. In light of the potential association between vin-
clozolin and chronic prostatitis, we need more research on
both of these issues.

6. Trace metals
Exposure to several types of heavy metals has been di-

rectly linked to increased risk of multiple cancers, includ-
ing prostate cancer (985). Among these molecules are two
trace metals, arsenic and cadmium, which are classified as
EDCs due to their ability to act as a ligand and/or interact
with members of the steroid receptor superfamily.

a. Inorganic arsenic. Inorganic arsenic (iAs) is found natu-
rally in soils and in ground and surface water. Depending
on locale and diet, human exposure to harmful levels can
be widespread (985). Although toxicity is attributable to
multiple mechanisms including oxidative stress and DNA
damage, evidence also exists for iAs as an EDC due to its
interference with steroid receptor activity, perhaps due to
common zinc-finger interactions (986–989). As previ-

ously reviewed, epidemiology studies have shown an as-
sociation between iAs exposure and prostate cancer mor-
tality in Taiwan and the United States in hotspot areas of
high exposure (1). A recent evaluation of low-moderate
iAs exposure with urinary measures in a prospective co-
hort of approximately 4000 Native Americans identified
a significant increase in mortality from prostate cancer
over 20 years of follow-up (990). However, rodent models
of iAs carcinogenicity did not support these human results;
this may be attributable to marked species differences in
arsenical biokinetics between rodents (991). In vitro stud-
ies using benign human prostate cells reported that iAs
induced malignant transformation of prostate epithelial
cells and drove them to an androgen-independent state
(992). Interestingly, compared to the individual com-
pounds, combined exposures of RWPE-1 cells to both iAs
and estradiol resulted in increased transformation, sug-
gesting synergistic pathways (993). The Waalkes labora-
tory reported that prostate epithelial stem cells are a direct
target for iAs transformation, which may underpin the
increased prostate cancer risk and mortality (994–996).
Of note is the activation of the RAS oncogene and in-
creased ERK activity in the prostate stem cells transformed
by iAs (994) because these are important mediators of
hormone actions in human prostate stem cells (960). That
stem cells are targets of iAs also raises the issue of a de-
velopmental exposure to arsenicals because the prostate is
enriched in stem cells during this time (997). Future re-
search into these areas, including in utero exposure in hu-
man populations with prostate cancer as adults, is critical
for delineating this possibility.

b. Cadmium. Cadmium exposures come from smoking,
diet, and a variety of occupations. Because cadmium acts
as a ligand and activates ERs, among other modes of ac-
tion, it is considered an estrogen mimic (998). There is
conflicting epidemiological evidence for an association be-
tween cadmium exposure and prostate cancer risk or mor-
tality, with some data showing no interactions and others
showing significant correlations (999–1002), meriting
further work to resolve these discrepancies. Two recent
studies in rodent models found that brief exposure to low-
dose cadmium increased epithelial hyperplasia and up-
regulated AR and ER� levels, suggesting endocrine per-
turbations leading to abnormal proliferation (1003,
1004). Similar to iAs, cadmium exposure transforms nor-
mal human prostate epithelial cells in vitro, enabling them
to recruit nearby stem cells into an oncogenic phenotype
(1005). These provocative findings highlight novel path-
ways whereby cadmium exposure may influence the car-
cinogenic potential of prostate epithelial cells. Continued
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research in this area may help to elucidate mechanisms
that might be useful for future disease prevention.

C. Conclusions
Data continue to emerge that identify the prostate

gland as a direct EDC target tissue, whereby exposures
especially during development result in lifelong changes
that influence disease susceptibility and contribute to
prostate cancer incidence, progression, and mortality. Un-
doubtedly, the sensitivity of the prostate to EDC exposure
is due to the absolute dependence of this gland on andro-
gens and multiple other hormones that regulate its devel-
opment, secretory activity, and homeostasis throughout
life, with hormone imbalances contributing to disease on-
togeny in this structure. Accumulating data confirm that
the adult human prostate is directly affected by EDCs,
with increased cancer rates and mortality occurring in men
exposed to pesticides, Agent Orange chemicals, alkylphe-
nols, and trace metals, all with known hormonal actions
as a common factor. It is important to note that not all
findings are in agreement, and for several, negative find-
ings suggest that previously suspected compounds (eg,
methyl bromide) most likely have limited or no prostatic
effect. Furthermore, several chemicals have very limited
evidence for adverse effects and well controlled studies are
required to assess their potential for harm to the prostate
gland. New findings in human and animal models also
support previous data showing a developmental window
of heightened sensitivity to EDCs resulting in increased
susceptibility to aging-associated pathologies including
carcinogenesis. Modes of action include altered steroid
receptor levels and actions, changes in steroidogenic en-
zyme activity, and epigenomic reprogramming that may
underpin an increased disease propensity throughout life.
Additionally, important new data identify the stem and
progenitor cells within the developing and adult prostate
gland as direct targets of EDC actions, further contribut-
ing to long-term memory of prior exposures within the
gland. Because these cells populate the prostate during
embryonic development, maintain adult homeostasis, and
repopulate the prostate after acute or chronic injury, and
because stem-like cancer cells play a fundamental role in
tumor progression, reprogramming of prostate stem and
progenitor cells by EDCs have marked potential for trans-
mitting lifelong changes within the gland, including a pre-
disposition to diseases with aging.

Continued studies by researchers and governmental
agencies examining the role of EDCs in prostate disease
are essential at several levels. First, it is necessary to in-
vestigate more individual EDCs and classes of compounds
to identify all chemicals that may adversely affect prostate
health so that we can undertake needed steps to reduce

human exposures. Next, it is important to delineate the
critical periods of exposure vulnerability for the various
EDCs, from early development through puberty, as cul-
prits for increasing disease risk in adult men. Third, it is
fundamental that we understand EDC modes of action
and the molecular underpinnings of lifelong prostatic
perturbations because this knowledge will be critical for
effective prevention and treatment strategies. Fourth,
we must discover biomarkers of exposure that will best
identify at-risk populations. Finally, we need to con-
tinue efforts to understand the stem cell as a target of
prostate reprogramming by EDCs and develop prostate
stem cell models as effective, functional screening tools
to rapidly identify chemicals that are potentially harm-
ful to prostate health.

VII. Thyroid Disruption

A. Characteristics of the hypothalamic-pituitary-thyroid
(HPT) axis

Thyroid hormone is essential for normal development
and for the control of many aspects of adult physiology in
vertebrates. Thus, it is important that thyroid function and
thyroid hormone action be maintained within normal
physiological limits both during development and in
adulthood. Environmental factors such as the micronu-
trients iodine, selenium, and iron are important for the
proper control of thyroid function. In addition, a number
of foods contain goitrogenic (goiter-inducing) agents
such as thiocyanates and isoflavones can interfere with
thyroid function. Nitrates, chlorates, and perchlorates
are anions found in water and foods, and these also can
inhibit thyroid function. Finally, manufactured chemi-
cals can interfere with thyroid function or thyroid hor-
mone action. The goal of this section is to review recent
studies concerning the impact of EDC exposures on the
thyroid and to place these studies within the context of
new information informing us about the basic biology
of thyroid hormone.

Blood levels of thyroid hormones are maintained
within a somewhat narrow range in an individual, but
individuals differ in their “set point” such that the popu-
lation variance (the reference range) can be 10-fold greater
than individual variance (1006, 1007). This fact is impor-
tant in considering EDC effects within individuals and
populations.

The control of thyroid function involves a dynamic in-
teraction among the hypothalamic releasing hormone
TRH, the pituitary hormone TSH, and the thyroid hor-
mones that exist in two major forms: T4 and T3 (1008)
(Figure 9). The HPT axis is one of the body’s neuroendo-
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crine systems (Figure 9) (see Section VIII for more on neu-
roendocrine disruption). T4 is the predominant hormone se-
creted from the thyroid gland, and it is converted to T3 by the
action of a deiodinase (type 1 [referred to as Dio1 or D1] or
type 2 [Dio2, or D2]) in various tissues (1009). Thyroid dis-
ruption by EDCs can occur at any level of the HPT axis
including thyroid hormone synthesis, release, transport, and
metabolism, or thyroid hormone actions on target tissues.
This occurs, in part, because of structural similarities be-
tween some EDCs and thyroid hormones (Figure 10).

There are two important implications of the complexity
of HPT regulation. First, some tissues can regulate their
own sensitivity to thyroid hormone by changes in the ex-

pression of various enzymes and transporters (eg, Ref.
1010). This creates a situation in which changes in thyroid
hormone action in specific tissues and cells would not re-
flect changes in circulating levels of thyroid hormones.
Second, EDCs can interfere with thyroid hormone action
in a complex manner in the thyroid gland, the hypothal-
amus, or pituitary, or in thyroid hormone-regulated tis-
sues and cells. These characteristics of the thyroid axis
represent a major challenge for interpreting results of EDC
studies (1011) because it means that to fully evaluate the
ability of an EDC to interfere with thyroid hormone ac-
tion, we cannot rely solely on thyroid hormone levels in
blood for our measurements. In humans, genetic defects in

HPT function have informed
our basic understanding of
the thyroid system, and they
provide evidence that EDCs
may interfere with thyroid
hormone action in tissues in
a manner that is independent
of circulating levels of thy-
roid hormone (1012). The
clinical manifestation of
these genetic defects is im-
portant to consider for stud-
ies of EDCs because they
point to adverse effects that
are not traditionally viewed
as being manifestations of
thyroid disease.

B. Role of the
micronutritional
environment in thyroid
hormone action

Several micronutrients are
essential for thyroid hormone
production (1013), and this
may be an important variable
contributing to differential ef-
fects of EDCs on thyroid hor-
mone action. Thyroid hor-
mones are iodine-containing
thyronines: modified tyrosyl
residues connected by an ether
link. Two atoms of iodine are
bound to each of the inner and
outer rings to form T4 (1014),
explaining the dietary require-
ment for iodine (1015). Con-
sidering the importance of io-
dine to thyroid hormone

Box 5. Key Points: Prostate
� The prostate gland is a hormone-dependent structure, and dysregulation of

hormonal signaling is a known contributor to the high rates of prostate disease
with aging. A number of EDCs have been associated with aberrant prostate
growth, making it a likely EDC target.

� Disruption of multiple hormonal pathways by EDCs have been identified in the
prostate, including ERs, AR, VDR, retinoic acid receptor/RXRs, PRL, and ste-
roid-metabolizing enzymes. This may underlie increased prostate cancer risk by
certain EDCs.

� Gene-environment interactions have been identified for several pesticides in
population studies and suggest that certain genetic alterations such as SNP vari-
ants may predispose subpopulations of men to heightened prostate cancer sus-
ceptibility from exposure.

� EDC classes with known prostatic effects include pesticides, insecticides, her-
bicides, Agent Orange chemicals, PCBs, alkylphenols, BPA, and some heavy
metals.

� Epidemiological evidence indicates increased prostate cancer rates and mortality
in men exposed to specific pesticides, Agent Orange, alkylphenols, PCBs, and
inorganic arsenic.

� Animal models and human cell-based studies provide evidence for elevated pros-
tate cancer risk from BPA exposures, with increased sensitivity to BPA repro-
gramming during early-life developmental.

� Cell-based and animal studies support the human data, extend to additional
EDCs of concern, and identify cellular (eg, stem cells) and molecular pathways
(eg, epigenetics) that underpin increased prostate disease risk.

� Occupational pesticide/herbicide exposure levels provide greater prostate can-
cer risk although emerging evidence is suggestive of general population risk in
areas of pesticide/herbicide utilization. PCB risk appears limited to occupational
exposure levels, and arsenic risk occurs in hotspot areas of high iAs in drinking
water. BPA effects in animal models have been noted at low-dose equivalents to
general population exposures.
Future studies are needed to identify prostate disease risk with low-dose EDC
exposures, identify critical life periods of exposure vulnerability, investigate ad-
verse effects of several unstudied EDC classes that interfere with steroid actions,
and elucidate modes of action for EDC prostatic effects and discovery of bio-
markers of EDC exposure to identify at-risk populations.
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synthesis and the singularity of the sodium/iodide symporter
(NIS) that transports iodide, it ispotentially important that sev-
eral environmental chemicals can interfere with iodide uptake
through the NIS.

TheenzymesDio1andDio2thatconvertT4toT3through
removal of an iodine atom are selenoproteins (1013), and
therefore dietary selenium is required for this function. In
fact, patients with genetic defects in selenoprotein synthesis
have impaired thyroid function (1016, 1017). In rats, PBDE

exposure reduced Dio1 activity in the liver (1018). This is a
potentially important mechanism of thyroid hormone vulner-
ability to disruption by EDCs, but this requires further study.

C. Chemicals with direct actions on the thyroid gland:
perchlorate, chlorate, nitrate, thiocyanate

1. Iodide uptake
A number of environmental chemicals, mostly complex

anions, can interfere with NIS function and iodide uptake

Figure 9.

Figure 9. The HPT axis can be disrupted at several points of regulation. The control of thyroid hormone delivery to the site of action in tissues is a
highly complex process that includes synthesis in the thyroid gland, transport through blood, selective uptake into tissues and cells, and
metabolism at the site of action. These elements are represented as follows. 1) TRH is produced in parvocellular neurons of the hypothalamic PVN.
Only a subset of these neurons appears to control pituitary TSH release (ie, are hypophysiotropic). These neurons are controlled by a combination
of neuronal afferents and thyroid hormone negative feedback. This feedback is mediated principally by T4 from serum, which is converted to T3 by
tanycytes and delivered to TRH neurons through the cellular transporter MCT8. Negative feedback itself is mediated selectively by the ThRB2
receptor. TRH stimulates the synthesis and release of TSH in pituitary by the action of membrane receptors that signal through protein
kinase C. 2) Thyroid hormone synthesis requires the active uptake of iodide through the NIS, the production of thyroglobulin, and its
iodination by the TPO enzyme. TSH stimulates the thyroid cell through cAMP, which increases thyroid hormone synthesis and release
simultaneously. Thyroid hormone release requires the endocytosis of iodinated thyroglobulin in the colloid, vesicular transport through the
thyrocyte, during which time iodotyrosyl residues are coupled and excised from the protein backbone before exocytotic release. Once in
blood, 3) thyroid hormones are carried on binding proteins (so-called “distributor proteins”). Most T4 (75%) is carried on T4 binding protein
(TBG), about 25% on transthyretin (TTR), and a small proportion on albumin. This leaves about 0.01% “free” (unbound). 4) T4 in serum
gains entry into tissues and cells through selective transporters such as the organic anion transport protein 1C1 (OATP1c1) or the
monocarboxylate transporter 8 (MCT8). The delivery of biologically active T3 is complex especially in the nervous system. T4 is taken up by
glial cells and converted to T3 by the action of Dio2. Then, T3 is transported actively to neurons and acts on the ThR � or �. 5) The half-life
of T4 in serum is 7–10 days in humans and 24 hours in rodents. This is controlled by the liver, which expresses enzymes (glucuronidases or
sulfotransferases) that modify T4 and T3 such that they are eliminated in bile.
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and thereby interfere with thyroid function. Perhaps the
most important among these are perchlorate, chlorate,
nitrate, and thiocyanate. Chlorate and nitrate can be
found in high levels in some water supplies; high levels of
thiocyanate are derived from a variety of sources including
cigarette smoke. Although there are natural sources of
perchlorate, it is also made in large quantities in the pro-
duction of explosives (solid rocket fuel, automobile air
bags, fireworks). All of these ions inhibit iodide intake,
and this can be particularly important when iodide intake
is low to insufficient (1019). Perhaps because all of these
factors interact (including iodide intake), the effect of per-
chlorates on human thyroid function is complex (1020). A
recent study showed that perchlorate levels in pregnant
women with borderline thyroid function were inversely
related to measures of cognitive function in the offspring
(1021). Therefore, it is possible that environmental per-
chlorate affects thyroid function when other risk factors
are present, including low dietary iodide intake, the pres-

ence of other complex anions, underlying subclinical thy-
roid disease, and perhaps the presence of other environ-
mental antithyroid agents.

2. Iodide organification
The thyroperoxidase (TPO) enzyme is essential in thy-

roid hormone synthesis and is the target of goitrogenic
agents such as isoflavones and thiocyanates (1022, 1023).
In a recent study, Paul et al (1024) developed a high-
throughput assay to detect chemicals that affect TPO en-
zyme activity and tested several chemicals, some of which
showed TPO inhibition. The Tox21 set of assays will in-
clude this tool and it will likely be an important indicator
of such chemicals. Likewise, Song et al (1025) developed
an in vitro assay for interaction of various chemicals with
human TPO and found that some chemicals could inhibit,
and some could increase TPO activity in vitro. Thus, a
variety of natural and synthetic chemicals can interfere
with this important enzyme.

Figure 10.

Figure 10. Representative environmental chemicals with structures similar to that of thyroid hormone. A) Thyroid hormone (T4) is metabolized by a series
of enzymes to form more a potent (outer ring deiodination by Dio1 and Dio2) or less potent (inner ring deiodination by Dio3) hormone. These metabolic
events are important steps in the control of thyroid hormone action in tissues and take place in specific cells as described in the text. It is important to
recognize that some environmental chemicals may interfere with specific enzymes, but little is known of this pathway. Some of these chemicals are: B,
PCBs; C, triclosan; D, PBDEs; and E, BPA. [Modified from M. E. Gilbert et al: Developmental thyroid hormone disruption: prevalence, environmental
contaminants and neurodevelopmental consequences. Neurotoxicology. 2012;33:842–852 (1322), with permission. © Elsevier.]
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3. Chemicals that increase thyroid hormone clearance
A large number of chemicals that reduce circulating

levels of thyroid hormone do so by activating enzymes in
the liver that increase T4 and/or T3 clearance from blood
(1026). However, some chemicals that reduce serum total
and free T4 do not increase serum TSH and do not produce
effects on thyroid hormone action in tissue that are con-
sistent with their effects on serum T4 concentrations
(1012). The mechanisms that account for this observation
are not known.

4. Chemicals that bind to T4 binding globulin
or transthyretin

A significant number of chemicals bind to thyroid hor-
mone binding proteins in blood, sometimes with greater
affinity than with thyroid hormone itself (1027–1032).
The functional significance of this binding is not clear. On
one hand, this might reduce the amount of thyroid hor-
mone normally distributed across tissues. It may also in-
terfere with analog measures of free hormone. Most of
these chemicals are phenolic compounds, such as PCBs,
PBDEs, and others.

5. Chemicals that interfere with thyroid
hormone metabolism

T3 and T4 are metabolized by deiodinase enzymes, as
well as hepatic enzymes including glucuronidases and sul-
fatases. The outer ring deiodinases (Dio1 and Dio2) con-
vert T4 to T3. In contrast, the type 3 deiodinase (Dio3) is
an inner ring deiodinase, which converts T4 to rT3 and T3

to T2. These enzymes are critical for health, as evidenced
by severe goitrous hypothyroidism in patients with genetic
defects in the Dio2 (DEHAL1) gene (1033). Considering
this, it is possible that environmental chemicals that have
structures similar to that of thyroid hormone (eg, haloge-
nated biphenyls and biphenyl ethers) could affect thyroid
hormone metabolism in ways that would be difficult to
detect. However, this issue has not been intensely studied.
Recently, Shimizu et al (1034, 1035) began to evaluate the
ability of chemicals to interfere with deiodinases involved
in iodine salvage in the thyroid gland. They reported that
several chemicals significantly inhibited this activity, al-
though the 20% inhibitory concentration was in the mi-
cromolar range.

6. Chemicals that interfere with thyroid hormone transport
There are very few studies of this important issue. One

recent study showed that the insecticide fipronil altered
hepatic expression of the thyroid hormone transporter
Oatp1c1 (1036). However, few studies have evaluated the
ability of environmental chemicals to interfere directly
with either T4 or T3 transmembrane transport.

7. Conclusions
These studies show that a number of manufactured and

natural chemicals can interact with thyroid hormone pro-
duction, transport through serum, metabolism, and clear-
ance, all of which—singly or in combination—could ex-
plain the ability of various chemicals to cause a reduction
in circulating levels of thyroid hormone. A significant area
of uncertainty is that it is not clear to what the degree
various adaptive responses within the thyroid system can
compensate for these effects or when during development
these adaptive responses become mature.

D. EDCs and the thyroid
An increasing number of studies are reporting on the

relationship between EDC exposures and measures of thy-
roid function in the human population, most focused on
PCBs, PBDEs, phthalates, BPA, and perchlorate. Studies
in humans do not consistently associate chemical expo-
sures with circulating levels of hormones, possibly because
an association between chemical exposures and circulat-
ing levels of hormones is difficult to test directly in hu-
mans. However, animal studies have identified a large
number of environmental chemicals that cause a decrease
in serum thyroid hormone (reviewed in Refs. 1026 and
1037). These, as well as in vitro studies, do show a con-
sistent association between EDC exposures and thyroid
hormones. One of these reviews also provided a timeline
for the development of the rodent and human thyroid
gland in relation to neural development and categorized
antithyroid chemicals in terms of their site of action within
the thyroid system, enabling a head-to-head comparison
of species (1026).

Here, we focus on the mechanisms by which some man-
ufactured chemicals are known to interfere with thyroid
hormone action. The strength of this approach is that it
provides a simple way for readers to approach this issue
and emphasizes the mechanistic aspect of thyroid disrup-
tion. We realize that thyroid cancer is increasing in inci-
dence, but little is known about the role of environmental
chemicals. This issue has been well reviewed recently (799)
and will not be discussed further in the current article.

1. Perchlorate
a. Human studies. Experimental studies in humans indicate
that the serum half-life of perchlorate is about 8 hours and
that an exposure level of about 5.2 �g/kg/d is sufficient to
begin to reduce iodide uptake into the thyroid gland
(1038). The adult thyroid gland stores a great deal of hor-
mone in the form of iodinated thyroglobulin, and human
toxicology studies indicated that only very high exposures
to perchlorate would inhibit thyroid hormone synthesis
(1038), so it was surprising that one study found that
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background exposure to perchlorate was associated with
serum TSH in the general population of women (not in
men) (1039). It is less surprising that this association was
greater in women with urinary iodine below 100 �g/L, and
stronger still among these women who smoked (1040),
because cigarettes contain thiocyanates that also inhibit
iodine uptake. These observations were repeated in a later
NHANES survey (1041). Because infants are particularly
vulnerable to thyroid hormone insufficiency (1042) and
because perchlorate levels are particularly high in breast
milk (1043), perchlorate may be affecting thyroid hor-
mone signaling in early infant development in some pro-
portion of the US population (1044).

Studies showing an association of low-dose long-term
perchlorate exposure and thyroid disruption (1039, 1040)
were not consistent with other studies of the high-dose
short-term human exposure (1038, 1045, 1046), although
there was a link between perchlorate exposure and thyroid
disruption in the 2007–2008 NHANES sample (1041). In
addition, a recent European study reported a relationship
between perchlorate exposure in pregnant women and
measures of reduced cognitive function in the offspring
(1021).

b. Animal studies. Because the mechanism of perchlorate
action is well known, and because both the toxicology and
epidemiology have been performed on humans, there are
fewer animal studies investigating the mechanism of per-
chlorate action. Perhaps the most important was studied
by Gilbert and Sui (1047), who showed that perchlorate
exposure to pregnant rats affected synaptic function in the
adult offspring.

2. Polychlorinated biphenyls

a. Human studies. A considerable literature shows that de-
velopmental PCB exposure (both prenatal and postnatal)
is associated with a variety of cognitive deficits in children
(1048). The most recent reports have begun to evaluate the
specific cognitive domains affected by PCB exposures and
to distinguish them from those affected by lead and meth-
ylmercury (27). There is very little consistency in the lit-
erature describing the relationship between PCB exposure
and measures of thyroid function in humans, despite the
established relationship between PCB exposure and ad-
verse cognitive measures (1049, 1050).

b. Animal and in vitro studies. Research in rodents consis-
tently shows that PCB exposure leads to a reduction in
serum total and free T4 (eg, Ref. 1051). Importantly, in
vitro and animal research indicates that at least some PCBs

may interfere with thyroid hormone action at the tissue or
cell level. Variations between effects of the 209 PCB con-
geners exist due to the number and placement of bromine
atoms on the diphenyl oxide ring (1052). A commercial
mixture of PCB congeners, Aroclor 1254, exerted thyroid
hormone-like effects on thyroid hormone-regulated genes
in the developing rat brain (1053). In addition, a number
of studies demonstrated that very low concentrations of
some hydroxylated PCBs (10�10

M) interfered with the
ability of T3 to activate the thyroid hormone receptor
(ThR),whichaffectedneuronal growth inprimarycortical
neurons (1054, 1055). Hydroxylated PCB metabolites
also interfered with ThR activation in GH3 cells (1056), in
rodents (1057), and in humans (1058). All of these studies
show that the ability of PCBs to interfere with ThR acti-
vation was not reflected by changes in circulating levels of
thyroid hormone. These are important observations, but
it should not be taken to mean that a large number of
chemicals interact directly with the ThRs. In fact, Hof-
mann et al (1059) identified very few chemicals that di-
rectly interacted with the ThR.

3. Polybrominated diphenyl ethers
a. Human studies. PBDEs are found in the blood of pregnant
women (35), in cord blood, and in breast milk (1060,
1061). Studies show a significant negative correlation be-
tween cord blood PBDE levels and cognitive function, in-
cluding full scale, verbal, and performance IQ (eg, Ref.
1062). These findings are consistent with animal studies,
which documented a number of neurobehavioral deficits
in rodents caused by various PBDEs, and in some cases
their interactions with PCBs (1063–1066). Moreover,
others have reported that PBDE exposure is negatively
correlated with cognitive function in humans (700, 1067,
1068).

b. Animal and in vitro studies. The relationship between
PBDE exposure and neurodevelopment in humans
likely involves multiple mechanisms. In addition to af-
fecting thyroid hormone action, some PBDEs affect in-
tracellular calcium regulation (1069) and other signal-
ing or molecular mechanisms that could affect brain
development (1061). However, because of the critical
role of thyroid hormone in brain development, small
deficits in thyroid hormone levels during developmental
stages can produce cognitive deficits (1009). By infer-
ence, if PBDE exposure alters thyroid hormone levels in
pregnant women, fetuses, or neonates, this may result in
cognitive deficits due at least in part to thyroid disrup-
tion. Moreover, if some PBDE congeners or their me-
tabolites can interfere with thyroid hormone action at
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the cellular level, then PBDE exposure may also be
linked to cognitive deficits by this mechanism.

Findings in animal, in vitro, and biochemical studies
have supported epidemiological studies examining the
association between PBDE exposure neurotoxicity and
thyroid disruption. Several early rodent studies indi-
cated that PBDE exposure reduced circulating levels of
total and free T4 (1070 –1072). In some cases, TSH lev-
els were elevated, and in others the TSH levels were not
elevated. A recent animal study compared PBDE expo-
sure with propylthiouracil (PTU) exposure in their ef-
fects on serum total and free T4, TSH, and “down-
stream” measures of thyroid hormone action in tissues
(1012). Results showed that PBDE exposure reduced
serum free and total T4, but that serum TSH levels were
not increased. Moreover, PBDE exposure reduced se-
rum T4 to a level that was similar to that produced by
PTU, but the effects on thyroid hormone action in liver
and heart were not similar to those of PTU. Thus, PBDE
exposure produced enigmatic effects on serum thyroid
hormone levels and thyroid hormone action in tissues,
suggesting that caution should be applied to the under-
lying assumption that the effects of PBDE on thyroid
hormone action are predicted by changes in serum hor-
mone levels.

These findings and others suggest that some PBDE con-
geners may act directly on the ThR. This interpretation is
supported by the observation of Ren et al (1073) who
found that several hydroxylated PBDEs can displace T3

from ThR� and ThR� with IC50 values in the 1–10 �M

range. Likewise, using a yeast-based assay containing a
human ThR� full-length protein, Li et al (1074) identified
several hydroxylated PBDEs that interacted with the ThR.
Importantly, Koibuchi’s group (1075) reported that
BDE209 could interfere directly with ThR binding to
DNA at concentrations in the picomolar–nanomolar
range and that this was dependent upon the DNA motif to
which the ThR was bound. These are a few of the studies
demonstrating a direct physical interaction between some
PBDEs or their hydroxylated metabolites and the ThR.
Because there are 209 different PBDE congeners and mul-
tiple kinds of metabolites, it is likely that additional PBDE
species could be identified that interact with the ThR�

and/or ThR�. Moreover, several groups have identified
PBDEs that can activate luciferase expression in a “trans-
activation” assay or in cell-based proliferation assays
(1076). These kinds of studies may identify chemicals that
interact directly with the ThR or may affect deiodinase
enzymes or transporters in a manner that produces similar
effects. A review of the literature in this field within the
context of neurotoxicity was published several years ago
(1077).

4. Phthalates
a. Human studies. Several epidemiological studies have re-
ported relationships between urinary phthalate levels and
thyroid function measures including T4, T3, and TSH. One
study reported a negative association between urinary
phthalate monoesters and serum free and total T4 (1078).
A single blind study found that a 1-week topical applica-
tion of diethyl phthalate or DBP did not affect serum total
or free T4 or serum TSH (1079). However, a third study
reported that urinary DEHP was negatively correlated
with serum free T4 in men (1080). In addition, using data
from NHANES, urinary MEHP was significantly nega-
tively associated with serum total and free T4 and posi-
tively associated with serum TSH (6). Interestingly, a neg-
ative association was reported in nonobese subjects
between phthalate metabolites in urine and serum T4, but
not in obese subjects (1081). Finally, another study re-
ported a positive association between intake of phthalate-
tainted foods and serum TSH in Taiwanese children
(1082).

Overall, there seems to be surprising agreement among
human studies showing that specific phthalates are asso-
ciated with reduced serum T4, and in some cases increased
serum TSH, and that there appear to be several mecha-
nisms in play.

b. Animal and in vitro studies. Among the first studies eval-
uating effects of phthalates on the thyroid was a 2-year
carcinogenesis study of diallyl phthalate in mice, which
noted limitedeffectson thyroidhistology,butdidnotmea-
sure hormone levels (1083). A second study evaluated the
effect of exposure to bis-DEHP, di-n-hexyl phthalate, or
di-n-oxyl phthalate on various health measures in rats and
observed that all caused a decrease in serum T4 but not T3

(1084). In contrast, a third study reported that high doses
of DBP administered for 15 days via oral gavage reduced
both T3 and T4 (1085). Studies have shown that phthalates
enhanced the expression of NIS in a rat thyroidal cell line
(PC C13), as well as perchlorate-sensitive iodide uptake
into FRTL5 cells (1086). In addition, a study showed that
several phthalates decreased T3 uptake in a Rana cates-
beiana erythrocyte assay (1087). Finally, several phtha-
lates were evaluated for their ability to interfere with
ThRs. One study reported that a low dose (10�7

M) of
DEHP suppressed T3-mediated receptor activation and
that this was not related to its ability to cause receptor
dissociation from thyroid hormone-response elements or
to the altered ability of the ThR to interact with cofactors
(1088). Using the rat pituitary cell line GH3 in a
T-SCREEN, another study identified several phthalates
that affected T3-stimulated cell proliferation (1089).
These experimental studies point to the need for more
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research into the mechanisms by which various phthalates
interfere with the thyroid system because these chemicals
are ubiquitous and have the potential to interfere with the
healthy function of the human thyroid gland.

5. Bisphenol A
a. Human studies. Several recent epidemiological studies in-
dicate a link between BPA exposure and thyroid hormone
levels. A weak positive association between halogenated
BPA and serum T4 was reported in one study (1090), sim-
ilar to a previous study (1091). In contrast, two other
reports indicated a negative association between serum
free T4 and BPA exposure (6, 1092). Given the individual
and population variability of serum thyroid hormone lev-
els (1006, 1007) and the rapid clearance of BPA (1093,
1094), any observed relationships between the two mea-
sures should raise some interest. However, there has been
little research in this area.

b. Animal and in vitro studies. In 2002, two studies showed
that BPA is a weak ligand for ThRs, therefore acting as
an indirect antagonist (1095, 1096). BPA inhibited the
transcription of genes activated by TRs in cell culture
(1097, 1098). A more recent study using CV-1 kidney
cells suggests that BPA can interfere with thyroid hor-
mone action on the TR� receptor by a nongenomic
mechanism (1099).

A study of dietary exposure to BPA during pregnancy
and lactation reported an increase in serum total T4 levels
without affecting TSH, a pattern similar to that found in
thyroid resistance syndrome, as would be expected for a
ThR antagonist (1100). Seemingly paradoxical, that study
also found that the thyroid hormone-responsive gene RC3
was elevated in the dentate gyrus of the hippocampus
where ThR� is predominantly expressed. Thus, BPA
may act as an antagonist selectively on the ThR� iso-
form, disrupting the negative feedback mechanism but
increasing the transcription of thyroid hormone-acti-
vated genes where TR� is present as a response to ele-
vated T4 levels. If BPA creates a pattern of disruption
that mimics thyroid resistance syndrome, it may affect
the development of the cortex. This would also be con-
sistent with the observed relationship between thyroid
resistance and attention deficit in both mice (1101,
1102) and humans (1103, 1104).

E. Conclusions
There are several important conclusions to be drawn

from the recent data on EDCs and thyroid disruption.
First, there is good evidence from animal, biochemical,
and human studies that specific chemicals can interfere
with thyroid hormone action and cause adverse effects

at the population level. Second, the current biomarker
of thyroid “disruption”— circulating levels of thyroid
hormone—may not be faithfully reflecting EDC effects
on thyroid hormone action in tissues. Therefore, new
biomarkers of thyroid hormone action must be devel-
oped for use in epidemiological studies. Third, there are
a large number of EDCs that can interact with and po-
tentially disrupt the thyroid system at different nodes of
thyroid hormone action regulation, and very few stud-
ies have evaluated this. Fourth, given the importance of
thyroid hormone in development, especially of the
brain, we need more studies on this topic.

VIII. Neurodevelopmental and Neuroendocrine
Effects of EDCs

A. Introduction to EDCs and the developing brain
Parts of the brain function as an endocrine gland. Cer-

tain groups of neurons release their neurohormones by the
classical endocrine mechanism into a portal capillary vas-
culature that vascularizes the anterior pituitary. This neu-
roendocrine region at the base of the brain, the hypothal-
amus, is integrally involved in controlling how the body
adapts to the environment and in the regulation of several
peripheral endocrine systems. Different groups of hypo-
thalamic neurons control reproduction, growth, metabo-
lism, lactation, stress responsiveness, uterine contractions
at parturition, energy balance, circadian rhythms, tem-
perature regulation, and electrolyte balance, among other
functions. For the purposes of EDC-2, we will focus pri-
marily on the hypothalamic-pituitary-gonadal (HPG) and
hypothalamic-pituitary-adrenal (HPA) neuroendocrine
axes controlling reproduction and stress, respectively (Fig-
ure 11). Importantly, the steroid hormones produced by
the gonads and adrenals, beyond their classical endocrine
actions, act upon the brain via steroid hormone receptors
that are not only expressed in the hypothalamus but are
also widely and heterogeneously expressed throughout
the nervous system.

Thus, the brain is a target of EDCs in two principal ways:
through perturbations of neuroendocrine processes that
originate in the hypothalamus, and via actions of EDCs on
steroid hormone receptors and other signaling pathways (eg,
steroidogenesis) that occur much more widely throughout
the brain. Here, we discuss the literature on neurodevelop-
ment and neuroendocrine actions of EDCs.

Readers will note that there is little discussion of the
human literature. Assays of neurodevelopment require
postmortem tissues, on which no studies are available.
Neuroendocrine neurons cannot be directly evaluated be-
cause hypothalamic releasing hormones cannot be mea-
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sured in peripheral blood samples, urine, or other tissues.
Therefore, the human data are limited to behavioral out-
comes,whicharediscussed toward the endof SectionVIII.

B. EDC effects on steroid hormone receptors and
steroidogenic enzymes

The brain’s dense and widespread distribution of
hormone receptors, its high hormone sensitivity, and its
ability to synthesize steroids through the expression of
steroidogenic enzymes, among other characteristics,
make it particularly vulnerable to hormonal perturba-
tions. This concept is particularly important when put
into the context of development because there are crit-
ical periods during which even minute changes in hor-
mone exposures can affect a neurobiological outcome.
This issue of sensitive life periods is central to under-
standing EDC effects on brain and behavior (1105).

1. EDC effects on steroid hormone receptors in the brain
There is robust evidence that EDCs change the ex-

pression, abundance, and distribution of steroid hor-
mone receptors in the developing central nervous sys-
tem. Research on many classes of EDCs consistently
shows effects on mRNA levels, protein expression, and
neuroanatomical changes to nuclear hormone receptors
studied to date, as well as functional consequences of
altered receptor action. Although beyond the scope of

this review article, there is a very robust and rich liter-
ature on EDC effects in fish brains and behavior, and we
refer readers to some reviews on the subject (1106 –
1109). This section will focus on BPA and PCBs for
which there is the most evidence for EDC actions on
hormone receptors in the brain.

a. Bisphenol A

i) Hypothalamus. In the hypothalamus of rodents, develop-
mental BPA exposures affect expression of the nuclear ER
genes and proteins, but the directionality of results is
mixed. For example, several studies have shown that hy-
pothalamic ER� protein and mRNA expression was in-
creased by prenatal and/or early postnatal BPA in some
studies. Although the vast majority of work comes from
rodent models, this outcome was reported for the female
sheep medial preoptic area (MPOA) after prenatal (d
30–90 of the 147-d gestation; 5 mg/kg/d to the ewe dam)
exposure of the females. In mice, numbers of ER� immu-
noreactive cells in the MPOA were increased by BPA (50
�g/kg/d or 5 mg/kg/d, from E15 to P21) in both sexes at
P56 (1110). A similar outcome for ER� cells in the antero-
ventral periventricular nucleus (AVPV) was reported for
postnatal (P1 to P7) BPA treatment of female rats (0.05 or 20
mg/kg/d) when analyzed at P100 (572). Another rat study
administered BPA (2 �g/kg/d to dams) from E10 to P7 in rats

and reported Esr1 up-regula-
tion in both sexes at P80
(1111). In this same species,
BPA (E6 to E21, 2.5 or 25 �g/
kg/d) increased Esr1 in the
medial basal hypothalamus
shortly after birth in males
and females on P1 (1112).

By contrast, other experi-
ments showed decreased
ER� protein and mRNA ex-
pression after BPA, or mixed
effects. Prenatal BPA treat-
ment (E6 through the day of
birth; 2.5 or 25 �g/kg/d) de-
creased Esr1 expression on
P21 in the AVPV of female
rats (1113). In the study of
Monje et al (572), whereas
postnatal BPA increased
ER� cells in AVPV (dis-
cussed above), it decreased
this endpoint in the arcuate
nucleus (ARC) at P100. In

Box 6. Key Points: Thyroid
� A large number of chemicals and chemical classes are known to affect the thyroid

system.
� Animal studies have also demonstrated that a number of chemicals can reduce

circulating levels of thyroid hormone, including but not limited to PCBs, PBDEs,
some phthalates, and perchlorate. Interestingly, not all chemicals also cause an
increase in serum TSH.

� Some chemicals that affect the thyroid system in animals have been shown to be
associated with cognitive deficits in humans. However, exposure is not always
correlated with reductions in thyroid hormone in humans.

� Thyroid hormone produces different effects at different developmental stag-
es—in humans as well as in animals—and the consequences of disruption are
stage-specific.

� Some chemicals clearly exert actions on the thyroid system in humans and an-
imals at environmentally relevant concentrations. The mechanism(s) by which
chemicals can produce this effect varies.

� Three key areas of research are urgently needed: 1) identify biomarkers of thy-
roid hormone action in tissues to test the ability of chemicals to interfere with
hormone action in the absence of effects on serum hormone concentrations; 2)
determine whether chemicals with different mechanisms of action on the thyroid
system can synergize to cause adverse effects; and 3) identify high throughput
assays that predict thyroid “disruption.”
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mice, prenatal BPA (2, 20, 200 �g/
kg/d from E0 to E19) resulted in in-
verted U-shaped dose-response
curves for Esr1 in whole hypothala-
mus of male and female offspring on
P28 (1114).

Finally, ER� protein and mRNA
were also unaffected by several BPA
treatment regimes. Such a finding
was made in female rats for exposure
from E15 to P21 (5 mg/kg/d) on ER�

protein in the MPOA, ventromedial
nucleus of the hypothalamus
(VMH), and ARC at P56 (1115); for
male rats (E8–E23; 25 or 250 �g/
kg/d) for Esr1 mRNA in the preoptic
area (POA) and medial basal hypo-
thalamus at P30 or P120 (1116); and
for male and female rats exposed
(E6–E21) to 2.5 or 25 �g/kg/d BPA
and analyzed at P1 (1112). Another
rat study reported no change to Esr1
in the MPOA, VMH, or ARC of fe-
male rats at P21 or P90 exposed to
BPA (2.5 or 25 �g/kg/d) from E6
through birth (1113). It is notable
that some of these results with dif-
ferent directionality come from the
same study but with different brain
regions or age at analysis.

The literature on BPA actions on
the ER� is similarly complex, with
increases (475, 1112), decreases
(475, 1113, 1117), mixed results—
inverted U-shaped dose-response
curve (1114), or no changes (1112,
1113, 1115) reported. Many of these
studies also measured ER�, so de-
tails of exposure period, dose, and
age of analysis will be limited. Stim-
ulatory effects of BPA were seen for
rats exposed prenatally and assessed
for Esr2 in the VMH at P1 (1112).
Those studies showing inhibitory ef-
fects of BPA on ER� included the
sheep model (1117) and several ro-
dent studies. In rats, BPA decreased
Esr2 in the male but not in the female
hypothalamus (1111). Another rat
study showed that prenatal BPA de-

Figure 11.

Figure 11. The HPG and HPA neuroendocrine axes are shown. For each system, a group of
hypothalamic neurons synthesizes and secretes a neuropeptide, CRH (HPA axis) or GnRH (HPG
axis). These hormones travel through the portal capillary vasculature between the base of the
hypothalamus and the anterior pituitary. There, CRH activates the synthesis and secretion of
ACTH from corticotropes. Similarly, GnRH stimulates LH and FSH release. These pituitary
hormones, when they reach their target glands (adrenal or gonad), regulate steroidogenic
processes involved in biosynthesis of the glucocorticoids and sex steroid hormones. These
hormones activate stress and reproductive responses, respectively, in the body. They also exert
feedback actions on the hypothalamus and pituitary to enable adaptation of the body and to
modulate homeostasis of these neuroendocrine systems.
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creased Esr2 in the AVPV and MPOA of female rats at P90
(1113). It is clear that there are marked differences in how
studies were conducted that make it difficult to reconcile
results.

There are few studies on the AR, PR, and GR. For the
AR, BPA exposure increased numbers of AR-immunore-
active cells in the POA of mice exposed to BPA from E15
to P21 (50 �g/kg/d or 5 mg/kg/d) and evaluated at 8 weeks
of age (1110). Monje et al (572) reported that PR protein
was slightly decreased by BPA (P1–P7, 0.05 or 20 mg/
kg/d) in the AVPV, but not the ARC, two structurally and
functionally distinct subregions of the hypothalamus. GR
protein was decreased by BPA in the hypothalamus of
female rats, but not male rats, exposed during gestation
and through lactation (40 �g/kg/d) and assessed at P46
(1118).

ii) Nonhypothalamic brain regions. In the hippocampus, de-
velopmental exposure of male rats to BPA changed ex-
pression of the ER� gene and protein, an effect that was
dependent upon the age at which ER� was measured, and
this effect was blocked by the ER antagonist ICI 182 780
(46). A study from this same group reported that BPA
decreased ER� protein in hippocampus (475). In the
amygdala of rats of both sexes, BPA treatment increased
both ER� and ER� gene expression at P1 in several sub-
regions (1112). In prefrontal cortex, BPA caused little ef-
fect on ER� mRNA, and a decrease in ER� gene expres-
sion, but only in females (1114). BPA (40 �g/kg/d) had no
effect on GR protein in the hippocampus of male or female
rats (1119).

b. Polychlorinated biphenyls. Effects of developmental PCB
exposures have been studied for effects on ERs, AR, and
PR. Prenatal PCB treatment (Aroclor 1221, or a mix of
three PCBs; 1 mg/kg at E16 and E18) decreased ER�-
immunoreactive cell numbers in the AVPV of female but
not male rats when assessed at P60 (567). In that same
study, gene expression of Esr1, Esr2, and Pgr was unaf-
fected. Ar gene expression was decreased in female but not
male POA of these rats (567). Developmental PCB and
PBDE exposures abolished sex differences in expression of
PRs (1120), but this work was conducted at higher dos-
ages (10 or 30 mg/kg/d of A1254, a PCB mixture, or 1 or
10 mg/kg/d of PBDE99). In addition, Esr1 expression was
increased, and Esr2 decreased in male and female rats,
whereas Pgr did not change (1120).

2. Developmental EDC effects on steroidogenic and ste-
roid-metabolizing enzymes in the brain

Nearly all of the steroidogenic enzymes are detectable
in the brain, with each enzyme having unique develop-

mental and brain region-specific profiles. Beginning with
those enzymes necessary for cholesterol transport and side
chain cleavage, and continuing through the pathways
leadings to glucocorticoids, mineralocorticoids, estro-
gens, progestins, and androgens, these enzymes are capa-
ble of interconverting, metabolizing, and inactivating ste-
roid hormones in the brain (1121–1131). This is a
relatively underexplored area for EDC research, but avail-
able publications provide evidence that early-life EDC ex-
posures can modulate expression and activity of these en-
zymes. Detailed experimental information is found in
Table 7.

a. Bisphenol A. Gestational and early postnatal BPA expo-
sures increased expression of the p450 aromatase protein
in the hippocampus (475). Although we have focused this
article on developmental exposure, treatment of adult
male and female rats for 4 days with low-dose BPA (50
�g/kg/d) had significant effects on mRNAs for aromatase
(increased in both sexes) and 5�-reductase 1 (decreased in
females) in the prefrontal cortex (974).

b. Polychlorinated biphenyls. Exposure of rat pups to a re-
constituted mixture of PCBs had sex- and age-specific ef-
fects on mRNA of 5�-reductase 1 and 2 and aromatase in
the hypothalamus (566). Embryonic treatment of fetuses
with Aroclor 1254, a PCB mixture, affected 5�-reductase
2 mRNA in females but not males when assessed at P20;
it did not affect 5�-reductase 1 or aromatase mRNA, or
aromatase activity in either sex (1132). Other enzymes
(catechol-O-methyltransferase, Cyp1A1) were affected
(mostly decreased) by mixtures of PCBs, PCDDs and
PCDFs given to rats during postnatal development (1133).

3. Conclusions
The literature shows that the brain’s expression of

genes and proteins for steroid hormone receptors is highly
sensitive to developmental EDC exposure. However, it is
difficult to draw any generalized conclusions because the
way in which the hypothalami were dissected, the way that
endpoints were measured, the exposure period, the doses,
and the ages at analysis differed from lab to lab. It is im-
portant for future work to include replication of past
methodologies to allow for better extrapolation of results.

Nonreceptor-mediated mechanisms of action of EDCs
are also important points of consideration for the brain,
particularly steroidogenic enzymes. The widespread lo-
calization and developmental changes in expression of
these enzymes makes them potential targets of EDCs. This
mechanism has been studied better in the ovary (see Sec-
tion III), and more research on the steroid-synthesizing
organs of the body is needed.
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C. Molecular epigenetic mechanisms for EDC effects in
the brain

The molecular mechanisms underlying the effects of
EDC exposures during development are beginning to be
better understood for the nervous system and include
DNA methylation and histone modifications. DNA meth-
ylation in the brain is sexually dimorphic (in a brain re-
gion-specific manner) and highly sensitive to the perinatal
hormonal environment (1134–1136). Histone methyl-
ation and acetylation are also sexually dimorphic, and can
be modified by early-life hormonal manipulations, as
shown in the hypothalamus, cortex, and hippocampus,
and this can change adult behaviors (1137–1141). These
molecular mechanisms are therefore vulnerable targets for
developmental EDC exposures.

1. DNA methylation
a. Bisphenol A. Evidence that BPA induces changes in DNA
methylation, primarily hypomethylation, was first shown
for the agouti viable (Avy) mouse (104) and in prostate
cancer cells (105). In one of the first studies investigating
the effects of BPA on global DNA methylation in embry-
onic forebrain (1142), mice were exposed to BPA begin-
ning on E0 (20 �g/kg/d), and CpG methylation was as-
sayed by restriction landmark genomic scanning. The
results showed that BPA induced methylation and demeth-

ylation at roughly similar levels and supported the ability
of BPA to affect methylation in the fetal brain. In another
study, pregnant mice were fed BPA through gestation
(�20 �g/kg/d), and their embryos were collected at E18.5
for analysis of Dnmt1, Dnmt3a, and Dnmt3b in whole
brain (1143). That study did not find any differences
caused by BPA, but it is notable that the use of whole
brains may have masked region-specific effects. In fact,
Kundakovic et al (1114) reported sex- and brain region-
specific effects of BPA (2, 20, or 200 �g/kg/d from E0 to
E19) on Dnmt1 and Dnmt3a gene expression, and dif-
ferential effects on CpG methylation of Esr1. Addi-
tional differences between these studies may be due to
the different ages at analysis, which were P28 (1114)
and E18.5 (1143). Finally, Dnmt1 mRNA was signifi-
cantly increased in the basolateral amygdala of female
rats at P45 that had been exposed to BPA through ges-
tation and lactation (1144).

b. Methoxychlor. In one study, the effects of perinatal MXC
treatment did not affect CpG methylation of the gene for
ER�, Esr1, in the aged female POA, although estradiol
benzoate treatment in the positive control group resulted
in hypermethylation at three CpG sites (601). When pre-
natal PCBs were given in late gestation (A1221 at 1 mg/kg

Table 7. Developmental EDC Effects on Steroidogenesis in the Brain

EDC Animal Sex

Exposure

Period Dosage, Route

Age at Analysis

and Brain Region Effect Endpoint(s) Ref.

BPA Rat (S-D) M/F E7 to P21 0.01, 0.5, 5, 50, 200

mg/kg/d by gavage

to dams

P4, P7, P14, P21,

P56;

Hippocampus

Aromatase protein was increased

in a dose-dependent manner

by BPA at ages prior to P56

Aromatase protein 475

PCBs: reconstituted

mixture of PCBs

126, 138, 153,

180

Rat (S-D) M/F E15–E19 to dam,

then 2 �

weekly to

dam until

pups were

P21

10 mg/kg/d given to

dams sc

E20, P12, P21, P60;

Hypothalamus

5�-reductase 1 mRNA was

decreased in females at P21

and in both sexes at P60. 5�-

reductase 2 mRNA was

increased in females at P60.

Aromatase mRNA was

increased in males at P21

mRNA of 5�-reductase1,

5�-reductase 2,

aromatase

566

PCBs: Aroclor 1254 Rat (S-D) M/F E15–E19 to dam;

neuronal

cultures also

performed

25 mg/kg/d given to

dams by gavage

for in vivo work. In

neuronal cultures,

10, 100, 500 �g/

mL

E20 hypothalamus

(in vivo) or

hypothalamic

neuronal

cultures

In vivo, there were no effects of

A1254 on aromatase activity or

mRNA, or on 5�-reductase 1

mRNA. 5�-reductase 2 mRNA

was increased in females, and

AR mRNA was decreased by

A1254. In vitro, the two higher

doses of A1254 decreased

aromatase activity

mRNA of 5�-reductase

1, 5�-reductase 2;

aromatase activity

1132

PCB, PCDD, PCDF

reconstituted

mixture

Rat (S-D) M/F P1, P5, P10, P15,

and P20

Gavaged at 1�, 10�,

100�, 100 �

concentrations

estimated based on

human infant

exposures from

breast milk

P21; hypothalamus,

hippocampus,

cortex

The 1000 � mixture had

significant effects on Comt

(reduced in hypothalamus,

hippocampus, cortex of males),

Cyp1A1 (elevated in males, all

regions), Esr1 (decreased in

males in hypothalamus and

hippocampus) and Dnmt1

(decreased in hypothalamus of

males). 100 � mixture

increased Comt in cortex of

females. Other data were not

shown

mRNA of Cyp1A1,

Cyp1B1, Cyp2B1,

Comt, Esr1, Dnmt1

1133

Abbreviations: M, male; F, female; sc, subcutaneous; S-D, Sprague-Dawley.
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onE16andE18)andDNAmethylationof thegenes for the
androgen receptor (Ar) and Period 2 (Per2) were measured
in the AVPV of male and female rats during postnatal
development, only very small effects were found (1145).
This latter study also quantified mRNA levels of Dnmt1
and Dnmt3a and found a significant effect of PCBs on
Dnmt1 but not Dnmt3a mRNA in the AVPV of both fe-
males and males. In the ARC of the hypothalamus,
Dnmt3a, but not Dnmt1, was affected in both sexes
(1145). Thus, there are brain region-specific differences in
effects of EDCs on expression of these genes.

2. Histone modifications
Although less is known about EDC effects on histone

acetylation, methylation, and other characteristics of hi-
stones, the existing literature suggests some effects.

a. Bisphenol A. A recent important study looked at BPA
treatment of cultured cortical neurons from rats, mice, and
humans, focusing on outcomes related to the potassium
chloride cotransporter 2 (KCC2), which is essential for
neuronal development and the chloride shift that occurs as
the brain develops (1146). Results of that study showed
that BPA treatment of primary cultures attenuated the
chloride shift, something that was rescued by blockade of
HDAC1. BPA also increased MECP2 expression and
binding of the MECP2 protein to CpG shores in the KCC2
gene, together with decreased H3K9ac binding. That
group also went on to study cortical cultures from new-
born mouse pups exposed to BPA during gestation (as
opposed to application of BPA to cultures in the former
studies). Those results were consistent in showing dimin-
ished KCC2 expression and in effects on CpG methylation
of the KCC2 promoter (1146). Thus, this study is impor-
tant for proving biologically relevant epigenetic mecha-
nisms of DNA methylation and histone deacetylation in
models of the developing nervous system. Because of the
widespread importance of the chloride shift in neuronal
development throughout the entire brain, beyond the cor-
tex, this finding is likely to be applicable to other brain
regions.

b. Phthalates. In a human neuroblastoma cell line (SH-
SY5Y), phthalate treatment affected expression of the
HDAC genes HDAC4 (increased) and HDAC5 (de-
creased), and HDAC inhibitors blocked the effects of
phthalates on cellular viability (1147).

3. Conclusions
Environmental epigenetics is an emerging field that has

its roots in the DOHaD model. In fact, the organizational-
activational hypothesis of brain sexual differentiation un-

derscores the exquisite sensitivityof thebrain to the chang-
ing hormonal milieu during development. Now that
evidence is stronger for which epigenetic molecular mech-
anisms may underlie these processes, the corresponding
EDC work is likely, over the next few years, to provide
more mechanistic information about how these chemicals
affect brain development in a sexually dimorphic manner.

D. Developmental EDC effects on
neuroendocrine systems

In EDC-1, we comprehensively reviewed the evidence
for EDC effects on the HPG axis and the neuroendocrine
control of reproduction (1). For EDC-2, we will provide
an update and add discussion of recent information about
the HPA control of stress. The HPT system is covered in
Section VII. There is still only limited information on the
effects of EDCs on the neuroendocrine control of growth
and lactation, which will not be covered here. The emerg-
ing field of EDC actions on energy balance is discussed in
Section II, but it is notable that studies linking EDCs to
perturbations in metabolism were conducted primarily in
the realm of peripheral energy balance, with limited in-
formation on the central control of energy balance. Al-
though there are some suggestions of links between EDCs
and neurotransmitters involved in energy balance control
(1148), this area of research is in its infancy. One example
is a study of exposure to BPA followed by feeding a high-
fat diet in adulthood that showed effects on glucose tol-
erance and on expression and activation of neuropeptides
involved in feeding behaviors (245). However, this should
be a research priority for the future.

1. HPG systems

The hypothalamic neurons that synthesize and release
the neuropeptide GnRH (encoded by the Gnrh1 gene) are
vulnerable to several classes of EDCs. This section will
review the literature on EDCs and GnRH function, to-
gether with the emerging evidence for effects of EDCs on
hypothalamic kisspeptin neurons (Table 8). First identi-
fied about a decade ago as an important neuropeptide
involved in the control of reproduction through its actions
on the GPR54 receptor (encoded by the Kiss1r gene), kiss-
peptin has emerged as a critical player in the activation
of GnRH neurons during puberty and in mediating neg-
ative feedback (both sexes) and positive feedback (fe-
males) of steroid hormones (1149 –1151). Since then, it
has also become clear that kisspeptin is integrally in-
volved in energy balance and may be involved in the
coordination of energy demands and reproductive func-
tion (1152). For this section, additional details are pro-
vided in Table 8.
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a. Bisphenol A. A number of articles reported stimulatory
actions of BPA on GnRH and kisspeptin systems (ie, in-
creased gene and/or protein expression). For example, de-
velopmental BPA exposure increased Gnrh1 and Kiss1
mRNA in the hypothalamus of P50 males and females
(434). Perinatal BPA exposure of male rats slightly in-
creased GnRH neuron numbers, significantly increased
AVPV kisspeptin neuron numbers, and enabled gonadec-
tomized, estradiol-primed males to have an LH surge
(1153). In female mice, gestational plus lactational expo-
sure to BPA increased the numbers of kisspeptin-immu-
noreactive neurons only in the rostral periventricular nu-
cleus, but not in the caudal periventricular nucleus or
AVPV (1115). No changes in the numbers of GnRH neu-
rons were detected in that study (1115). In lambs gesta-
tionally exposed to PCB153 but not PCB118, GnRH-in-
duced LH release, and to a lesser extent FSH release, was
amplified (419).

Other articles have reported inhibitory actions of BPA.
In female rats exposed neonatally to BPA, then OVX and
hormone primed, effects of hormone priming on kisspep-
tin fiber density in the AVPV and ARC that normally occur
in OVX rats were abolished in BPA-treated rats (1154).
No effects of BPA were found in intact adult males in that
same study (1154). This same laboratory also reported
that in the ARC but not AVPV of peripubertal female rats,
kisspeptin fiber density was decreased by BPA, that the
neuropeptide RFRP3 fiber density was decreased, and that
appositions between RFRP3 and GnRH neurons were de-
creased by BPA (1155). Another group exposed neonatal
female rats to BPA and investigated GnRH-induced LH
release at P13 or P120, reporting diminished LH responses
at both ages (525).

Finally, some studies reported mixed actions or no ef-
fects of BPA, and one of these studies also investigated the
action of MXC. Early postnatal BPA exposure to female
rats that were subsequently OVX in adulthood and given
hormone priming increased Gnrh1 mRNA (low-dose
BPA) and decreased GnRH primary transcript (low and
high doses of BPA) and the steroid-induced GnRH/LH
surge (572). Female rats exposed to BPA from P0 to P3
were OVX in adulthood and treated with estradiol plus
progesterone. There was no effect on the percentage of
activated GnRH neurons (coexpressing Fos) during the
anticipated GnRH/LH surge (545). In mice, the numbers
of kisspeptin-immunoreactive cells in the POA/AVPV of
males perinatally exposed to BPA were unchanged in
adulthood (1110). In sheep, the effects of gestational BPA
or MXC were tested on steroid-induced negative and pos-
itive feedback on gonadotropins in adulthood or GnRH-
stimulated LH secretion (1156). None of these parameters
were affected in the sheep.

b. Polychlorinated biphenyls. Published studies of develop-
mental PCB actions have demonstrated either inhibitory or
mixed effects on GnRH and kisspeptin systems. In a model
of prenatal PCB exposure to rats, kisspeptin immunoreac-
tivity and coexpression of Fos in GnRH neurons (a marker
of GnRH activation) were suppressed in the PCB-treated
females (567). mRNAs for Gnrh1, Kiss1, and Kiss1r were
unaffectedinbothmalesandfemales inthe latterstudy(567).

Prenatal exposure of rats to PCBs (Aroclor 1221 or a
reconstituted PCB mix) for 2 days of gestation had no
significant effects on Gnrh1 or Kiss1 mRNA in the POA
in male and female pups at P1 (1157). However, mixed
effects were found for Kiss1r mRNA, levels of which were
significantly increased in the males and decreased in the
females by the PCB treatment. In two studies using this
same paradigm in A1221-treated rats, postnatal develop-
mental expression of Gnrh1 and Kiss1r in the AVPV was
masculinized in the females, and Kiss1 was increased in the
ARC (1145). When rats were aged to 9 months, these
relationships were no longer apparent (604), underscoring
the point that the age and physiological status are impor-
tant variables to consider when evaluating outcomes.

c. Phthalates. For phthalates, when DBP was given to neo-
natal (P1–P5) or peripubertal (P26–P30) female rats, there
were mixed effects on gene expression of Gnrh1 and
Kiss1r in the AVPV and ARC, dependent upon dosage and
age of administration (555). Kisspeptin immunoreactivity
was also measured and had similar outcomes, with in-
creases primarily due to neonatal treatment in the low-to-
intermediate dosages and decreases (ARC) due to peripu-
bertal treatment (555).

d. Sewage sludge. In sheep fetuses of ewes feeding on pas-
tures treated with sewage sludge, decreased hypothalamic
Kiss1 mRNA (but not Kiss1r or Esr1) and decreased num-
bers of pituitary cells immunoreactive for kisspeptin, dou-
ble-labeled for kisspeptin/LH�, kisspeptin/ER�, and
LH�/ER�, were found (1158).

e. Conclusions. It is clear that effects of developmental EDC
exposures on GnRH and kisspeptin systems are not con-
sistent. In fact, even within a study, the outcomes of early-
life treatments with EDCs can be an up-regulation, down-
regulation, or no change, depending upon the endpoint
and the age at which an effect was determined and how
that measurement was made (eg, gene expression vs pro-
tein and methodology, such as immunohistochemistry,
Western blotting, PCR, etc). Therefore, whereas we can-
not provide a generalizable conclusion that EDCs up- or
down-regulate the GnRH and kisspeptin system, we have
indicated the directionality of effects in Table 8.

doi: 10.1210/er.2015-1010 press.endocrine.org/journal/edrv E87

D
ow

nloaded from
 https://academ

ic.oup.com
/edrv/article/36/6/E1/2354691 by guest on 19 April 2023



Table 8. Developmental EDC Effects on GnRH-Gonadotropin and Kisspeptin Systems in Vivo

EDC Animal Sex

Exposure

Period Dosage, Route Age at Analysis Endpoint(s) GnRH/LH Effect Kisspeptin Effect Ref.

BPA, MXC Sheep F E30–E90 (full

term is

147 d)

5 mg/kg/d via daily

sc injections to

ewe

Adulthood, �21 mo GnRH mRNA in anterior

hypothalamus and POA

GnRH mRNA was

decreased by both

MXC and BPA2

1117

BPA, MXC Sheep F E30–E90 (full

term is

147 d)

5 mg/kg/d via daily

sc injections to

ewe

OVX at 21 mo of age LH response to steroid

feedback and to GnRH

challenge

LH and FSH response to

steroid negative

feedback and LH

response to positive

feedback were

unaffected by the

EDCs. GnRH-induced

LH release was similarly

unaffected ✖

1156

EDC mix from

sewage

sludge

Sheep Both sexes

combined

E0–E110 Sewage sludge was

applied to

pastures;

control pastures

received

conventional

inorganic

fertilizer

Ewes and fetuses were

euthanized at

E110.

Kiss1, Kiss1r, Esr1 mRNA in

rostral, medial and

caudal hypothalamus;

colocalization of

kisspeptin and LH� and

ER� in the pituitary

gland by dual IHC

Numbers of LH� cells, and

those co-expressing

ER� in pituitary, were

decreased in the

sewage sludge group2.

Kiss1 was significantly

decreased2

through the

hypothalamus and

in the pituitary of

sewage-sludge

exposed fetuses.

Kiss1r (GPR54),

and Esr1 mRNA

were unaffected in

hypothalamus and

pituitary ✖.

Numbers of

kisspeptin cells,

double-labeled

kisspeptin/LH� cells,

and double-labeled

kisspeptin/ER� cells,

were decreased in

the sewage sludge

fetuses2

1158

PCBs Sheep F E0 to birth Ewes were gavaged

3 � weekly with

PCB153 (98 �g/

kg/d or PCB118

(49 �g/kg/d

Lambs GnRH-induced LH and FSH

release

Basal LH and FSH

concentrations did not

differ among groups ✖.

The PCB153 group

had significantly

greater GnRH-induced

LH release, and slightly

but not significantly

higher FSH release1.

No effect of PCB 118

was found for this

endpoint ✖

419

BPA Mouse (C57BL/6J) M E15–P21 Gavage of dams 50

�g or 5 mg/kg/d

8 wk Kisspeptin immunolabeling

in the MPOA and AVPV

Kisspeptin

immunoreactive

neuron numbers

were unaffected

by BPA ✖

1110

BPA Mouse (C57bl/6J) F E15–P21 0.05 or 5 mg/kg/d

by gavage to

dam

8 wk (young adult) GnRH, kisspeptin, and ER�

immunolabeling

Numbers of GnRH

immunoreactive

neurons and the

percentage of those

with kisspeptin

apposition were

unchanged by BPA ✖

Numbers of kisspeptin

neurons were

unchanged in

AVPV and caudal

periventricular

nucleus ✖, and

increased in rostral

periventricular

nucleus1

1115

BPA Rat (Wistar) F P1–P7 0.05 or 20 mg/kg, sc P100, OVX � estradiol

to induce the

GnRH/LH surge

Gnrh1 mRNA and primary

transcript; serum LH;

ER� protein by IHC in

AVPV and ARC

Gnrh1 mRNA was

increased by the low-

dose BPA1. GnRH

primary transcript

(presence of intron A)

was decreased by both

BPA dosages2.

Serum LH was

decreased by high-

dose BPA2

572

(Continued)
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Table 8. Continued

EDC Animal Sex

Exposure

Period Dosage, Route Age at Analysis Endpoint(s) GnRH/LH Effect Kisspeptin Effect Ref.

BPA Rat (Long-Evans) F/M P0–P3 50 �g or 50 mg/kg/d Adults (P148 or older),

females OVX and

hormone primed

with estradiol �

progesterone.

Males were intact

Kisspeptin fiber density in

the AVPV and ARC

Hormone priming in

females reduced

kisspeptin fiber

density in AVPV,

but not in BPA

females2. In the

ARC, hormones

reduced kisspeptin

immunoreactivity,

but not in the low-

dose BPA group

2. No effect in

males ✖

1154

BPA Rat (Long-Evans) F/M P0–P3 50 �g or 50 mg/kg/d Adults (P148 or older).

Females were OVX

and hormone

primed with

estradiol �

progesterone

GnRH-Fos double labeling

by IHC, and number of

GnRH neurons

Number of GnRH neurons

was unaffected; % of

GnRH neurons that

co-expressed Fos was

unaffected ✖

545

BPA Rat (GnRH-GFP

transgenic

Wistar)

F/M P0–P3 50 �g or 50 mg/kg/d Female (P17, P21, P24,

P28, P33); male

(P21, P33)

GnRH was detectable by

GFP labeling. Kisspeptin

and RFRP3 were

detected by IHC

Kisspeptin appositions on

GnRH neurons were

unaffected by BPA ✖.

Appositions of RFRP3

on GnRH neurons

were decreased in the

low-BPA females2

In AVPV, kisspeptin

fiber density was

unaffected by BPA

✖. In ARC, in P33

females, the high-

BPA exposure

group had

decreased

kisspeptin2,

similar to that in

males. RFRP3 fiber

density was

decreased by low-

dose BPA in the

females at P28

and P332

1155

BPA Mouse (CD-1) M/F E1 to P20 to

dams.

Some

pups

continued

gavage

from P21

to 49

12, 25, or 50 mg/

kg/d to dames

via gavage

P50 (females on

proestrus)

GnRH, Kisspeptin, GPR54

(hypothalamus); and

pituitary mRNAs

(including LH�, FSH�,

and others)

Gnrh1: increased in both

sexes1. Pituitary LH

was unaffected ✖; FSH

was increased in both

sexes1. TSH, GH, PRL

were unaffected ✖

Kiss1 was increased in

both sexes1.

Kiss1r was

unaffected ✖

434

BPA Rat (S-D) M/F E10 to P7 2 �g/kg/d sc to

dam

Male at P30, P50, P90.

Males from BPA

dams, and males and

females from vehicle

dams, were also

gonadectomized and

given estradiol for up

to 7 d. Intact rats

were also used

Number of kisspeptin

immunoreactive cells in

the AVPV. Number of

GnRH cells in the POA

BPA slightly but

significantly increased

GnRH� cells in the

male POA1. When

the LH surge was

measured, females and

BPA males, but not

control males, exhibited

an LH surge1

In gonadectomized,

estradiol-treated

rats, BPA increased

AVPV kisspeptin

neuron numbers

at all 3 ages1,

making them

closer to the

female (higher)

levels. In intact

rats, BPA

kisspeptin cell

numbers were also

higher in both

estradiol-treated

and untreated

males1. The LH

surge in females

and in BPA males

was attenuated by

the GPR54

inhibitor P2342

1153

(Continued)
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Table 8. Continued

EDC Animal Sex

Exposure

Period Dosage, Route Age at Analysis Endpoint(s) GnRH/LH Effect Kisspeptin Effect Ref.

BPA Rat (S-D) F P1–P10 BPA 50 (2.5–6.2) or

BPA 500 (25–

62 mg/kg/d)

given sc to pups

P13 or P120 (in estrus) GnRH pulsatility, GnRH-

induced LH release

At P13, in vivo GnRH-

induced LH release was

decreased by BPA 500

2, the number of

GnRH peaks/hour in an

in vitro perifusion

increased1, and the

interpulse interval

decreased2. At P120,

GnRH-induced LH

release was decreased

at 15 and 50 min post-

BPA2

525

DBP Rat (S-D) F P1–P5

(neonatal)

or P26–

P30

(peripubertal)

0.5, 5, or 50 mg/

kg/d given sc to

pups

Adulthood (on

proestrus)

mRNA of Gnrh1 and Kiss1r

in the AVPV and ARC

GnRH1 mRNA in the

AVPV and ARC was

increased by DBP (5

mg/kg group only) in

the neonatal group1.

For the pubertal group,

Gnrh1 was increased

(0.5 mg/kg)1 or

decreased (5 mg/kg)2

in AVPV, and increased

(0.5 mg/kg)1 or

decreased (5, 50 mg/

kg)2 in the ARC

Kiss1r in AVPV was

increased by DBP

(5 mg/kg) in the

neonatal group

1, and increased

(0.5 mg/kg)1 or

decreased (50 mg/

kg)2 in the

peripubertal

group. In the ARC,

Kiss1r was

decreased (all

doses)2 in the

neonatal group,

and increased

(0.5, 50 mg/kg)1

or decreased (5

mg/kg)2 in the

peripubertal

group. Kisspeptin

immunoreactivity

in AVPV was

increased (0.5 mg/

kg, neonatal

group)1. In the

ARC, kisspeptin

immunoreactivity

was increased (5

mg/kg, neonatal)

1 or decreased

(all dosages,

peripubertal)2

555

PCBs Rat (S-D) M/F E16, E18 1 mg/kg of A1221

or a mix of PCBs

138, 153, 180,

given ip to dam

on E16 and E18

P1 Gene expression in the POA GnRH1 mRNA was

unaffected by PCB

treatment ✖

Kiss1 mRNA was

unaffected ✖.

Kiss1r mRNA was

significantly

decreased by PCBs

in males2 and

increased in

females1

1157

PCBs Rat (S-D) M/F E16, E18 1 mg/kg of A1221

or a mix of PCBs

138, 153, 180,

ip to dam on

E16 and E18

P60 (females on

proestrus)

Gene expression in the

POA, and IHC for

kisspeptin, GnRH-Fos,

and ER� in the AVPV

GnRH-Fos double labeling

was significantly

decreased by PCBs in

females on proestrus

2. mRNA for Gnrh1

was unaffected in both

sexes ✖

Kisspeptin

immunofluorescence

density was

significantly

decreased by PCBs

in the female2,

but not the male

✖, AVPV. mRNA

for Kiss1 and

Kiss1r were

unaffected, both

sexes ✖

567

PCBs Rat (S-D) M/F E16, E18 1 mg/kg of A1221,

ip to dam on

E16 and E18

P15, P30, P45, P90 mRNA of 48 genes in the

AVPV and ARC

In females, A1221

masculinized Gnrh1 in

the AVPV2

In females, A1221

masculinized

expression of

Kiss1r in the AVPV

2, and Kiss1 was

increased by

A1221 in the ARC

1

1145

Abbreviations: F, female; IHC, immunohistochemistry; M, male; S-D, Sprague-Dawley. Directionality of responses:2, down-regulated;1, up-regulated; ✖, no change.
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2. HPA systems
In EDC-1, we cited this quotation from Harvey et al

(1159): “The adrenal is arguably the neglected organ in
endocrine toxicology, and the lack of recognition of the
importance of adrenal function in a regulatory endocrine
disruption context, and the need for an adrenal toxicology
assessment strategy has been pointed out.” There have
been some advances in research; we will discuss all of the
papers we were able to locate that focused on hypotha-
lamic-pituitary control of stress, focusing on developmen-
tal exposure periods, although we note that there is a small
literature on adult exposures, especially to ATR (528,
1160, 1161).

a. Bisphenol A. Two papers have been published recently on
the effects of BPA on the HPA axis using gestational/lac-
tational exposure. The first study reported higher corti-
costerone levels in BPA-treated female rats than control
females, but no effect of BPA on GR protein in the hip-
pocampus (1119). In the second study, BPA effects in rats
were investigated for adrenal morphology, corticosterone
levels, hypothalamic expression of GR protein by Western
blot, and mRNA of Crhr1 and Pomc in the pituitary
(1118). Results showed that: 1) BPA females had heavier
adrenals compared to control females; 2) corticosterone
levels, both basal and in response to a stressor (forced
swim), were attenuated in BPA females compared to con-
trol females; 3) GR protein was lower in BPA females than
control females under basal but not stress conditions; and
4) Crhr1 mRNA in the pituitary was slightly elevated and
Pomc mRNA was substantially elevated in stressed BPA
males (1118). Another group tested effects of a slightly
different timing/duration/dosage of BPA and found ele-
vated corticosterone, ACTH, and Crh1 mRNA in the PVN
of males but not females (1111). In addition, the cortico-
sterone response to stress (forced swim) was attenuated in
BPA females, but not males. GR mRNA was differentially
affected by BPA in the hippocampus (increased in BPA
females, decreased in BPA males) and in PVN (increased in
BPA females, unaffected in males), and mineralocorticoid
mRNA and proteins for neuronal nitric oxide synthase
and CREB were also changed in the BPA groups (1111).
Finally, in the deer mouse, exposure of the dam to BPA
before and throughout pregnancy had no effect on adult
corticosterone levels, although behaviors were signifi-
cantly affected (1162).

b. PCBs and PBBs. Pregnant rat dams were fed PBBs or Aro-
clor 1254 (a PCB mix) throughout pregnancy, and HPA
function was determined in pups at P15 (1163). Basal cor-
ticosterone, as well as CRH- or ACTH-induced cortico-
sterone release, was significantly suppressed in the PCB

treatment group but not the PBB group. A recent study
showed that prenatal PCBs (A1221, 0.5 mg/kg given on
E16 and E18) significantly elevated basal serum cortico-
sterone in adulthood in female but not male rats (1164). In
goats, pregnant does were exposed to PCB126 or PCB153
from day 60 of gestation to delivery at 13 weeks, after
which the kids were monitored and tested for effects on the
HPA axis hormones (1165). Basal cortisol was decreased
in females exposed to PCB126 at specific time points from
weeks 35–51 of monitoring; in males, both PCBs were
associated with significant effects at specific time points,
and there was an overall decrease in mean cortisol in the
PCB153 males. When goats were catheterized and sub-
jected to serial blood drawing at 9 months of age, the PCB
animals had higher plasma cortisol concentrations com-
pared to control goats (1165).

c. Conclusions. More studies on the mechanistic basis for
EDC actions on the developing HPA axis are much
needed, especially considering that this system is well
known for being susceptible to prenatal and postnatal ma-
ternal stress. Not only do offspring of stressed mothers
behave differently and have aberrant responses to stres-
sors; they also show molecular epigenetic changes to their
brains consistent with reprogramming of the nervous sys-
tem of these individuals (1166, 1167). Because develop-
mental EDC exposures in some cases cause similar types of
physiological HPA responses, it is important to investigate
the potential underlying epigenetic mechanisms.

3. Posterior pituitary hormones: oxytocin and vasopressin
A small but important area of research that has emerged

since EDC-1 is that of effects on the central vasopressin
(also called arginine vasopressin [AVP]) and oxytocin sys-
tems. These neuropeptides are synthesized in large (mag-
nocellular) neurons in the PVN and supraoptic nucleus of
the hypothalamus and project axon terminals into the pos-
terior pituitary gland from which they are released into
general circulation. The vasopressin and oxytocin nona-
peptides are highly conserved and structurally similar;
they also overlap in their behavioral functions such as
social and affiliative behaviors (1168). The literature on
EDC effects on the neuroanatomy and neurochemistry of
the oxytocin and/or vasopressin systems overlaps exten-
sively with literature on the effects of EDCs on social be-
haviors because many studies investigate a behavioral out-
come together with an underlying change in gene or
protein expression in the brain. Thus, we will summarize
the literature for neuroanatomical or molecular changes in
these systems and return to some of these studies in the
section on behavioral effects of EDCs (Section VIII.E).
Experimental details are provided in Table 9. Nearly all
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work has been conducted in animal models, but we do
provide one example of a human study for PCBs and DDT
below.

a. Bisphenol A. Effects of prenatal BPA treatment of mice
were evaluated for oxytocin receptor (Oxtr) gene expres-
sion in whole embryo brains at E18.5. Expression was
lower in the BPA males than in other control males or in
the females (1169). In this same study, some behaviors
(social interaction) but not others (social preference, social
anxiety) were changed in pups tested as juveniles. More
recently, Sullivan et al (1170) treated prairie voles in early
postnatal life with BPA, and the animals were run through
a battery of social behavior tests. Results were dependent
upon sex and dosage of BPA, with the greatest effect oc-
curring in response to a higher dosage in females, with
increased vasopressin neurons and decreased oxytocin
neurons in the PVN. Behavioral testing of these animals
also revealed complex outcomes and more effects in fe-
males than males (see Table 9). In rats, exposure to BPA
through gestation and postnatally until puberty affected
anxiogenic behaviors but did not significantly change gene
expression of Oxt, Oxtr, or Avpr1a, although there was a
trend for an effect on the latter (1171).

b. PCBs, PBDEs, and DDT. Organohalogens such as PCBs
and PBDEs also influence AVP function; as reviewed in
Ref. 1172, they affect peripheral and central osmoregu-
latory function. In humans, there are positive associations
between serum PCB or DDT concentrations and measures
of blood pressure and hypertension (324, 1173, 1174) (see
Section II for additional information on cardiovascular
effects of EDCs). In rats, PBDEs resulted in exaggerated
systolic blood pressure responses in association with
slightly (but not significantly) elevated AVP levels in serum
(1175).

c. MXC and chlorpyrifos. In pine voles, a monogamous spe-
cies often used in social behavioral testing, gestational and
lactational exposure to MXC decreased oxytocin receptor
binding in the cortex but had no effect in the lateral septum
of the females as adults (1176). There were also few effects
on mate preference in that study. Another pesticide, chlor-
pyrifos, was tested in mice (1177), with effects found on
hypothalamic oxytocin protein (increased by prenatal
chlorpyrifos, especially in males) and on AVP protein (de-
creased by prenatal chlorpyrifos in males). This same
group has recently reviewed the literature on links be-
tween chlorpyrifos and sexually dimorphic social behav-
iors (1178).

4. Conclusions
The past 5 years represent a period of important ad-

vances in the effects of developmental EDC exposures on
hormones, brain, and behavior. In the animal literature,
more papers relate these endpoints within the same indi-
viduals, allowing for a more direct inference between ex-
posure and a complex phenotypic outcome that includes
a behavioral change and underlying differences in hor-
mones and gene expression in the brain. As discussed in the
next section (VIII.E), this area is of high relevance to hu-
mans because of suspected links between environmental
chemicals and neurodevelopmental outcomes.

E. Neurobehavioral effects of developmental EDCs

1. Human evidence from epidemiological studies
The epidemiological data on potential links between

EDCs and neurodevelopmental disorders have grown in
the past 5 years; although we will focus on recent studies,
we will also present results (briefly) from older studies for
an historical perspective. The nature of this work generally
involves measurements of body burden from maternal me-
dia (urine, blood, milk), umbilical cord blood, infant
urine, and ultimately, a correlation with some neurode-
velopmental measure in the child such as tests of cognitive
function. What has changed since EDC-1 (1) is the number
of studies conducted around the world, increased sample
sizes, more EDCs measured with better methodologies
such as liquid chromatography-tandem mass spectrome-
try, better storage of samples and avoidance of contami-
nants, and the variety of neurobehavioral tests conducted.
What is still very controversial is whether there are direct
links among environmental EDCs and specific disorders
such as autism spectrum disorders, attention deficit hy-
peractivity disorders, and others, although the hypothesis
has been postulated that EDCs may contribute to the in-
creasing prevalence of these disorders (1179, 1180). A
recent review has covered the subject of how aberrant
prenatal steroid hormone levels produced by the mother,
placenta, or fetal adrenal or gonad, along with pharma-
ceuticals and to a lesser extent EDCs, could affect the de-
veloping brain of the fetus in humans (95). It must be
emphasized, however, that by definition such work is al-
ways correlational. Furthermore, the ability to extrapo-
late from experimental animal work to humans on effects
of these substances on behavior is probably the most dif-
ficult compared to EDC effects on physiological processes
or hormone levels, the latter which are more easily quan-
tified and much less subjective. Behavior in humans, in-
cluding social and affective behavior, neurodevelopmen-
tal disorders, and sexual behavior and orientation, is
unique in the animal kingdom. Although most people
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Table 9. EDC Effects on Neural Vasopressin and Oxytocin Systems and on Related Social/Affiliative Behaviors

EDC Animal

Exposure

Period Dosage, Route

Sex, Age at

Analysis

Brain Effect on AVP and OXT

Systems Behavioral/Physiological Effect Endpoint(s) Ref.

ATR Mouse E14 to P21 1 or 100 �g/kg/d given

to pregnant dam in

drinking solution

Males and

females

tested at P31

Significant effects of ATR treatment on

investigative-affiliative behaviors

that were increased in frequency in

males1 but not females ✖.

Social interaction test with a

same-sex, same-

treatment mouse.

1219

BPA Cynomolgus

monkey

E20 to 132 10 �g/kg/d given to

pregnant mother via

sc osmotic pump

Male and female

juveniles,

aged 1–2 y

Frequencies of exploring the

environment and presenting were

decreased in males2 but

unaffected in females ✖. Visual

exploration was robustly increased

in the males1.

Exploratory behavior and

presenting

1218

BPA California

mice

Dams were

exposed

beginning 2

wk before

mating and

continued

through

lactation

50 mg/kg feed weight Males and

females

tested as

adults

Territorial marking by the males was

decreased by BPA exposure2.

There was no effect in either sex on

spatial learning. BPA abolished the

sex difference in exploratory

behavior.

Territorial marking 1212

BPA Prairie vole P8 to P14 5 or 50 �g/kg/d or 50

mg/kg/d given orally

to pups

P28–P30 and

P60–P75

In females, BPA (high dose)

increased AVP neurons (anterior

PVN)1 and decreased OXT

neurons (posterior PVN)2.

Effects on tyrosine hydroxylase

neurons (elimination of sex

difference) also occurred in

response to BPA2.

Open field: BPA had mixed effects

dependent on dosage in females

21; no effect in females. Novel

social test: high-dose BPA increased

sniff time in females1 and

decreased it in males2. Partner

preference: whereas female

controls showed a preference, this

was lost in BPA females2. Males

had no preference (control or BPA).

Behavior in the open field,

novel social test, partner

preference test; IHC of

OXT, AVP in the PVN, and

tyrosine hydroxylase in

the BNST.

1170

BPA Rat E1 through

puberty

1 mg/L in drinking water Males, females,

tested as

juveniles and/

or adults

No significant effects on mRNAs ✖,

although there was a trend for

an effect on Avpr1a.

Juveniles given BPA showed increased

anxiogenic behaviors1 but only

when fed a soy-free diet.

Anxiogenic behaviors, and

gene expression in

amygdala of Oxt, Oxtr,

Avpr1a (among others).

1171

BPA Mouse E1 through

E18.5

5 �g BPA daily in chow

to dam

Males, females

(E18.5)

Oxtr mRNA was lower in BPA males

than other groups2. In

addition, the glutamate

transporter (Slc1a1) was higher in

BPA females1.

BPA had greater effects in females than

males in the social interaction tests

21, but no effect in the social

preference or EPM ✖.

OXT receptor (Oxtr) and

other mRNAs in whole

embryo brain; juvenile

social interactions, EPM,

social preference.

1169

Chlorpyrifos Mouse E15 to E18 and

P11 to P14

3 or 10 mg/kg. Dams

were given oral

chlorpyrifos on E15–

E18; offspring were

given chlorpyrifos sc

on P11–P14.

Males, females at

5 mo

OXT (whole hypothalamus) was

increased by prenatal chlorpyrifos

1, particularly in males. AVP was

decreased by chlorpyrifos

(prenatal)2, again in males.

OXT, AVP protein (Western

blot, ELISA).

1177

MXC Pine vole E1 and weaning 2 mg/kg/d to dam (orally) Females as adults OXT receptor binding was decreased in

the cortex of MXC females2; no

change in the lateral septum ✖.

Partner preference behaviors were

minimally affected ✖.

Behaviors: preference test for

a female 2 d after co-

habitating with a male,

choosing the known

partner or a stranger.

Maternal behavior toward

pups. OXT receptor

binding assays.

1176

PBDE Rat E6 to P21 1.7 or 30.6 mg/kg/d by

gavage to dam

Males at 12 mo Plasma AVP was slightly but not

significantly higher in the high

PBDE group ✖.

Basal cardiovascular parameters were

unaffected by PBDEs ✖. In response

to a hyperosmotic stimulus, PBDE

rats had higher systolic blood

pressure after 3 h1. There were

no differences in diastolic blood

pressure ✖. A small increase in

heart rate was found in the lower-

dose PBDE group1.

Blood pressure; AVP in

plasma.

1175

PCBs

(A1221)

Rat E16 and E18 0.5 or 1 mg/kg, ip to

dam

Males and

females at

P60–P90

No effects of PCBs on sociability

behavior (choice between empty

cage or a cage containing a same-

sex conspecific) ✖. In the social

novelty test, prenatal A1221 (1 mg/

kg in females, 0.5 mg/kg in males)

disrupted novelty preference. Males

(0.5 mg/kg A1221) spent less time

nose-touching2.

Sociality and social novelty

behavior in adulthood;

serum corticosterone

(increased in females by

0.5 mg/kg A1221).

1164

Abbreviations: BNST, bed nucleus of the stria terminalis; F, female; IHC, immunohistochemistry; M, male; OXT, oxytocin; S-D, Sprague-Dawley. Directionality of
responses:2, down-regulated;1, up-regulated;21, mixed effect depending on dose; ✖, no change.
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agree that genetics, the social and family environment,
natural hormones, and hormone disruptors affect the end-
points we have discussed in this review, we are truly lim-
ited in evaluating how much each factor plays into a highly
complex neurobiological outcome.

Historically, some of the earliest evidence for a con-
nection between EDC exposures and human outcomes
was in the realm of cognitive functions (Table 10). Studies
of pregnant women who lived near Lake Michigan, where
concentrations of PCBs were relatively high, revealed that
children of mothers with the highest exposure levels were
much more likely to have lower average IQ levels and
poorer performance on reading comprehension (1181).
Since then, studies on relationships between PCB concen-
trations in mother and/or child and neurobehavioral and
cognitive deficits have found similar effects (1182–1184).
Although a decrease of 5 IQ points may not appear on the
surface to be clinically relevant to an individual, the po-
tential population effects of a downward shift of IQ curve
has enormous impact in terms of increasing numbers of
people categorized as having developmental disabilities,
together with the economic impact of care for these indi-
viduals (1185).

a. BPA and phthalates. For BPA, higher levels in maternal
urine were associated with behavioral problems (1186)
and increases in anxiety and depressive behaviors (1187)
in their children. Another BPA study reported that higher
maternal BPA, as measured in urine, was associated with
more internalizing problems in boys when assessed at age
7 years (1186).

In a Korean study, an inverse associations were re-
ported between several classes of phthalates (MEHHP,
MEOHP, MBP) in urine from pregnant women in the
third trimester of pregnancy and poorer performance on
the mental developmental index and psychomotor index
in male (but not female) infants at 6 months of age (1188).
In a study of associations between phthalates and sexually
dimorphic play behavior, Swan et al (1189) reported that
masculine play behaviors were reduced in boys whose
mothers had higher urinary phthalate levels during preg-
nancy. The Mount Sinai Children’s Environmental Health
study showed that increased concentrations of low mo-
lecular weight phthalate metabolites were associated with
poorer performance on a battery of behavioral tests
(1190) (Table 10).

b. PBDEs and PCBs. For PBDEs, maternal concentrations of
BDE47 were not associated with the child’s performance
on the Bayley or the Psychomotor developmental indices,
but higher BDE47 levels were associated with a 4.5-point
decline in IQ and an increase in the hyperactivity score

(1191). In an adult population from upstate New York
near the General Electric capacitor facility or a reference
site, PBDE and PCB concentrations were measured in se-
rum, and a neuropsychological assessment of intellectual
functioning, attention, and verbal memory and learning
was performed (1192). Although the sum of PBDE con-
geners did not have an association with performance,
there were significant interactions (inverse association)
between PBDEs and PCBs for some of the measures of
verbal learning and memory. When Inuit children were
tested on a visual go/no-go task related to impulsivity and
error monitoring, and results related to plasma PCB153
concentrations, higher PCBs were associated with dimin-
ished error monitoring (1193). Another study from this
group tested performance of Inuit infants on several tasks
and found that PCB concentrations were inversely asso-
ciated with performance on the visual recognition memory
tasks (27).

c. Pesticides. Several classes of pesticides are consistently
associated with declines in measures of cognitive function,
although whether this is due to effects on neurotransmitter
synthesis, release, metabolism, etc, or to hormone actions
(eg, via steroid hormone receptors localized in neurons
that signal via acetylcholine, dopamine, glutamate, and
others) cannot be distinguished, nor are they mutually
exclusive. One report on chlorpyrifos exposure showed
that increasing levels measured in umbilical cord blood
plasma were associated with declines in full-scale IQ and
working memory in children at 7 years of age (1194). A
birth cohort study of children primarily from Latino fam-
ilies residing in an agricultural area of California where
organophosphate pesticides were used showed that chil-
dren in the highest quintile of maternal concentrations of
dialkyl phosphate metabolites (measured in urine during
pregnancy) had an average 7-point deficit in full-scale IQ
(1195). Another study on organophosphates showed an
association between total dialkyl phosphate metabolites,
genotype with respect to the paraoxonase 1 gene, and per-
formance on tests of mental development (1196). Pesticide
use near the home of pregnant women was associated with
increased likelihood for children to have autism spectrum
disorder or developmental delay (60 and 150% increase,
respectively) (1197). By contrast, studies on EDC mixtures
were more difficult to interpret because a report looking at
associations between 52 EDCs and autistic symptoms
found some positive and some negative associations, and
effect sizes were very small (1198).

d. Conclusions. In summary, most epidemiological studies
find small but significant associations between early-life
markers of EDC exposures and subsequent performance
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Table 10. Associations Between EDCs and Neurodevelopmental and Cognitive Outcomes in Humans

EDC Population Studied Outcome Ref.

BPA Mothers and 3-y-old children in
Cincinnati, Ohio

Higher BPA in maternal urine was associated with increases in
anxiety and depressive behaviors on the behavior
assessment system for children-2 test, and poorer
emotional control on the behavior rating inventory of
executive function-preschool test, particularly in girls

1187

BPA Mother-child pairs Higher maternal BPA (urine) was associated with increased
internalizing problems in boys at age 7 y

1186

Chlorpyrifos Inner city mothers and children in the
Columbia Center for Children’s
Environmental Health Study

Each SD increase in chlorpyrifos exposure (umbilical cord
plasma) was associated with a decline in full-scale IQ
(1.4%) and working memory (2.8%)

1194

Organophosphates Children in the Mount Sinai Children’s
Environmental Health Study at 1–2
and 6–9 y of age

Prenatal total dialkyl phosphate metabolites (cord blood plasma)
were associated with decreased mental development at 1 y in
blacks and Hispanics, and were associated with a polymorphism
of the paraoxonase 1 gene

1196

Organophosphate pesticides Children from predominantly Latino
farmworker families in an
agricultural area of California

Children of mothers with the highest quintile of dialkyl
phosphate metabolites (urine) had a 7-point deficit in IQ
score

1195

PBDEs Children 1–5 y of age from Cincinnati,
Ohio

Maternal serum PBDE47 was not associated with the child’s
performance on the Bayley Scale or the Psychomotor
Developmental Index, but higher prenatal BDE47 was
associated with a 4.5-point decrease in overall IQ and an
increase in hyperactivity score

1191

PBDEs, PCBs Adults aged 55–74 y who resided for
the past 25 y in sites in upstate New
York near the General Electric
capacitor facility

Although the sum of serum PBDEs did not correlate with
performance, there was an interaction between PBDEs and
PCBs such that there was an inverse association with
performance on the verbal learning and memory task.
Other neuropsychological measures were not correlated

1192

PCB153 Inuit children (�11 y of age) Performance on a visual go/no-go task, specifically error
monitoring, was diminished in children with higher PCB153
concentrations in plasma

1193

PCB153 Inuit infants from Arctic Quebec at 6.5
and 11 mo of age

Some aspects of performance on the Fagan Test of Infant
Intelligence and the A-not-B test, but not the Bayley Scales of
Infant Development-2nd edition, were affected by PCBs in
umbilical cord plasma, especially visual recognition memory

27

Pesticides Children whose families lived in close
proximity to agricultural pesticide
use

Children with autism spectrum disorder or developmental delay
were 60% and 150% more likely (respectively) to have lived near
sites with organophosphate pesticide application

1197

Phthalates Children in the Mount Sinai Children’s
Environmental Health Study at 4–9
y of age

Increased concentrations of low molecular weight phthalate
metabolites (maternal urine) were associated with poorer
performance on tests for aggression, conduct problems,
and depression clinical scales, the externalizing problems
and behavioral symptom index, and the global executive
composite index

1190

Phthalates Mother-infant pairs recruited in
2006–2009 in three Korean cities

High maternal phthalates (MEHHP, MEOHP, MBP) in maternal urine
were associated with poorer performance on the mental
developmental index and the psychomotor developmental index
in 6-mo-old male (but not female) infants

1188

Phthalates Children in the Study for Future
Families whose mothers had
previously had phthalate
metabolites measured during mid
pregnancy (urine)

Certain phthalates were associated with a decreased
masculine score in boys on play behaviors

1189

52 commonly detectable
chemicals, including BPA,
phthalates, PCBs,
brominated flame
retardants, perfluoroalkyl
substances

Mothers and 4- to 5-y-old children
from the HOME study, Cincinnati,
Ohio

Tested relationships between the social responsiveness scale (SRS) as
a measure of autistic behavior, and concentrations of EDCs in
maternal blood or urine. Overall, SRS scores were negligibly
associated with most EDCs. PBDE28 was associated with more
autistic behaviors, but fewer autistic behaviors were seen in
children with detectable PCB178, �-HCH, or PBDE85, compared
to those with undetectable levels. Increased PFOA concentrations
were associated with fewer autistic behaviors

1198

Studies are organized chronologically from top to bottom for each EDC class. [Modified from A. C. Gore et al: Implications of prenatal steroid perturbations for
neurodevelopment, behavior, and autism. Endocr Rev. 2014;35:961–991 (95), with permission. © Endocrine Society.]
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on cognitive and neurobehavioral tests. Further informa-
tion is needed to confirm and extend these studies. Many
were based on relatively small sample sizes, and the mag-
nitude of changes was often quite small. Therefore, it is
important to be cautious in interpreting results and, of
course, in inferring causal relationships. It should be noted
that research published in recent years largely confirms
previous work, giving more confidence to outcomes of
these studies over time.

2. Animal models

Developmental exposures to EDCs have long been as-
sociated with a number of behavioral changes in animals
studied at various postnatal stages, especially in adult-
hood, but also in infancy and adolescence. Studies have
primarily focused on the areas of EDCs and: 1) reproduc-
tive behaviors; 2) cognition, learning, and memory; 3) af-
fective behaviors (eg, depressive-like and anxiety-related
behaviors); 4) maternal behaviors; and 5) social and af-
filiative behaviors. We will review the literature from the
past 5 years in these arenas. A description of the common
behavioral tests used in the animal literature is provided in
Table 11.

a. Reproductive behaviors. Considering the widespread ef-
fects of EDCs on female and male reproductive physiology
(see Sections III and IV, respectively), the recent experi-
mental literature on EDC effects on reproductive behav-
iors is surprisingly mixed in outcomes. Although many

studies show behavioral outcomes, an equal number do
not. We discuss this literature below.

i) Bisphenol A. In prairie voles, a species that is more proso-
cial than rats or mice, BPA exposure abolished partner
preference behaviors in females, but not males (1170). In
female rats, several reports show no effects of BPA on
lordosis quotient (LQ) (544), on proceptive or receptive
behaviors (1199), or on both proceptive and receptive be-
haviors (1200). In female mice, developmental BPA ex-
posure at one but not all dosages increased LQ (in that
study, mice were OVX and hormone primed as adults)
(1115). Another BPA study conducted in female rats
found that early postnatal BPA treatment significantly de-
creased some types of proceptive behaviors (hops and
darts) but not others (ear wiggling), and had no effects on
LQ (1201).

Male mice exposed to BPA developmentally showed
few behavioral changes in one study (1110), whereas male
rats had impairments in sexual behaviors in another
(1199). In this latter study, males exposed to BPA had
fewer numbers of intromissions, decreased copulatory ef-
ficiency, and other behavioral changes that were dose-
dependent when observed at lower or intermediate dos-
ages, but not the highest dosage (1199). Another group
reported that BPA exposure of male mice via the maternal
diet caused decreases in the numbers of intromissions and
ejaculations, especially at low/intermediate dosages, but
had no effect on latencies to mount, intromit, or ejaculate

Table 11. Neurobehavioral Tests Used in the Experimental Animal Developmental EDC Literature

A. Tests of affective states such as anxiety-like and depressive-like behaviors
1. Elevated plus maze (EPM): considered a test of anxiety, this is an X-shaped apparatus that is elevated above the ground. One arm

of the X is walled, and the other arm is open. Animals can explore the apparatus, and the time spent is used as an index of an
animal’s willingness to spend more time in the “safe” (enclosed) vs the “unsafe” (unenclosed) set of arms

2. Light-dark box: another test of anxiety-like behaviors, consisting of a large two-chamber rectangular apparatus. The partition
contains a door allowing the animal free access from one chamber to the other. Typically, one compartment is darkly lit and the
other side is brightly lit. Time spent and distance travelled in the two compartments is used as an index of anxiety, based on
rodents’ preference for dark over bright environments

3. Open-field test: a large (usually square) arena is used. An animal is placed in the center of the arena, and the time spent and
distance traveled in different components (edges, corners, center) are measured. Time spent in the center is considered to
represent willingness to engage in risky behavior, compared to time along the edges or in corners that provide a safer
environment

B. Tests of cognition, learning, and memory
1. Morris water maze (MWM): a water-filled arena with a hidden platform is used to determine how long it takes an animal to swim

to the platform and remember its position based on spatial cues. The water is made opaque so that the platform cannot be
visualized

2. Other maze tests (eg, Y-maze, Biel maze, radial arm maze) are also commonly used in the behavioral neurosciences and are
briefly described in the text

C. Tests or indices of reproductive behaviors and status
1. Lordosis behavior: a prototypical arched-back posture assumed by a receptive female rodent in response to reproductive stimuli

(eg, a male mount or intromissions). The lordosis quotient (LQ) is defined slightly differently by researchers but typically refers to
the number of lordoses divided by the number of mounts, or the number of mounts plus intromissions, � 100

2. Paced mating behavior: a test of female-typical reproductive behaviors in which the female is allowed to set the pace of mating. It
typically uses a male that is restrained or confined to a chamber, whereas the female has free access. The numbers, latencies,
frequencies, and timings of behaviors are scored during the trial
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(1202). Thus, it is clear that more experimentation is
needed to resolve many of the disparities.

ii) PCBs and PBDEs. The effects of PBDEs and PCBs were
evaluated for outcomes on feminine sexual behaviors
(1120). Proceptive behaviors were decreased, and LQ and
other markers of female sexual activity were reduced
(1120). This latter result is consistent with an earlier study
showing that PCBs perturbed paced mating behavior in
female rats (1203). However, Cummings et al (1204)
found no effect of PCB77 on feminine mating behaviors in
rats, although partner preference (choice for a male vs a
female) was significantly impaired by PCBs and varied by
timing (prenatal, postnatal) of exposure.

iii) UV filters. Feminine sexual behaviors were tested in rats
exposed to chemicals in UV filters that are putative EDCs.
Results showed that prior 4-methylbenzylidene camphor
(7 or 24 mg/kg/d fed to sire and dam before mating, and
to dam and subsequently offspring throughout life) and
3-benzylidene camphor (0.24, 0.7, 2.4, or 7 mg/kg, similar
treatment regime) exposures reduced proceptive behav-
iors and receptive behaviors and increased rejection be-
haviors toward a male rat (1205).

b. Cognitive, affective, social, and anxiety-like behaviors. A
burgeoning literature has emerged over the past 5 years
linking EDCs to a range of nonreproductive behavioral
outcomes, primarily those involved in learning/memory,
affective state (eg, depressive- or anxiety-like behaviors),
and social interactions. These behaviors are quite diverse
and involve different neural pathways, but we will discuss
them together because of the overlapping literature (eg,
a single study might test four or more types of behav-
iors). More information on the behavioral tests is found
in Table 11.

i) Bisphenol A. BPA has been extensively tested for cognitive
and affective outcomes and has the largest literature. Most
studies on low-dose early life exposures have revealed
some behavioral effects, with differences between the
sexes. In addition, while many of the reported effects are
significant they are usually relatively small. Thus, the
conclusion we draw from this literature is that prenatal
EDCs such as BPA cause subtle behavioral effects that
are dependent upon aspects of the experimental model
such as dosage, route, age at treatment, species, sex, and
the behavioral test. We will briefly summarize some
examples.

Using the Morris water maze (MWM), Xu et al (46)
found that rats took longer to find the target platform,
consistent with impaired performance (46). Using a Y-

maze test, which allows exploration in a Y-shaped cham-
ber where rats distinguish between a previously explored
arm (familiar) vs an unexplored arm (novel), Poimenova
et al (1119) reported that BPA-exposed rats, especially
females, showed less exploration, and there was impaired
discrimination between the novel and familiar arms in
both sexes, together with changes in the apparent strate-
gies used by rats to negotiate the maze (1119). Another
study using a Y-maze (1206) reported that alternation be-
havior was decreased in BPA-exposed animals, and in the
novel object recognition task, BPA impaired object rec-
ognition. In the radial arm maze, BPA-exposed rats at two
doses (0.05 or 5 mg/kg), but not at other doses (0.5 or 50
mg/kg), made more working memory errors and, to a
lesser extent, reference memory errors (1207). Using a
food reward-motivated maze test, male rats exposed ear-
lier to BPA needed more time to reach the reward and
made more errors (1208). Last, a study testing the effects
of paternal exposure to BPA (as opposed to the maternal
exposure of all the other studies reviewed in this section)
showed that performance on the MWM was impaired,
with exposed offspring of both sexes swimming longer
distances and taking more time to find the platform
(1209).

By contrast to these results showing the effects of BPA
on learning and memory, several others did not. Stump et
al (1210) used a Biel water maze (a variant of the MWM)
and found some small differences in performance on P22
and P62 that they attributed to natural variability in the
test. Sadowski et al (1211) found no effect of BPA on
performance in the radial arm maze. Another study on
adult mice found no effect of BPA on performance on the
MWM (248). In California mice, BPA had no effect on
spatial navigational skills tested in the Barnes maze
(1212). Thus, whereas most studies we reviewed showed
some impairment, there were differences in experimental
results.

Many studies have assessed anxiety-like behavior using
tests such as the open field test, the elevated plus maze
(EPM), and the light-dark box (Table 11). Because results
are mixed, we will begin with those studies that showed
anxiogenic (ie, increased anxiety) effects of BPA. For the
open field test, BPA-exposed rats spent less time in the
center area and traveled a longer distance, compared to
control rats (1213). This anxiogenic effect of BPA was also
seen in the work of Patisaul et al (1171) in which fewer
animals entered the light chamber of the light-dark box,
spent less time there, and took longer to enter (both sexes
were tested as juveniles). That lab also used the EPM to
show that a smaller percentage of BPA-exposed males en-
tered the open arm and had fewer open arm entries. Al-
though some of these anxiogenic effects were maintained
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into adulthood, the magnitude of effects, in general, was
diminished compared to the juvenile period (1171). An-
other mouse study found that BPA decreased center time
in the open field in males and to a lesser extent females
when tested as juveniles, and in adulthood, this effect was
again seen in the males (1214). Anxiogenic effects of BPA
were also reported by Xu et al (1215), who detected
greater effects in females than males in the light-dark tran-
sition, open field, and EPM tests. In deer mice (1216), BPA
exposure affected strategies used in the Barnes maze (fem-
inized males) and increased anxiety-like behaviors in the
EPM. In California mice, BPA-exposed females spent less
time in the open arms compared to control females, some-
thing that was not seen in the males (1212). In the open
field test, female (but not male) rats exposed to develop-
mental BPA showed decreased time in the center (1144),
again consistent with anxiogenic actions of BPA.

By contrast, Tian et al (1206) showed anxiolytic effects
of BPA in mice using both the open field test and the EPM.
In the former, BPA animals traveled a greater distance in
the center, and in the latter, they spent more time in the
open compared to the enclosed arm of the EPM. Chen et
al (1111) reported anxiolytic effects of BPA in rats, espe-
cially in females. Other studies (eg, Refs. 248 and 1208)
reported no differences in one or both of these tests. Yet
another study comparing males and females reported that
low-dose BPA eliminated some of the sex differences in
performance on the EPM (increased in males and de-
creased in females by BPA), although overall the magni-
tude of the effects was small (1217).

A considerable literature has been published in the last
5 years on social behaviors, again showing mixed results
(Table 9). Most studies suggest some change in these be-
haviors, but whether these have “positive” or “negative”
valence is more difficult to interpret because social behav-
iors are complex and changes to these behaviors need to be
interpreted from the perspective of a conspecific, some-
thing that we cannot do easily as humans. Thus, our in-
terpretation of changes caused by EDC exposures as “dis-
ruption” should be interpreted by readers to mean that the
animals differ from a normal conspecific. We will begin
this discussion with the one paper that, to our knowledge,
addressed this question using male cynomolgus monkeys
born to pregnant monkeys that were implanted with a
subcutaneous pump that administered BPA (10 �g/kg/d)
or vehicle from G20 to 132 (1218). Monkeys were tested
for social interactions as juveniles, aged 1–2 years. Fre-
quencies of exploring the environment and presenting
were decreased in males but unaffected in females. Visual
exploration was robustly increased in the males (similar to
levels in females, which perform this behavior at much
higher rates than males) (1218).

The remainder of the literature has (to our knowledge)
been conducted in rodents. In California mice, territorial
marking by the males was decreased by BPA exposure
(1212). In juvenile lab mice exposed to BPA, social interac-
tions with a same-sex, same-age conspecific, and social pref-
erence for an adult male compared to an empty cell, were
measured (1169). The nature of social interactions in juve-
niles was changed in the social interaction test, especially in
females, but was unchanged in the social preference test.
Low-dose BPA exposure to prairie voles changed social be-
haviors in a social novelty test in females, but not in males
(1170). Similar studies have been conducted for ATR using
a social interaction test with a same-sex, same-treatment
mouse at P31 (1219). A principal component analysis was
used, identifying significant effects of ATR treatment on in-
vestigative-affiliative behaviors in males (1219).

ii) Polychlorinated biphenyls. There are several published
studies on the effects of PCBs on cognitive and social behav-
iors, and all demonstrate at least some change in these be-
haviors. Exposure of rats to PCB153 or PCB126 increased
the number of trials needed to learn the Y-maze task in both
males and females (1220). However, mice exposed to a mix-
ture of six nondioxin-like PCBs showed no impairment on
theMWM(1221).AmixofPCBswas tested for its effectson
avarietyofanxiety-relatedbehaviors (1221).Miceexhibited
an increase in anxiety-like behaviors as demonstrated
through testing on the EPM (longer latency to enter the open
arm and decreased percentage of time in the open arm) and
the light-dark box (more time to leave the dark box and less
time spent in the light box). Exposures to PCB47 and PCB77
in rats also affected aspects of social behaviors tested in ju-
veniles and adults (1222). Recently, a study using exposure
of rats to the PCB mixture A1221 showed that males de-
creased their interactions with another conspecific male in a
test of social novelty, although overall the behavioral phe-
notype for both sexes was relatively modestly affected by
exposure (1164).

iii) Phthalates. Effects of phthalates on the EPM were mea-
sured in rats tested through adolescence into adulthood
(1223). A significant decrease in entries into the open arm
and in time spent in the open arm was seen in males at P45
and P60, but not on P30, and there were no effects in
females.

iv) Atrazine. Mice exposed to ATR were tested on a battery
of behavioral tests as juveniles and adults (1224). In a
novel object recognition test, the ability to discriminate the
novel object was abolished in the ATR-treated animals as
juveniles, and to a lesser extent as adults. Effects of ATR
were also tested on the open field test in mice, with only
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one significant but small effect (increased frequency of
exploration in the lower-dose group) (1219).

Therefore, the literature as a whole is mixed in results
depending upon EDC used, exposure period, and the be-
havioral test, with some effects greater in females and oth-
ers in males.

c. Transgenerational effects of EDCs on brain and behavior.
The original observation in 2005 that ancestral exposure
to relatively high doses of the EDC vinclozolin resulted in
reproductive and other diseases in the F3 generational de-
scendant male rats (116) called attention to the possibility
that heritable germline epigenetic changes caused by en-
vironmental toxicants can be transmitted across genera-
tions. That laboratory has since gone on to show a number
of phenotypic disease changes to F3 male and female de-
scendants of pregnant rats exposed to vinclozolin (118,
1225–1227). Other EDCs were tested as well and showed
significant adverse outcomes in the F3 generation (262,
1228). This is still a controversial area because the vin-
clozolin work has not been replicated by other laborato-
ries (1229, 1230), and the high dosages are not environ-
mentally relevant. Nevertheless, links between other EDC
exposures (eg, BPA at much lower dosages) and transgen-
erational effects have been reported, with compounds uti-
lized at much lower dosages (1143).

i) Vinclozolin. Behavioral studies conducted on F3 descen-
dants of endocrine-disrupted animals have revealed con-
siderable changes to the behavioral phenotype, but again
it must be emphasized that these animals descended from
high-dose-treated progenitors. Using F3 male and female
rats that descended from the vinclozolin- or vehicle-
treated great-grandmothers, a series of behavioral tests
were conducted. First, a mate preference test was con-
ducted in which F3 animals were given a choice between
a vehicle- or a vinclozolin-F3 lineage opposite-sex partner
(113). Although males showed no preference between the
two lineages of females, the females showed a significant
preference for the vehicle descendants over the vinclozolin
descendants. In addition, tests of anxiety-like behaviors in
the F3-vinclozolin rats revealed significant differences
from the F3-vehicle lineage animals (1231). Crews et al
(112) went on to show that F3 vinclozolin-lineage rats that
experienced stress during adolescence were behaviorally
very different from their vehicle-lineage counterparts.
Moreover, the interactions of ancestral EDC exposure and
stress in an individual’s own adolescence were substan-
tially different between the sexes, consistent with natural
behavioral sexual dimorphisms, as well as differential
transgenerational responses to EDCs (114).

ii) Bisphenol A. Two studies have been published from the
Rissman laboratory that demonstrated transgenerational ef-
fects of BPA on social behaviors in descendant mice (111,
1143). This latter body of work is important because the
dosages of BPA used were relevant to those in humans, and
studies were performed by an independent group of investi-
gatorsusingamousemodel.Oneof themost importantgaps,
therefore, is a more robust literature confirming transgen-
erational EDC actions on brain and behavior.

F. Conclusions

A summary of key points regarding EDC effects in the
brain is provided in Box 7.

From animal work, there is consensus that there are crit-
ical periods of brain development. However, an important
gap in knowledge in humans is whether and when such sen-
sitive periods exist, comparable to what is known from the
experimental animal literature. Even basic knowledge about
the roles of hormones on brain sexual differentiation in hu-
mans is mainly inferred from known perturbations such as
congenital adrenal hyperplasia and genetic disorders (re-
viewed in Ref. 95). When it comes to EDC effects, it is ob-
vious that exposures are not controlled, and humans are ex-
posed throughout their lives to very individualized mixtures
of chemicals, some of which may never have been tested for
endocrine-disrupting actions. An additional point that is
rarely considered in both basic and clinical research is just
how important the age at analysis is in determining an out-
come. Developmental studies evaluating EDC actions in an-
imals of different ages within a laboratory show that the
response—the phenotypic outcome—can evolve across the
life cycle. This point must be extended to human research in
considering when, and how, to evaluate neurobiological and
other effects of known exposures, or to relate the body bur-
den of a chemical or mixture.

IX. Conclusions and Recommendations

The past 5 years represent a leap forward in our understand-
ing of EDC actions on endocrine health and disease. The
scientific literaturepublishedduring thisperiodhasprovided
much deeper insights into the underlying molecular and cel-
lular mechanisms of action, the importance of critical devel-
opmental exposure periods, and stronger epidemiological
studies in humans from around the world. Despite limita-
tions due to differences in experimental design in cell and
animal studies and the need for caution in inferring causality
from epidemiological work in humans, most studies support
links between exposure and adverse outcomes. We conclude
this review article by discussing the key areas of research for
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the next 5 years (Box 8) and make recommendations for
policy makers, physicians, and the general public (Box 9).

A. Research gaps

1. Mechanisms of action
of EDCs

It is well-established that many actions of EDCs are
mediated by the classical nuclear hormone receptors, es-
pecially ERs, AR, ThR, and the orphan receptor AhR.
There is increasing evidence, both in vitro and in vivo, for
EDC effects on PR, GR, and PPARs, although this latter
area merits more work. Much of the functional assay data
on steroid receptor actions has been undertaken in vitro,
at times utilizing steroid hormone receptor transfection
assays, and the relationship of these findings to in vivo and
in utero events has not been well delineated. Intracellular
signaling by receptors and their coregulatory elements can
be co-opted by EDCs, resulting in outcomes that are not
necessarily predicted by effects of the natural hormone.
Other members of the nuclear hormone superfamily also
ought to be investigated for EDC actions, and beyond the
nucleus are the membrane steroid hormone receptors in-
cluding membrane ERs, GPER- and STX-sensitive ERs,
membrane progestin receptors (PGRMC1 and
PGRMC2), and membrane ARs. These are burgeoning

fields of research that not only need systematic study by
researchers in the EDC field, but also require much more
study for physiological roles played by these receptors. We
have also reviewed the evidence that steroidogenesis and
metabolism of hormones are affected by EDCs; however,
most of this research has been conducted in the brain and
gonads, whereas steroidogenic enzymes are distributed
throughout numerous organs and tissues including the ad-
renal glands, adipose, and other parts of the reproductive
system. This area requires investigation throughout the
body in a developmental context with more mechanistic
insight.

EDCs also affect the biosynthesis, release, and metab-
olism of nonsteroid hormones such as peptides, proteins,
and monoamines. In the brain (see Section VIII), EDCs
affect neuroendocrine peptide hormones, and they act
upon neurotransmitter receptor systems such as dopa-
mine, serotonin, glutamate, �-aminobutyric acid, and oth-
ers. The biosynthesis, release, and plasma levels of protein
hormones such as insulin are also directly affected by
EDCs and are indirectly regulated via nuclear and ex-
tranuclear steroid hormone receptors. Therefore, further
work is needed to determine whether and how EDCs bind
to the membrane receptors that mediate effects of hydro-
philic hormones and neurotransmitters; the actions of

EDCs on the biosynthesis
and processing of these hor-
mones, many of which are
synthesized as prohormones
and undergo subsequent
post-translational process-
ing; and the release and me-
tabolism of these hormones.
In addition, the types of tis-
sues in which these studies
have been conducted need to
be expanded. This would in-
clude the liver, which is in-
volved in the metabolism of
steroids and several EDCs
and is a steroid-responsive
organ itself. Understanding
how the liver responds to
EDCs and the fundamental
differences between hepatic
actions in humans and ro-
dent models is necessary for
a clearer appreciation of
EDC actions across species.
It would also enhance the

Box 7. Key Points: Brain
� The experimental animal literature consistently shows that the structure and

function of the brain’s neuroendocrine systems can be altered by developmental
exposures to EDCs.

� The adult neurobiological consequences of developmental exposures include
alterations in peripheral hormones and changes in behaviors.

� Underlying mechanisms of EDC actions in the brain include molecular and
cellular changes in expression of particular genes and proteins involved in neu-
roendocrine and other behaviors, including those involved in cognitive and af-
fective functions.

� The brain is highly vulnerable to EDC exposures because of the widespread
distribution of nuclear hormone receptors, steroidogenic enzymes, and neu-
rotransmitter systems on which EDCs can act.

� Strong experimental evidence in animals shows that there are sex differences in
EDC effects on the brain. Moreover, epidemiological work also shows that
relationships between body burdens of chemicals and particular behaviors often
differ between the sexes in human studies.

� In humans, epidemiological data support associations between higher exposures
to EDCs with decreased IQ, increased neurodevelopmental problems, and other
neurocognitive outcomes.

� Future research needs to focus on sex differences in endocrine disruption of the
brain and to consider both age of exposure and age at assessment in interpreting
results.
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ability to make predictions of chemical actions for humans
from rodent study results.

A point that should be mentioned is that this Statement,
although clearly focused on the actions of EDCs on the
body’s endocrine systems, also provides evidence for neu-
robiological and, to a lesser extent, immune functions that
are acted upon by these same chemicals. Furthermore,
cross talk among these three systems, representing the
body’s major way of communicating with the environ-
ment, is a basic part of physiology and homeostasis, and
research should better integrate these levels. Moreover,
exciting new discoveries on the role of the microbiome in
health and disease (1232) should be considered for future
research.

2. Translating research from animals to humans
Most of the experimental animal work on EDCs has

been conducted in rodent models. Endocrine systems and
hormones are highly conserved across mammalian spe-
cies, making rodents an excellent model in many ways, but
there are a few important differences. A specific example
is that of female reproductive cycles. Rats and mice have
short estrous cycles, with ovulation occurring every 4–5

days. Humans and many nonhuman primates have 28-day
menstrual cycles. Although the hormonal cycles of estro-
gens, progestins, GnRH, and gonadotropins across these
cycles are similar between rodents and primates, the much
shorter follicular stage in rats and mice and the lack of a
prolonged luteal phase in these latter species result in sub-
stantial differences in reproductive organs and tissues be-
cause they respond to different durations of hormone ex-
posures compared to primates. Another major difference
is pregnancy. Rodents have bifurcated uterine horns and
give birth to multiple offspring; each fetus has its own
placenta, and the maternal-fetal interface is substantially
different from that of humans. In addition, the position of
a rodent fetus in the uterine horn with respect to its male
and female siblings can affect hormones and development
(1233, 1234), something that is not relevant to species
bearing singleton offspring. It should be noted that some
rodent species, especially the guinea pig, have longer re-
productive cycles (�14 d) with true luteal phases, longer
pregnancies, and fewer offspring, making them a prime
candidate for EDC research in reproductive biology. Im-
portantly, transgenic animals have been very underuti-

lized in this realm, and hu-
manized mice and other
models may greatly contrib-
ute to the field.

The sheep is more similar
physiologically to humans in
terms of extended gestation
and reproductive cycles.
This model is beginning to be
exploited in the DOHaD
field, in which pregnant ewes
are exposed to EDCs and ef-
fects on physiological out-
comes in the offspring are ex-
plored. Research in this
arena to date has primarily
focused on reproductive and
metabolic outcomes (128,
1117, 1156), and future
studies should extend to
other latent endpoints.

Nonhuman primates, es-
pecially macaque species, are
widely considered to be the
most translationally relevant
animal models. Monkeys
have been underutilized for
EDC research, largely due to
the high expense, long life

Box 8: Recommendations for Research Over the Next 5 Years
� Mechanistic studies of EDC actions on nuclear hormone receptors need to be

extended beyond ERs, AR, PR, GR, ThR, and PPARs to other nuclear hormone
superfamily members and to membrane steroid hormone receptors.

� Investigate EDC effects on enzymes involved in steroidogenesis, hormone me-
tabolism, and protein processing in humans and animal models.

� Consider tissue-specific effects of EDCs.
� Translate research from rodents into nonhuman primates, sheep, and other

species; and take advantage of transgenic (especially humanized) animals, keep-
ing in mind the need for a better understanding of hormones and early-life
development in humans.

� Test additional critical periods beyond prenatal and early postnatal—eg, ado-
lescence as an additional sensitive developmental window.

� Evaluate EDC outcomes at different life stages–not just adulthood.
� Design studies to consider sex and gender differences in response to EDCs.
� Perform longitudinal and multigenerational analyses in animals and humans.
� Evaluate and implement emerging and sensitive testing systems, including high-

throughput systems, for hazard assessment, screening, and prioritization.
� In humans, consider genetic diversity and population differences in exposures

and outcomes. This should include racial, ethnic, socioeconomic, and geo-
graphic variables.

� Expand research to emerging “EDCs of interest” and to mixtures of low-dose
EDCs.

� The team science approach, including teams of basic, translational, and clinical
scientists; epidemiologists; health care providers; and public health profession-
als, needs to be a priority for future research and funding.
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span, and ethical considerations for primate research.
Thus, what little research has been conducted in monkey
models has, for the most part, utilized adult exposures.
Performing research using the DOHaD model is much
more difficult because the long period of gestation and
postnatal development in monkeys has both benefits and
shortcomings. Most macaques have an extended life pe-
riod, sometimes up to 5 years, before the onset of puberty
and the acquisition of adult reproductive function. Al-
though this better approximates the prolonged childhood
and adolescence of humans than rodents (in which adult
reproduction is attained within 3 mo), it limits the ability
to test the effects of prenatal exposures on adult outcomes
because maintaining and paying for a monkey colony for
5 years or longer may not be logistically possible. Never-
theless, funding agencies ought to recognize the need to
draw definitive conclusions about EDC effects in the mon-
key to resolve concerns about translating from the rodent
literature. In the past few years, a series of studies has
focused on pharmacokinetics and pharmacodynamics of
EDCs (especially BPA) and the effects of prenatal expo-
sures on reproductive outcomes (347, 476, 871, 1235),
and these studies should set the stage for future research.
Due to obvious limitations in human work, there are still
gaps in knowledge in the basic biology of hormones and
their actions during fetal development, underscoring the
need to capitalize upon appropriate animal models.

Another approach that may provide useful information
is the use of human fetal specimens, surgical specimens,
and cells from organ donors collected from adults. Once
obtained for research purposes using approved Institu-
tional Review Board guidelines, these tissues and cells can
be cultured and/or transplanted into immunodeficient
murine hosts for in vivo studies to assess whether EDC
results from animal models translate to humans. Advan-
tages of this approach include direct human application
and the use of cells and tissues that are not immortalized
or diseased. Caveats of these approaches are the limited
duration of primary cell and tissue viability, prior uncon-
trolled exposures of human specimens to various chemi-
cals, and specimen variability. The latter is particularly
true for fetal specimens that are collected at different de-
velopmental time points, which can create significant vari-
ability in organs that develop in utero. A few examples of
these approaches have been recently published in prostate
studies, using fetal prostate tissues (1236) and adult pros-
tate primary cells (960) to assess the ability of estrogens
and BPA exposures to influence prostate carcinogenesis,
respectively.

We suggest that future translational research focus on
collaborations between experimental, clinical, and epide-

miological studies. It is important to determine whether
the effects of EDCs observed in animal models occur in
humans and vice versa. Furthermore, it is important to
develop methods to assess whether known mechanisms
underlying EDC effects in animal models and in vitro sys-
tems also occur in humans. Transient actions of EDCs in
humans ought to be studied by randomized intervention
trials, such as those published recently (332). Moreover,
long-term prospective intervention studies should be con-
ducted in which EDC exposures are reduced via lifestyle
changes. By better understanding the mechanisms under-
lying EDC effects, we will be able to develop better pre-
ventative and treatment strategies for EDC-related disor-
ders and diseases.

3. The importance of life stage at evaluation and the need
for longitudinal and multigenerational studies

It is now well established that exposures to EDCs dur-
ing critical life stages affect health and disease in the off-
spring. What is far less appreciated is the age at which an
endocrine outcome must be assessed. The vast majority of
work with DOHaD models has evaluated the adult ani-
mal, often because endocrine systems are not fully mature
until adulthood and a disease state is not manifested until
this life period. The reproductive systems of females and
males provide excellent examples because a reproductive
dysfunction such as infertility cannot be evaluated in a
prereproductive individual. In addition, certain hormone-
dependent cancers become much more prevalent in adult-
hood, after pubertal hormone levels have increased and
act upon hormone-sensitive cells to induce carcinogenesis.

However, the evaluation of a developmental EDC ex-
posure effect at a single life stage can be very problematic.
Endocrine and nervous tissues undergo substantial devel-
opmental changes, and the release of hormones as an in-
dividual develops from infancy to childhood to adoles-
cence to adulthood is a highly dynamic process.
Furthermore, each hormone has a unique postnatal de-
velopmental profile. When added together, the expecta-
tion that a hormone or EDC effect at one cross-section of
life would reflect the effect at another stage of life is likely
incorrect. This is predicated upon the idea that tissues and
organs do not change their functions over time and that a
molecular, cellular, or physiological property of a cell is
static throughout life. This is clearly not the case.

In fact, research across disciplines shows that EDCs
have differential effects at different life stages, even within
a single tissue. An excellent example is the developing neu-
roendocrine system. Profiling studies of expression of neu-
roendocrine genes in the developing hypothalamus show
that each gene has a specific developmental pattern across
life, that there are sex differences in these profiles, and that
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EDCs affect these patterns in a sex-specific manner (131,
1145). In addition, the relationship among patterns of
gene expression (ie, the interconnected network of genes
and proteins that function together to maintain a biolog-
ical function) undergoes dynamic change as an animal
develops. This latter point underscores the necessity of
assessing multiple endpoints when determining effects of
EDC exposures, together with considering developmental
or life stage in interpreting data.

This concept must be extended across the entire life
cycle. Although associations between EDC exposures and
the onset of puberty have been shown in animals and hu-
mans, much less is known about premature reproductive
senescence and other aging-related changes. Considering
that many, if not most, endocrine disorders have increas-
ing prevalence with age, this must be factored into future
studies conducted in a longitudinal study design.

EDC exposures to pregnant animals have been shown
to cause multigenerational or transgenerational effects on
a number of disease endpoints, particularly reproduction,
neurobehavior, and adiposity (111–113, 116, 209). This
work needs much more follow-up to better determine the
underlying mechanisms, which are likely to include epi-
genetic molecular programming changes. Moreover, re-
search is needed in human populations. Some work has
been conducted in grandchildren of DES-exposed women
who took this estrogenic pharmaceutical during preg-
nancy. The consequences on the offspring (F1 generation)
are well-studied, and research is beginning to be published
on the grandchildren (F2 generation) (1237). For environ-

mental chemicals, several ongoing projects need contin-
ued funding. The AHS in the United States has followed
pesticide applicators for potential health outcomes related
to neurobehavior, respiratory health, reproductive health,
and cancers. The Child Health and Development Studies
at the University of California at Berkeley is another ex-
ample of a longitudinal and multigenerational project de-
signed to study relationships between the environment
and health outcomes. The consequences of widespread
dioxin exposure that followed the industrial accident in
Seveso, Italy, in 1976 have been followed up in the Seveso
Women’s Health Study and other research endeavors. It is
important to follow these cohorts to further determine
disease outcomes, as well as to ascertain the mechanisms
that may be underlying them.

4. Tissue- and organ-specific effects of EDCs
The literature reviewed in Sections II to VIII of this

Statement demonstrates that the most commonly studied
EDCs—BPA, dioxins, PCBs, pesticides, and others—have
effects on multiple physiological systems. However, the
nature of these effects and the underlying mechanisms can
differ considerably. Even within an organ, there may be
differing outcomes due to the heterogeneity of tissues. For
example, studies on developmental EDC effects on the
hypothalamus discussed in Section VIII show that each
subregion has unique responses to EDCs that differ from
responses in a neighboring region (eg, Ref. 1145). This
tissue specificity, and even cellular specificity, in responses
to EDCs means that one cannot infer the action of an EDC

from one tissue to another or
between two different cell
types within a tissue. As re-
searchers, we tend to focus
on a specific body part in our
investigations; we recom-
mend that more collabora-
tions be developed to capi-
talize upon tissues that are
not normally saved in one
laboratory for investigation
by experts in another com-
plementary disciplines.

5. New EDCs and mixtures
Much EDC research over

the past 5 years has focused
on relatively few EDC
classes such as pesticides, in-
dustrial chemicals, and plas-
tics/plasticizers such as BPA
and phthalates. We have far

Box 9: Recommendations Beyond Research for the Next 5 Years
� Educate the public, the media, politicians, and governmental agencies about

ways to keep EDCs out of food, water, and air and to protect developing chil-
dren, in particular.

� Develop industrial partners such as “green chemists” and others who can create
products that test and eliminate potential EDCs.

� Recognize that EDCs are an international problem and develop international
collaborations.

� Cultivate the next generation of EDC researchers, green chemists, physicians,
and public health experts with expertise in endocrine systems.

� Funding agencies need to go beyond the “one scientist, one project” and “one
clinician, one patient” perspective to fund team science and healthcare.

� Funding agencies need to prioritize EDC research in the basic, clinical, and
epidemiological realms, especially considering that the cost of research and pre-
vention will result in substantial cost savings in treatment and mitigation.

� Emphasize the need for precaution and prevention.
� Determine how much evidence is enough, based on rigorous, peer-reviewed

science—keeping in mind that absolute proof of harm, or proof of safety, is not
possible.
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more limited information on the impact of “emerging
EDCs of interest” such as triclosan, PFOA, parabens, and
replacements for BPA and other chemicals. A good exam-
ple of the latter is bisphenol S, now in use as a BPA re-
placement but recently identified as a putative EDC (1238,
1239). Often, new chemicals are introduced, but in the
absenceofpolicies requiring careful testinganddisclosure,
researchers cannot determine whether or not these chem-
icals are of concern as EDCs.

An important area that requires extensive and careful
research is that of EDC mixtures. Every person is exposed
to some combination of chemicals throughout his or her
life; the compounds we are exposed to, and their conse-
quences on our bodies, are highly individualized due to
differences in genetics, metabolism, and lifestyle. There-
fore, the days of studying individual chemicals are coming
to a close, and we should transition into research on mix-
tures (1240). Studies are beginning to be published in the
realm of both basic research and epidemiological work
relating body burdens of multiple EDCs to endocrine or
reproductive outcomes.

However, research on EDC mixtures has several cave-
ats, as researchers try to devise a “representative mixture”
that is somehow comparable to the representative human
exposure. Considering that each of us has a unique expo-
some, there is no such thing as representative. Further-
more, reviewers of journal articles and grant proposals
need to be educated about reasonable expectations for
what can and cannot be done in mixture research. For
example, in testing a mixture of five, 10, or more chemi-
cals, it is not possible to test each and every individual
compound at a range of dosages, nor is it possible to look
at combinations of every subset of chemicals before arriv-
ing at a mixture. If the experimental mixture has relevance
in terms of widespread use and range of dosages, if work
is carefully conducted, and if experiments include appro-
priate controls and endpoints, then such research should
be supported by the scientific community and funding
agencies.

A similar argument can be made for the concept of
“ecologically relevant dosages” (1240). With the excep-
tion of exposures to a single pure chemical, usually due to
a toxic spill, contaminated food, or industrial accident, the
definition of “ecological relevance” is purely subjective.
We often rely on measures of specific chemicals in a bodily
fluid to determine “human relevant” levels, but this must
always be interpreted with caution. In fact, the epidemi-
ological data as a whole show that a range of exposures
can be detected in individuals even within a geographically
limited population. Furthermore, individual and popula-
tion exposures are not only different—they are unique. As
people relocate, as they change their diet and lifestyle, and

as their physiological and life status change, potential ex-
posures and ways the body processes them will also
change. Developing an animal model to approximate hu-
man exposures begs the question: Which human? What is
relevant ecologically, environmentally, or humanly? Re-
viewers and readers of the literature must keep this in mind
in interpreting data, and mixture research must be prior-
itized for the future.

B. Recommendations beyond research

1. Educating the public, the media, and governments
The public and the media have played a very important

role over the last decade in calling attention to concerns
about EDCs. Although some press coverage has been
alarmist, responsible journalism has also increased public
knowledge about substances such as BPA and triclosan,
leading to bans in some states in the United States and the
European Union.

Clinicians need to play a greater role in talking to their pa-
tients about EDCs. They should ask questions to determine
potential exposuresofpatients throughdiet,work,and lifestyle
behaviors and educate them about minimizing exposures to
EDCs (1241). It is important to develop tools and teaching
materials (eg, brochures) that healthcare professionals can use
to explain EDCs at a level that can be understood by people
from diverse educational, cultural, and ethnic backgrounds.
The Hormone Health Network of the Endocrine Society has
developedmaterials tohelppatientsunderstandEDCs, sources
of exposure, and health effects, and it provides links to other
resources (http://www.hormone.org/hormones-and-health/
scientific-statements/edcs). Furthermore, environmental health
scientists and green chemists should communicate with one
anotherabout thebiological effectsofEDCsandhowtodesign
the next generation of chemicals to be free of EDC activity.
Such activities are already under way (http://www.tipedinfo.
com/), and a protocol for determining hormonal activity in
chemicals was recently published (1242).

Scientific and international organizations are al-
ready playing a key role in communicating the science
of EDCs to the general public. The Endocrine Society
(1) (https://www.endocrine.org/advocacy-and-out-
reach/position-statements), the American Public
Health Association (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), the American Chemical Society (http://
www.acs.org/content/acs/en/policy/publicpolicies/promote/
endocrinedisruptors.html), the American College of
Obstetricians and Gynecologists jointly with the American
Society of Reproductive Medicine (http://www.acog.org/�/
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media/Committee%20Opinions/Committee%20on%20
Health%20Care%20for%20Underserved%20Women/
co575.pdf?dmc�1&ts�20140912T1804036966), and the
Royal College of Obstetricians and Gynaecologists
(https://www.rcog.org.uk/en/guidelines-research-
services/guidelines/sip37/) have issued scientific and
policy statements about the consequences of EDCs on
human health and the need to minimize exposures dur-
ing development. International organizations such as
the Secretariat of the Strategic Approach to Interna-
tional Chemicals Management and the World Health
Organization-United Nations Environment Pro-
gramme have also weighed in on the importance of
assessing exposures. Although there are differences of
opinion both within and between these organizations and cri-
tiques from both sides of the table (1243, 1244), it is crucial to
initiate and maintain these conversations and to work on areas
of common ground with the goal of improving quality of life
and health across the globe. Attempts to bring these issues to
the attention of politicians who write and pass regulatory laws,
as well as to regulatory agencies that evaluate EDCs, have been
made by many individual scientists, scientific organizations,
environmental organizations, and public health policy boards.

2. EDCs as a worldwide problem and the need for interna-
tional population cohorts

There is a common misperception that the problem of
EDCs is limited to developed countries. The spread of
environmental chemicals by air and water currents,
through consumption of migratory species that spend
parts of their lives in contaminated regions, and through
consumption of imported processed foods means that
EDCs are a global problem and that all humans are ex-
posed. Furthermore, developing countries are sometimes
dumping grounds for chemicals used in developed coun-
tries, and this contributes enormously to their growing
burden. A new international guide published in collabo-
ration between the Endocrine Society and IPEN (http://
www.endocrine.org/edcguide) addresses the impact of
EDCs in developing countries. The World Health Orga-
nization’s recent report also tackles this topic (799). The
fact that breast cancer rates are climbing quickly in Arctic
areas of the world—regions where there has not been
heavy industry or chemical use (1245)—further supports
this contention. Given that humans are at the top of the
food chain, consuming a chemical-laden diet, this could
potentially explain the increases in obesity, diabetes, and
cancers, which are rising at rates inconsistent with genetic
drift. Thus, EDCs are a global problem that requires reg-
ulation based on precaution and solid science.

Biological monitoring, data compilation, and data
analysis in human populations must be taken to a higher

order of collaboration at the global level. We recommend
the establishment of a worldwide consortium of existing
cohorts and the formation of new partnerships across the
globe. The research community can substantially increase
the power of studies by examining the relationships be-
tween exposures to multiple natural and man-made chem-
icals and their relationships to a multitude of biological
endpoints and disease outcomes. Efforts such as these are
under way in the European Union in consortia such as the
ENRIECO Project (Environmental Health Risks in Euro-
pean Birth Cohorts; http://www.enrieco.org/) with more
than 30 European birth cohorts aimed to examine envi-
ronment and health relationships. HEALS (Health and
Environment-wide Associations Based on Large Popula-
tion Surveys; www.heals-eu.eu) is another such effort
aimed at integrating technology to support exposome
studies. Further expansion to include countries in North
and South America, Asia, and Africa should be inclusive of
region-specific exposures and provide racial diversity that
may influence data outcomes. By interrogating and inte-
grating large longitudinal epidemiology studies at the in-
ternational level, the human data can aid in best identify-
ing the most critical and relevant EDCs and mixtures that
adversely affect human health. This information in turn
should be used to prioritize chemicals for subsequent in
vitro, in vivo, and mechanistic research studies. Careful
data mining has the potential to aid in developing early
biomarkers of EDC exposures and associated diseases,
identifying at-risk individuals, and formulating viable in-
tervention strategies. In parallel with ongoing high-
throughput screening strategies (eg, Tox21 and ToxCast),
global epidemiology studies on EDCs have the potential to
guide chemical policies and regulatory agencies toward
well-informed decisions that improve human health.

3. Cultivating the next generation of researchers and phy-
sicians with expertise in endocrine systems

We suggest that emphasis should be placed on training
new researchers in the field and enhancing career devel-
opment opportunities for early-stage investigators. Al-
though much work is needed to fully understand the im-
pact of EDCs on a variety of systems, the number of
scientists and clinicians who have been trained in the field
is relatively limited. Funding agencies around the world
should support the research itself and the individuals con-
ducting the research to ensure an ample pipeline of ap-
propriately trained basic and clinical scientists, epidemi-
ologists, and public health professionals. In this time of
diminishing funding for research in many countries, the
need to cultivate early-stage investigators and to provide
them with a fundamental understanding of hormone ac-
tions and consequences of perturbations, confounding
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variables, and ubiquitous exposures is paramount. Basic
theories including low-dose actions of hormones and
EDCs, nonmonotonic dose-response curves, and whether
there is a threshold of exposure need to be incorporated
into the decision-making processes involved in regulating
potential EDCs.

4. The need for precaution, and how much evidence
is enough?

In the first EDC Scientific Statement, we advocated for
prevention and the precautionary principle (1). Here, we
will discuss the terminology and philosophy utilized by
some organizations such as the US NTP, which uses the
phrase “evidence integration” (http://ntp.niehs.nih.gov/
pubhealth/hat/noms/index-2.html) in determining whether
a chemical may have an impact on human health. The NTP
has recommended this terminology to the National Re-
search Council and the EPA (http://www.nap.edu/catalog/
18764/review-of-epas-integrated-risk-information-system-
iris-process). When high-quality endocrinological studies
demonstrate that a chemical interferes with hormone action
in vivo and in vitro at environmentally (human) relevant
concentrations, and when we have a high degree of evidence
that these hormone systems are essential for normal devel-
opment, it is reasonable to infer that these chemicals will
produce adverse effects in humans. This inference is scien-
tifically based but is often considered to be “precautionary”
because overt adverse effects may not have been fully char-
acterized. Where to set the bar for evidence of hazard and
risk represents a balance of “precautionary principles” de-
signed to protect industry and protect public health.

There are other points that several of the authors of this
Statement would like to raise with respect to precaution.
It simply is not reasonable to assume a chemical is safe
until proven otherwise. Clearly, not all chemicals are
EDCs, but substantial information needs to be provided
before inclusion of a new compound in a food storage
product, a water bottle, or a household product. Replace-
ment chemicals provide excellent examples of why pre-
caution is merited. The BPA substitute, bisphenol S, is now
shown to have endocrine-disrupting activity on par with
BPA in experimental studies discussed in EDC-2. A further
need for precaution is based on evidence that individuals
exposed to EDCs may carry that body burden for their
entire lives in the case of long-lived chemicals; that even
short-lived chemicals may induce changes that are perma-
nent; and that some actions of EDCs are observed in an
individual’s offspring. Transgenerational effects of EDCs
mean that even if a chemical is removed from use, its im-
prints on the exposed individual’s DNA may persist for
generations and possibly forever. These observations,
which have cut across all areas of EDC research reviewed

in EDC-2, make it paramount to evaluate any new chem-
ical before inclusion on the open market in any form to
avoid any further contribution to the problem. Although
one may argue that precaution may stifle innovation, there
are real opportunities for using the scientific evidence
about EDCs to stimulate innovation in a profitable man-
ner. A case in point is the initiative called TIPED (Tiered
Protocol for Endocrine Disruption), a meeting of the
minds of environmental health scientists and green chem-
ists who are working together to communicate to one an-
other what are the biological effects of EDCs and how the
next generation of chemicals can be designed to be free of
EDC activity (http://www.tipedinfo.com/). This team has
produced a protocol for determining hormonal activity in
chemicals (1242), and testing of the first chemicals is under
way.

The body of literature identifies EDCs as contributing
to outcomes related to impaired reproduction, neurode-
velopment, thyroid function, and metabolism and in-
creased propensity for hormone-sensitive cancers. This in-
formation needs to be used to limit exposures and/or
develop interventions. Unfortunately, what continues to
be problematic is the difficulty in directly relating chronic
disease burden to exposures in humans. The increased
prevalence of such diseases underscores the need to invoke
precaution in introducing new (and usually untested)
chemicals into the environment.

The field of EDCs has become far more established over
the last 5 years based on the body of literature reviewed in
this Statement. However, trying to interpret diverse and
sometimes contradictory results can lead to confusion and
the impression that there is still controversy about whether
or not EDCs have biological effects in humans. We con-
tend that there is irrefutable evidence across multiple
chemicals and organ systems for which EDCs cause ad-
verse effects in humans, although the doses at which this
occurs (occupational vs routine life exposures) remain un-
resolved for several compounds. Differences between
results are usually attributable to variability in how ex-
periments are conducted, differences in laboratory envi-
ronments, and differences in species/sex/age at exposure/
age at analysis/treatment models. In interpreting the
literature, one needs to recognize when a biological effect
is seen again and again across studies. Such is certainly the
case for the systems discussed in Sections II–VIII.

The scientific conclusions drawn in this document need
to be used for risk or human health assessments. Methods
need to be developed to consider nonlinear dose-re-
sponses, and benchmark dosages should be arrived upon
using sensitive endpoints with a biological health outcome
of interest in humans. As we move forward, we believe that
the evidence is sufficient to recommend greater regulation,
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more precaution, better communication between health-
care professionals and patients, and efforts to avoid in-
troducing new EDCs in a misguided effort to replace pre-
vious chemicals in the absence of proper testing.

Acknowledgments

We are grateful to Dr Loretta Doan of the Endocrine Society for excellent
support of this project and to Eric Vohr for professional editorial
assistance.

Address all correspondence and requests for reprints to: Andrea C.
Gore, PhD, University of Texas at Austin, 107 West Dean Keeton Street,
C0875, Austin, TX 78712. E-mail: andrea.gore@austin.utexas.edu.

This work was supported by National Institutes of Health (NIH)
Grants ES023254 and ES020662 (to A.C.G.) and ES019178 (to J.A.F.);
Ministerio de Economía y Competitividad Grants BFU2011-28358 and
SAF2014-58335-P (to A.N.); Generalitat Valenciana Grants PROME-
TEO/2011/080 and PROMETEO/2015/016 (to A.N.); NIH Grants
ES02207, ES020886, and CA172220 (to G.S.P.); the Academy of Fin-
land, EU FP7 Environment and Quality of Life, the Sigrid Juselius Foun-
dation, and Turku University Hospital Special Research Fund (to J.T.);
and NIH Grants ES010026 and ES020908 (to R.T.Z.).

Disclosure Summary: A.C.G. is Editor-in-Chief of Endocrinology,
and G.S.P. is the Associate Editor. V.A.C., S.E.F., J.A.F., A.N., J.T., and
R.T.Z. have nothing to declare.

References

1. Diamanti-Kandarakis E, Bourguignon JP, Giudice LC, et
al. Endocrine-disrupting chemicals: an Endocrine Society
Scientific Statement. Endocr Rev. 2009;30:293–342.

2. Gore AC, Chappell VA, Fenton SE, et al. Executive sum-
mary to EDC-2: The Endocrine Society’s second scientific
statement on endocrine-disrupting chemicals. Endocr
Rev. 2015;36:●●●●.

3. Zoeller RT, Brown TR, Doan LL, et al. Endocrine-dis-
rupting chemicals and public health protection: a state-
ment of principles from the Endocrine Society. Endocri-
nology. 2012;153:4097–4110.

4. Dodds EC, Lawson W. Synthetic oestrogenic agents with-
out the phenanthrene nucleus. Nature. 1936;137:996.

5. vom Saal FS, Welshons WV. Evidence that bisphenol A
(BPA) can be accurately measured without contamination
in human serum and urine, and that BPA causes numerous
hazards from multiple routes of exposure. Mol Cell En-
docrinol. 2014;398:101–113.

6. Meeker JD, Ferguson KK. Relationship between urinary
phthalate and bisphenol A concentrations and serum
thyroid measures in U.S. adults and adolescents from the
National Health and Nutrition Examination Survey
(NHANES) 2007–2008. Environ Health Perspect. 2011;
119:1396–1402.

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

8. Völkel W, Colnot T, Csanády GA, Filser JG, Dekant W.
Metabolism and kinetics of bisphenol A in humans at low

doses following oral administration. Chem Res Toxicol.
2002;15:1281–1287.

9. Ng M, Fleming T, Robinson M, et al. Global, regional,
and national prevalence of overweight and obesity in chil-
dren and adults during 1980–2013: a systematic analysis
for the Global Burden of Disease Study 2013. Lancet.
2014;384:766–781.

10. Churchwell MI, Camacho L, Vanlandingham MM, et al.
Comparison of life-stage-dependent internal dosimetry
for bisphenol A, ethinyl estradiol, a reference estrogen,
and endogenous estradiol to test an estrogenic mode of
action in Sprague Dawley rats. Toxicol Sci. 2014;139:4–
20.

11. Vandenberg LN, Gerona RR, Kannan K, et al. A round
robin approach to the analysis of bisphenol A (BPA) in
human blood samples. Environ Health. 2014;13:25.

12. Patterson TA, Twaddle NC, Roegge CS, Callicott RJ,
Fisher JW, Doerge DR. Concurrent determination of bi-
sphenol A pharmacokinetics in maternal and fetal rhesus
monkeys. Toxicol Appl Pharmacol. 2013;267:41–48.

13. Gerona RR, Woodruff TJ, Dickenson CA, et al. Bisphe-
nol-A (BPA), BPA glucuronide, and BPA sulfate in midg-
estation umbilical cord serum in a northern and central
California population. Environ Sci Technol. 2013;47:
12477–12485.

14. Liao C, Kannan K. Determination of free and conjugated
forms of bisphenol A in human urine and serum by liquid
chromatography-tandem mass spectrometry. Environ Sci
Technol. 2012;46:5003–5009.

15. Veiga-Lopez A, Pennathur S, Kannan K, et al. Impact of
gestational bisphenol A on oxidative stress and free fatty
acids: human association and interspecies animal testing
studies. Endocrinology. 2015;156:911–922.

16. Teeguarden J, Hanson-Drury S, Fisher JW, Doerge DR.
Are typical human serum BPA concentrations measurable
and sufficient to be estrogenic in the general population?
Food Chem Toxicol. 2013;62:949–963.

17. Nahar MS, Liao C, Kannan K, Dolinoy DC. Fetal liver
bisphenol A concentrations and biotransformation gene
expression reveal variable exposure and altered capacity
for metabolism in humans. J Biochem Mol Toxicol. 2013;
27:116–123.

18. Wu MT, Wu CF, Wu JR, et al. The public health threat of
phthalate-tainted foodstuffs in Taiwan: the policies the
government implemented and the lessons we learned. En-
viron Int. 2012;44:75–79.

19. Wu CF, Chang-Chien GP, Su SW, Chen BH, Wu MT.
Findings of 2731 suspected phthalate-tainted foodstuffs
during the 2011 phthalates incident in Taiwan. J Formos
Med Assoc. 2014;113:600–605.

20. U.S. Environmental Protection Agency. Phthalates:
TEACH Chemical Summary. Document #905B07006.
2007.

21. Hines EP, Calafat AM, Silva MJ, Mendola P, Fenton SE.
Concentrations of phthalate metabolites in milk, urine,
saliva, and serum of lactating North Carolina women.
Environ Health Perspect. 2009;117:86–92.

22. Fromme H, Gruber L, Seckin E, et al. Phthalates and their
metabolites in breast milk–results from the Bavarian
Monitoring of Breast Milk (BAMBI). Environ Int. 2011;
37:715–722.

doi: 10.1210/er.2015-1010 press.endocrine.org/journal/edrv E107

D
ow

nloaded from
 https://academ

ic.oup.com
/edrv/article/36/6/E1/2354691 by guest on 19 April 2023

mailto:andrea.gore@austin.utexas.edu


23. Hannon PR, Flaws JA. The effects of phthalates on the
ovary. Front Endocrinol (Lausanne). 2015;6:8.

24. Gianessi LP. Benefits of triazine herbicides. In: Ballantine
LG, McFarland JE, Hackett DS, eds. Triazine Herbicides:
Risk Assessment. Vol 683. Washington, DC: American
Chemical Society; 1998:1–8.

25. Agency for Toxic Substances and Disease Registry. Tox-
icological Profile for Atrazine. Atlanta, GA: U.S. Depart-
ment of Health and Human Services, Public Health Ser-
vice; 2003.

26. Solomon KR, Giesy JP, LaPoint TW, Giddings JM, Rich-
ards RP. Ecological risk assessment of atrazine in North
American surface waters. Environ Toxicol Chem. 2013;
32:10–11.

27. Boucher O, Muckle G, Jacobson JL, et al. Domain-spe-
cific effects of prenatal exposure to PCBs, mercury, and
lead on infant cognition: results from the Environmental
Contaminants and Child Development Study in Nunavik.
Environ Health Perspect. 2014;122:310–316.

28. Jurewicz J, Polanska K, Hanke W. Chemical exposure
early in life and the neurodevelopment of children–an
overview of current epidemiological evidence. Ann Agric
Environ Med. 2013;20:465–486.

29. Doi H, Nishitani S, Fujisawa TX, et al. Prenatal exposure
to a polychlorinated biphenyl (PCB) congener influences
fixation duration on biological motion at 4-months-old:
a preliminary study. PLoS One. 2013;8:e59196.

30. Herrick RF, McClean MD, Meeker JD, Baxter LK, Wey-
mouth GA. An unrecognized source of PCB contamina-
tion in schools and other buildings. Environ Health Per-
spect. 2004;112:1051–1053.

31. Lauby-Secretan B, Loomis D, Grosse Y, et al. Carcino-
genicity of polychlorinated biphenyls and polybromin-
ated biphenyls. Lancet Oncol. 2013;14:287–288.

32. Soto AM, Sonnenschein C, Chung KL, Fernandez MF,
Olea N, Serrano FO. The E-SCREEN assay as a tool to
identify estrogens: an update on estrogenic environmental
pollutants. Environ Health Perspect. 1995;103(suppl 7):
113–122.

33. Portigal CL, Cowell SP, Fedoruk MN, Butler CM, Rennie
PS, Nelson CC. Polychlorinated biphenyls interfere with
androgen-induced transcriptional activation and hor-
mone binding. Toxicol Appl Pharmacol. 2002;179:185–
194.

34. Agency for Toxic Substances and Disease Registry. Tox-
icological Profile for Polybrominated Biphenyls and Po-
lybrominated Diphenyl Ethers (PBBs and PBDEs). At-
lanta, GA: U.S. Department of Health and Human
Services, Public Health Service; 2004.

35. Zota AR, Park JS, Wang Y, Petreas M, Zoeller RT, Wood-
ruff TJ. Polybrominated diphenyl ethers, hydroxylated
polybrominated diphenyl ethers, and measures of thyroid
function in second trimester pregnant women in Califor-
nia. Environ Sci Technol. 2011;45:7896–7905.

36. Costa LG, Giordano G. Developmental neurotoxicity of
polybrominated diphenyl ether (PBDE) flame retardants.
Neurotoxicology. 2007;28:1047–1067.

37. U.S. Environmental Protection Agency. An Exposure As-
sessment of Polybrominated Diphenyl Ethers. Washing-
ton, DC: National Center for Environmental Assessment;
EPA/600/R-08/086F; 2010.

38. Knower KC, To SQ, Leung YK, Ho SM, Clyne CD. En-
docrine disruption of the epigenome: a breast cancer link.
Endocr Relat Cancer. 2014;21:T33–T55.

39. National Toxicology Program. Report on Carcinogens,
12th Edition. Washington, DC: U.S. Department of
Health and Human Services, Public Health Service; 2011:
12:iii-499.

40. McGlynn KA, Quraishi SM, Graubard BI, Weber JP, Ru-
bertone MV, Erickson RL. Persistent organochlorine pes-
ticides and risk of testicular germ cell tumors. J Natl Can-
cer Inst. 2008;100:663–671.

41. Hardell L, van Bavel B, Lindström G, et al. Adipose tissue
concentrations of p,p’-DDE and the risk for endometrial
cancer. Gynecol Oncol. 2004;95:706–711.

42. Porta M, Bosch de Basea M, Benavides FG, et al. Differ-
ences in serum concentrations of organochlorine com-
pounds by occupational social class in pancreatic cancer.
Environ Res. 2008;108:370–379.

43. Codru N, Schymura MJ, Negoita S, et al. Diabetes in
relation to serum levels of polychlorinated biphenyls and
chlorinated pesticides in adult Native Americans. Environ
Health Perspect. 2007;115:1442–1447.

44. Safe SH, Zacharewski T. Organochlorine exposure and
risk for breast cancer. Prog Clin Biol Res. 1997;396:133–
145.

45. Wolff MS, Toniolo PG, Lee EW, Rivera M, Dubin N.
Blood levels of organochlorine residues and risk of breast
cancer. J Natl Cancer Inst. 1993;85:648–652.

46. Xu XB, He Y, Song C, et al. Bisphenol A regulates the
estrogen receptor � signaling in developing hippocampus
of male rats through estrogen receptor. Hippocampus.
2014;24:1570–1580.

47. Martinez-Arguelles DB, Campioli E, Lienhart C, et al. In
utero exposure to the endocrine disruptor di-(2-ethyl-
hexyl) phthalate induces long-term changes in gene ex-
pression in the adult male adrenal gland. Endocrinology.
2014;155:1667–1678.

48. World Health Organization. Global Status Report on
Noncommunicable Diseases. Geneva, Switzerland:
World Health Organization; 2014.

49. World Health Organization. Fact Sheets: Noncommuni-
cable Diseases. Geneva, Switzerland: World Health Or-
ganization Media Centre; 2013.

50. Sladek R, Rocheleau G, Rung J, et al. A genome-wide
association study identifies novel risk loci for type 2 dia-
betes. Nature. 2007;445:881–885.

51. Fall T, Ingelsson E. Genome-wide association studies of
obesity and metabolic syndrome. Mol Cell Endocrinol.
2014;382:740–757.

52. Vaxillaire M, Yengo L, Lobbens S, et al. Type 2 diabetes-
related genetic risk scores associated with variations in
fasting plasma glucose and development of impaired glu-
cose homeostasis in the prospective DESIR study. Diabe-
tologia. 2014;57:1601–1610.

53. Barouki R, Gluckman PD, Grandjean P, Hanson M,
Heindel JJ. Developmental origins of non-communicable
disease: implications for research and public health. En-
viron Health. 2012;11:42.

54. Nadal A, Alonso-Magdalena P, Soriano S, Quesada I,
Ropero AB. The pancreatic �-cell as a target of estro-
gens and xenoestrogens: implications for blood glucose

E108 Gore et al Second Scientific Statement on EDCs Endocrine Reviews

D
ow

nloaded from
 https://academ

ic.oup.com
/edrv/article/36/6/E1/2354691 by guest on 19 April 2023



homeostasis and diabetes. Mol Cell Endocrinol. 2009;
304:63– 68.

55. Grandjean P. Late insights into early origins of disease.
Basic Clin Pharmacol Toxicol. 2008;102:94–99.

56. Barker DJ, Clark PM. Fetal undernutrition and disease in
later life. Rev Reprod. 1997;2:105–112.

57. Maffini MV, Sonnenschein C, Soto AM. Development
and maturation of the normal female reproductive sys-
tem: breast. In: Woodruff TJ, Janssen SJ, Guillette LJ,
Giudice, LC, eds. Environmental Impacts on Reproduc-
tive Health and Fertility. New York, NY: Cambridge Uni-
versity Press; 2010:36–47.

58. Newbold RR, Heindel JJ. Developmental exposures and
implications for early and latent disease. In: Woodruff TJ,
Janssen SJ, Guillette LJ, Giudice LC, eds. Environmental
Impacts on Reproductive Health and Fertility. New York,
NY: Cambridge University Press; 2010:93–102.

59. Schug TT, Janesick A, Blumberg B, Heindel JJ. Endocrine
disrupting chemicals and disease susceptibility. J Steroid
Biochem Mol Biol. 2011;127:204–215.

60. Gorski RA. Hypothalamic imprinting by gonadal steroid
hormones. Adv Exp Med Biol. 2002;511:57–70; discus-
sion 70–53.

61. Collman GW. Developmental basis of disease: environ-
mental impacts. J Dev Orig Health Dis. 2011;2:49–55.

62. Barker DJ. The fetal and infant origins of adult disease.
BMJ. 1990;301:1111.

63. Barker DJ. The developmental origins of adult disease.
J Am Coll Nutr. 2004;23:588S–595S.

64. Ravelli GP, Stein ZA, Susser MW. Obesity in young men
after famine exposure in utero and early infancy. N Engl
J Med. 1976;295:349–353.

65. Roseboom TJ, van der Meulen JH, Ravelli AC, Osmond
C, Barker DJ, Bleker OP. Effects of prenatal exposure to
the Dutch famine on adult disease in later life: an over-
view. Mol Cell Endocrinol. 2001;185:93–98.

66. Hilakivi-Clarke L, de Assis S, Warri A. Exposures to syn-
thetic estrogens at different times during the life, and their
effect on breast cancer risk. J Mammary Gland Biol Neo-
plasia. 2013;18:25–42.

67. Dieckmann WJ, Davis ME, Rynkiewicz LM, Pottinger
RE. Does the administration of diethylstilbestrol during
pregnancy have therapeutic value? Am J Obstet Gynecol.
1953;66:1062–1081.

68. 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.

69. Troisi R, Hatch EE, Titus-Ernstoff L, et al. Cancer risk in
women prenatally exposed to diethylstilbestrol. Int J Can-
cer. 2007;121:356–360.

70. Verloop J, van Leeuwen FE, Helmerhorst TJ, van Boven
HH, Rookus MA. Cancer risk in DES daughters. Cancer
Causes Control. 2010;21:999–1007.

71. Herbst AL. Summary of the changes in the human female
genital tract as a consequence of maternal diethylstilbes-
trol therapy. J Toxicol Environ Health Suppl. 1976;1:13–
20.

72. Edelman DA. Urogenital tract changes in female offspring
exposed to DES. In: DES/Diethylstilbestrol—New Per-
spectives. Boston, MA: MTP Press Limited; 1986:69–80.

73. Troisi R, Hyer M, Hatch EE, et al. Medical conditions
among adult offspring prenatally exposed to diethylstil-
bestrol. Epidemiology. 2013;24:430–438.

74. Harris RM, Waring RH. Diethylstilboestrol–a long-term
legacy. Maturitas. 2012;72:108–112.

75. Titus-Ernstoff L, Troisi R, Hatch EE, et al. Offspring of
women exposed in utero to diethylstilbestrol (DES): a pre-
liminary report of benign and malignant pathology in the
third generation. Epidemiology. 2008;19:251–257.

76. Christensen BC, Marsit CJ. Epigenomics in environmen-
tal health. Front Genet. 2011;2:84.

77. Rissman EF, Adli M. Minireview: transgenerational epi-
genetic inheritance: focus on endocrine disrupting com-
pounds. Endocrinology. 2014;155:2770–2780.

78. Ho SM, Johnson A, Tarapore P, Janakiram V, Zhang X,
Leung YK. Environmental epigenetics and its implication
on disease risk and health outcomes. Ilar J. 2012;53:289–
305.

79. Greally JM, Jacobs MN. In vitro and in vivo testing meth-
ods of epigenomic endpoints for evaluating endocrine dis-
ruptors. Altex. 2013;30:445–471.

80. 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.

81. Jirtle RL, Skinner MK. Environmental epigenomics and
disease susceptibility. Nat Rev Genet. 2007;8:253–262.

82. Lister R, Mukamel EA, Nery JR, et al. Global epigenomic
reconfiguration during mammalian brain development.
Science. 2013;341:1237905.

83. Lister R, Pelizzola M, Dowen RH, et al. Human DNA
methylomes at base resolution show widespread epig-
enomic differences. Nature. 2009;462:315–322.

84. Bogdanovic O, Veenstra GJ. DNA methylation and meth-
yl-CpG binding proteins: developmental requirements
and function. Chromosoma. 2009;118:549–565.

85. Tiwari VK, McGarvey KM, Licchesi JD, et al. PcG pro-
teins, DNA methylation, and gene repression by chroma-
tin looping. PLoS Biol. 2008;6:2911–2927.

86. Cosgrove MS, Boeke JD, Wolberger C. Regulated nucleo-
some mobility and the histone code. Nat Struct Mol Biol.
2004;11:1037–1043.

87. Miremadi A, Oestergaard MZ, Pharoah PD, Caldas C.
Cancer genetics of epigenetic genes. Hum Mol Genet.
2007;16(spec no. 1):R28–R49.

88. Clapier CR, Cairns BR. The biology of chromatin remod-
eling complexes. Annu Rev Biochem. 2009;78:273–304.

89. Berdasco M, Esteller M. Aberrant epigenetic landscape in
cancer: how cellular identity goes awry. Dev Cell. 2010;
19:698–711.

90. Brower V. Epigenetics: unravelling the cancer code. Na-
ture. 2011;471:S12–S13.

91. Costa FF. Non-coding RNAs, epigenetics and complex-
ity. Gene. 2008;410:9–17.

92. Saetrom P, Snøve O Jr, Rossi JJ. Epigenetics and microR-
NAs. Pediatr Res. 2007;61:17R–23R.

93. Cannell IG, Kong YW, Bushell M. How do microRNAs
regulate gene expression? Biochem Soc Trans. 2008;36:
1224–1231.

94. Sato F, Tsuchiya S, Meltzer SJ, Shimizu K. MicroRNAs
and epigenetics. FEBS J. 2011;278:1598–1609.

doi: 10.1210/er.2015-1010 press.endocrine.org/journal/edrv E109

D
ow

nloaded from
 https://academ

ic.oup.com
/edrv/article/36/6/E1/2354691 by guest on 19 April 2023



95. Gore AC, Martien KM, Gagnidze K, Pfaff D. Implications
of prenatal steroid perturbations for neurodevelopment,
behavior, and autism. Endocr Rev. 2014;35:961–991.

96. Skinner MK, Manikkam M, Guerrero-Bosagna C. Epi-
genetic transgenerational actions of environmental fac-
tors in disease etiology. Trends Endocrinol Metab. 2010;
21:214–222.

97. Walker DM, Gore AC. Transgenerational neuroendo-
crine disruption of reproduction. Nat Rev Endocrinol.
2011;7:197–207.

98. Crews D, McLachlan JA. Epigenetics, evolution, endo-
crine disruption, health, and disease. Endocrinology.
2006;147:S4–S10.

99. Skinner MK. What is an epigenetic transgenerational phe-
notype? F3 or F2. Reprod Toxicol. 2008;25:2–6.

100. Bromer JG, Zhou Y, Taylor MB, Doherty L, Taylor HS.
Bisphenol-A exposure in utero leads to epigenetic alter-
ations in the developmental programming of uterine es-
trogen response. FASEB J. 2010;24:2273–2280.

101. Newbold RR, Padilla-Banks E, Jefferson WN. Adverse
effects of the model environmental estrogen diethylstil-
bestrol are transmitted to subsequent generations. Endo-
crinology. 2006;147:S11–S17.

102. Newbold RR. Lessons learned from perinatal exposure to
diethylstilbestrol. Toxicol Appl Pharmacol. 2004;199:
142–150.

103. Newbold RR. Prenatal exposure to diethylstilbestrol
(DES). Fertil Steril. 2008;89:e55–e56.

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

105. Ho SM, Tang WY, Belmonte de Frausto J, Prins GS. De-
velopmental exposure to estradiol and bisphenol A in-
creases susceptibility to prostate carcinogenesis and epi-
genetically regulates phosphodiesterase type 4 variant 4.
Cancer Res. 2006;66:5624–5632.

106. Tang WY, Morey LM, Cheung YY, Birch L, Prins GS, Ho
SM. Neonatal exposure to estradiol/bisphenol A alters
promoter methylation and expression of Nsbp1 and Hp-
cal1 genes and transcriptional programs of Dnmt3a/b and
Mbd2/4 in the rat prostate gland throughout life. Endo-
crinology. 2012;153:42–55.

107. Susiarjo M, Sasson I, Mesaros C, Bartolomei MS. Bis-
phenol A exposure disrupts genomic imprinting in the
mouse. PLoS Genet. 2013; 9:e1003401.

108. Anderson OS, Nahar MS, Faulk C, et al. Epigenetic re-
sponses following maternal dietary exposure to physio-
logically relevant levels of bisphenol A. Environ Mol Mu-
tagen. 2012;53:334–342.

109. Kim JH, Rozek LS, Soliman AS, et al. Bisphenol A-asso-
ciated epigenomic changes in prepubescent girls: a cross-
sectional study in Gharbiah, Egypt. Environ Health.
2013;12:33.

110. Salian S, Doshi T, Vanage G. Perinatal exposure of rats to
bisphenol A affects the fertility of male offspring. Life Sci.
2009;85:742–752.

111. Wolstenholme JT, Goldsby JA, Rissman EF. Transgen-
erational effects of prenatal bisphenol A on social recog-
nition. Horm Behav. 2013;64:833–839.

112. Crews D, Gillette R, Scarpino SV, Manikkam M, Saven-

kova MI, Skinner MK. Epigenetic transgenerational in-
heritance of altered stress responses. Proc Natl Acad Sci
USA. 2012;109:9143–9148.

113. Crews D, Gore AC, Hsu TS, et al. Transgenerational epi-
genetic imprints on mate preference. Proc Natl Acad Sci
USA. 2007;104:5942–5946.

114. Gillette R, Miller-Crews I, Nilsson EE, Skinner MK, Gore
AC, Crews D. Sexually dimorphic effects of ancestral ex-
posure to vinclozolin on stress reactivity in rats. Endo-
crinology. 2014;155:3853–3866.

115. Guerrero-Bosagna C, Settles M, Lucker B, Skinner MK.
Epigenetic transgenerational actions of vinclozolin on
promoter regions of the sperm epigenome. PLoS One.
2010;5:e13100.

116. Anway MD, Cupp AS, Uzumcu M, Skinner MK. Epige-
netic transgenerational actions of endocrine disruptors
and male fertility. Science. 2005;308:1466–1469.

117. Guerrero-Bosagna C, Covert TR, Haque MM, et al. Epi-
genetic transgenerational inheritance of vinclozolin in-
duced mouse adult onset disease and associated sperm
epigenome biomarkers. Reprod Toxicol. 2012;34:694–
707.

118. Nilsson E, Larsen G, Manikkam M, Guerrero-Bosagna
C, Savenkova MI, Skinner MK. Environmentally induced
epigenetic transgenerational inheritance of ovarian dis-
ease. PLoS One. 2012;7:e36129.

119. Skinner MK, Guerrero-Bosagna C, Haque M, Nilsson E,
Bhandari R, McCarrey JR. Environmentally induced
transgenerational epigenetic reprogramming of primor-
dial germ cells and the subsequent germ line. PLoS One.
2013;8:e66318.

120. Li L, Zhang T, Qin XS, et al. Exposure to diethylhexyl
phthalate (DEHP) results in a heritable modification of
imprint genes DNA methylation in mouse oocytes. Mol
Biol Rep. 2014;41:1227–1235.

121. Doyle TJ, Bowman JL, Windell VL, McLean DJ, Kim KH.
Transgenerational effects of di-(2-ethylhexyl) phthalate
on testicular germ cell associations and spermatogonial
stem cells in mice. Biol Reprod. 2013;88:112.

122. Wu S, Zhu J, Li Y, et al. Dynamic epigenetic changes
involved in testicular toxicity induced by di-2-(ethyl-
hexyl) phthalate in mice. Basic Clin Pharmacol Toxicol.
2010;106:118–123.

123. Song C, Kanthasamy A, Anantharam V, Sun F, Kan-
thasamy AG. Environmental neurotoxic pesticide in-
creases histone acetylation to promote apoptosis in do-
paminergic neuronal cells: relevance to epigenetic
mechanisms of neurodegeneration. Mol Pharmacol.
2010;77:621– 632.

124. Song C, Kanthasamy A, Jin H, Anantharam V, Kan-
thasamy AG. Paraquat induces epigenetic changes by pro-
moting histone acetylation in cell culture models of
dopaminergic degeneration. Neurotoxicology. 2011;32:
586–595.

125. Kuo HH, Shyu SS, Wang TC. Genotoxicity of low dose
N-nitroso propoxur to human gastric cells. Food Chem
Toxicol. 2008;46:1619–1626.

126. Warita K, Mitsuhashi T, Sugawara T, et al. Direct effects
of diethylstilbestrol on the gene expression of the choles-
terol side-chain cleavage enzyme (P450scc) in testicular
Leydig cells. Life Sci. 2010;87:281–285.

E110 Gore et al Second Scientific Statement on EDCs Endocrine Reviews

D
ow

nloaded from
 https://academ

ic.oup.com
/edrv/article/36/6/E1/2354691 by guest on 19 April 2023



127. Avissar-Whiting M, Veiga KR, Uhl KM, et al. Bisphenol
A exposure leads to specific microRNA alterations in pla-
cental cells. Reprod Toxicol. 2010;29:401–406.

128. Veiga-Lopez A, Luense LJ, Christenson LK, Padmanab-
han V. Developmental programming: gestational bisphe-
nol-A treatment alters trajectory of fetal ovarian gene ex-
pression. Endocrinology. 2013;154:1873–1884.

129. Kovanecz I, Gelfand R, Masouminia M, et al. Oral bis-
phenol A (BPA) given to rats at moderate doses is asso-
ciated with erectile dysfunction, cavernosal lipofibrosis
and alterations of global gene transcription. Int J Impot
Res. 2014;26:67–75.

130. Tilghman SL, Bratton MR, Segar HC, et al. Endocrine
disruptor regulation of microRNA expression in breast
carcinoma cells. PLoS One. 2012;7:e32754.

131. Walker CL, Ho SM. Developmental reprogramming of
cancer susceptibility. Nat Rev Cancer. 2012;12:479–
486.

132. McLachlan JA, Burow M, Chiang TC, Li SF. Gene im-
printing in developmental toxicology: a possible interface
between physiology and pathology. Toxicol Lett. 2001;
120:161–164.

133. Vandenberg LN, Colborn T, Hayes TB, et al. Hormones
and endocrine-disrupting chemicals: low-dose effects and
nonmonotonic dose responses. Endocr Rev. 2012;33:
378–455.

134. Kovacs WJ, Ojeda SR. Textbook of Endocrine Physiol-
ogy. Oxford, UK: Oxford University Press; 2012.

135. Geck P, Szelei J, Jimenez J, Lin TM, Sonnenschein C, Soto
AM. Expression of novel genes linked to the androgen-
induced, proliferative shutoff in prostate cancer cells. J
Steroid Biochem Mol Biol. 1997;63:211–218.

136. Sonnenschein C, Olea N, Pasanen ME, Soto AM. Nega-
tive controls of cell proliferation: human prostate cancer
cells and androgens. Cancer Res. 1989;49:3474–3481.

137. Welshons WV, Thayer KA, Judy BM, Taylor JA, Curran
EM, vom Saal FS. Large effects from small exposures. I.
Mechanisms for endocrine-disrupting chemicals with es-
trogenic activity. Environ Health Perspect. 2003;111:
994–1006.

138. Alonso-Magdalena P, Vieira E, Soriano S, et al. Bisphenol
A exposure during pregnancy disrupts glucose homeo-
stasis in mothers and adult male offspring. Environ
Health Perspect. 2010;118:1243–1250.

139. Wei J, Lin Y, Li Y, et al. Perinatal exposure to bisphenol
A at reference dose predisposes offspring to metabolic
syndrome in adult rats on a high-fat diet. Endocrinology.
2011;152:3049–3061.

140. Angle BM, Do RP, Ponzi D, et al. Metabolic disruption in
male mice due to fetal exposure to low but not high doses
of bisphenol A (BPA): evidence for effects on body weight,
food intake, adipocytes, leptin, adiponectin, insulin and
glucose regulation. Reprod Toxicol. 2013;42:256–268.

141. Hines EP, White SS, Stanko JP, Gibbs-Flournoy EA, Lau
C, Fenton SE. Phenotypic dichotomy following develop-
mental exposure to perfluorooctanoic acid (PFOA) in fe-
male CD-1 mice: low doses induce elevated serum leptin
and insulin, and overweight in mid-life. Mol Cell Endo-
crinol. 2009;304:97–105.

142. Hao C, Cheng X, Xia H, Ma X. The endocrine disruptor
mono-(2-ethylhexyl) phthalate promotes adipocyte dif-

ferentiation and induces obesity in mice. Biosci Rep.
2012;32:619–629.

143. Alonso-Magdalena P, Ropero AB, Carrera MP, et al. Pan-
creatic insulin content regulation by the estrogen receptor
ER �. PLoS One. 2008;3:e2069.

144. vom Saal FS, Timms BG, Montano MM, et al. Prostate
enlargement in mice due to fetal exposure to low doses of
estradiol or diethylstilbestrol and opposite effects at high
doses. Proc Natl Acad Sci USA. 1997;94:2056–2061.

145. Ziv-Gal A, Wang W, Zhou C, Flaws JA. The effects of in
utero bisphenol A exposure on reproductive capacity in
several generations of mice. Toxicol Appl Pharmacol.
2015;284:354–362.

146. Lichtenstein P, Holm NV, Verkasalo PK, et al. Environ-
mental and heritable factors in the causation of cancer–
analyses of cohorts of twins from Sweden, Denmark, and
Finland. N Engl J Med. 2000;343:78–85.

147. Mocarelli P, Marocchi A, Brambilla P, Gerthoux P,
Young DS, Mantel N. Clinical laboratory manifestations
of exposure to dioxin in children. A six-year study of the
effects of an environmental disaster near Seveso, Italy.
JAMA. 1986;256:2687–2695.

148. Warner M, Mocarelli P, Samuels S, Needham L, Bram-
billa P, Eskenazi B. Dioxin exposure and cancer risk in the
Seveso Women’s Health Study. Environ Health Perspect.
2011;119:1700–1705.

149. Warner M, Mocarelli P, Brambilla P, et al. Diabetes, met-
abolic syndrome, and obesity in relation to serum dioxin
concentrations: the Seveso Women’s Health Study. En-
viron Health Perspect. 2013;121:906–911.

150. Mocarelli P, Gerthoux PM, Needham LL, et al. Perinatal
exposure to low doses of dioxin can permanently impair
human semen quality. Environ Health Perspect. 2011;
119:713–718.

151. Eskenazi B, Warner M, Marks AR, et al. Serum dioxin
concentrations and time to pregnancy. Epidemiology.
2010;21:224–231.

152. Kim JS, Lim HS, Cho SI, Cheong HK, Lim MK. Impact of
Agent Orange exposure among Korean Vietnam veter-
ans. Ind Health. 2003;41:149–157.

153. Agency for Toxic Substances and Disease Registry. 2014.
Camp Lejeune, NC. Available at: http://www.atsdr.cdc.
gov/sites/lejeune/index.html.

154. Barry V, Winquist A, Steenland K. Perfluorooctanoic acid
(PFOA) exposures and incident cancers among adults liv-
ing near a chemical plant. Environ Health Perspect. 2013;
121:1313–1318.

155. Bucher JR. The National Toxicology Program rodent
bioassay: designs, interpretations, and scientific contri-
butions. Ann NY Acad Sci. 2002;982:198–207.

156. Rudel RA, Attfield KR, Schifano JN, Brody JG. Chemi-
cals causing mammary gland tumors in animals signal
new directions for epidemiology, chemicals testing, and
risk assessment for breast cancer prevention. Cancer.
2007;109:2635–2666.

157. Macon MB, Fenton SE. Endocrine disruptors and the
breast: early life effects and later life disease. J Mammary
Gland Biol Neoplasia. 2013;18:43–61.

158. Tice RR, Austin CP, Kavlock RJ, Bucher JR. Improving
the human hazard characterization of chemicals: a Tox21
update. Environ Health Perspect. 2013;121:756–765.

doi: 10.1210/er.2015-1010 press.endocrine.org/journal/edrv E111

D
ow

nloaded from
 https://academ

ic.oup.com
/edrv/article/36/6/E1/2354691 by guest on 19 April 2023

http://www.atsdr.cdc.gov/sites/lejeune/index.html
http://www.atsdr.cdc.gov/sites/lejeune/index.html


159. Kavlock R, Chandler K, Houck K, et al. Update on EPA’s
ToxCast program: providing high throughput decision
support tools for chemical risk management. Chem Res
Toxicol. 2012;25:1287–1302.

160. Schwarzman MR, Ackerman JM, Dairkee SH, et al.
Screening for chemical contributions to breast cancer
risk: a case study for chemical safety evaluation [pub-
lished online June 2, 2015]. Environ Health Perspect. doi:
10.1289/ehp.1408337.

161. Myers SL, Yang CZ, Bittner GD, Witt KL, Tice RR, Baird
DD. Estrogenic and anti-estrogenic activity of off-the-
shelf hair and skin care products. J Expo Sci Environ
Epidemiol. 2015;25(3):271–277.

162. World Health Organization. Obesity and Overweight
Fact Sheet No. 311. Geneva, Switzerland: World Health
Organization; 2015.

163. Finkelstein EA, Trogdon JG, Cohen JW, Dietz W. Annual
medical spending attributable to obesity: payer-and ser-
vice-specific estimates. Health Aff (Millwood). 2009;28:
w822–w831.

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

165. Heindel JJ. Endocrine disruptors and the obesity epi-
demic. Toxicol Sci. 2003;76:247–249.

166. Newbold RR, Padilla-Banks E, Snyder RJ, Jefferson WN.
Developmental exposure to estrogenic compounds and
obesity. Birth Defects Res A Clin Mol Teratol. 2005;73:
478–480.

167. Grün F, Blumberg B. Environmental obesogens: or-
ganotins and endocrine disruption via nuclear receptor
signaling. Endocrinology. 2006;147:S50–S55.

168. Enan E, Liu PC, Matsumura F. 2,3,7,8-Tetrachlorod-
ibenzo-p-dioxin causes reduction of glucose transporting
activities in the plasma membranes of adipose tissue and
pancreas from the guinea pig. J Biol Chem. 1992;267:
19785–19791.

169. Quesada I, Fuentes E, Viso-León MC, Soria B, Ripoll C,
Nadal A. Low doses of the endocrine disruptor bisphe-
nol-A and the native hormone 17�-estradiol rapidly ac-
tivate transcription factor CREB. FASEB J. 2002;16:
1671–1673.

170. Nadal A, Ropero AB, Laribi O, Maillet M, Fuentes E,
Soria B. Nongenomic actions of estrogens and xenoes-
trogens by binding at a plasma membrane receptor un-
related to estrogen receptor � and estrogen receptor �.
Proc Natl Acad Sci USA. 2000;97:11603–11608.

171. Yau DT, Mennear JH. The inhibitory effect of DDT on
insulin secretion in mice. Toxicol Appl Pharmacol. 1977;
39:81–88.

172. Alonso-Magdalena P, Morimoto S, Ripoll C, Fuentes E,
Nadal A. The estrogenic effect of bisphenol A disrupts
pancreatic �-cell function in vivo and induces insulin re-
sistance. Environ Health Perspect. 2006;114:106–112.

173. Lin LC, Wang SL, Chang YC, et al. Associations between
maternal phthalate exposure and cord sex hormones in
human infants. Chemosphere. 2011;83:1192–1199.

174. Lee S, Youn YS, Lee SH, Byun Y, Lee KC. PEGylated
glucagon-like peptide-1 displays preserved effects on in-
sulin release in isolated pancreatic islets and improved

biological activity in db/db mice. Diabetologia. 2006;49:
1608–1611.

175. Lang IA, Galloway TS, Scarlett A, et al. Association of
urinary bisphenol A concentration with medical disorders
and laboratory abnormalities in adults. JAMA. 2008;
300:1303–1310.

176. WHO Expert Consultation. Appropriate body-mass in-
dex for Asian populations and its implications for policy
and intervention strategies. Lancet. 2004;363:157–163.

177. Segal NL, Allison DB. Twins and virtual twins: bases of
relative body weight revisited. Int J Obes Relat Metab
Disord. 2002;26:437–441.

178. Speakman JR, O’Rahilly S. Fat: an evolving issue. Dis
Model Mech. 2012;5:569–573.

179. Speakman JR, Levitsky DA, Allison DB, et al. Set points,
settling points and some alternative models: theoretical
options to understand how genes and environments com-
bine to regulate body adiposity. Dis Model Mech. 2011;
4:733–745.

180. Klimentidis YC, Beasley TM, Lin HY, et al. Canaries in
the coal mine: a cross-species analysis of the plurality of
obesity epidemics. Proc Biol Sci. 2011;278:1626–1632.

181. Dirtu AC, Niessen SJ, Jorens PG, Covaci A. Organoha-
logenated contaminants in domestic cats’ plasma in rela-
tion to spontaneous acromegaly and type 2 diabetes mel-
litus: a clue for endocrine disruption in humans? Environ
Int. 2013;57–58:60–67.

182. Gray SL, Vidal-Puig AJ. Adipose tissue expandability in
the maintenance of metabolic homeostasis. Nutr Rev.
2007;65:S7–S12.

183. Virtue S, Vidal-Puig A. Adipose tissue expandability, li-
potoxicity and the metabolic syndrome–an allostatic per-
spective. Biochim Biophys Acta. 2010;1801:338–349.

184. Grün F, Watanabe H, Zamanian Z, et al. Endocrine-dis-
rupting organotin compounds are potent inducers of ad-
ipogenesis in vertebrates. Mol Endocrinol. 2006;20:
2141–2155.

185. Janesick A, Blumberg B. Obesogens, stem cells and the
developmental programming of obesity. Int J Androl.
2012;35:437–448.

186. Janesick A, Blumberg B. Endocrine disrupting chemi-
cals and the developmental programming of adipogen-
esis and obesity. Birth Defects Res C Embryo Today.
2011;93:34 –50.

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

188. Thayer KA, Heindel JJ, Bucher JR, Gallo MA. Role of
environmental chemicals in diabetes and obesity: a Na-
tional Toxicology Program workshop review. Environ
Health Perspect. 2012;120:779–789.

189. Behl M, Rao D, Aagaard K, et al. Evaluation of the as-
sociation between maternal smoking, childhood obesity,
and metabolic disorders: a National Toxicology Program
workshop review. Environ Health Perspect. 2013;121:
170–180.

190. Maull EA, Ahsan H, Edwards J, et al. Evaluation of the
association between arsenic and diabetes: a National
Toxicology Program workshop review. Environ Health
Perspect. 2012;120:1658–1670.

191. Taylor KW, Novak RF, Anderson HA, et al. Evaluation

E112 Gore et al Second Scientific Statement on EDCs Endocrine Reviews

D
ow

nloaded from
 https://academ

ic.oup.com
/edrv/article/36/6/E1/2354691 by guest on 19 April 2023



of the association between persistent organic pollutants
(POPs) and diabetes in epidemiological studies: a Na-
tional Toxicology Program workshop review. Environ
Health Perspect. 2013;121:774–783.

192. Carwile JL, Michels KB. Urinary bisphenol A and obesity:
NHANES 2003–2006. Environ Res. 2011;111:825–
830.

193. Shankar A, Teppala S, Sabanayagam C. Urinary bisphe-
nol A levels and measures of obesity: results from the
National Health and Nutrition Examination Survey
2003–2008. ISRN Endocrinol. 2012;2012:965243.

194. Trasande L, Attina TM, Blustein J. Association between
urinary bisphenol A concentration and obesity prevalence
in children and adolescents. JAMA. 2012;308:1113–
1121.

195. Bhandari R, Xiao J, Shankar A. Urinary bisphenol A and
obesity in U.S. children. Am J Epidemiol. 2013;177:
1263–1270.

196. Wang T, Li M, Chen B, et al. Urinary bisphenol A (BPA)
concentration associates with obesity and insulin resis-
tance. J Clin Endocrinol Metab. 2012;97:E223–E227.

197. Harley KG, Aguilar Schall R, Chevrier J, et al. Prenatal
and postnatal bisphenol A exposure and body mass index
in childhood in the CHAMACOS cohort. Environ Health
Perspect. 2013;121:514–520.

198. Stahlhut RW, van Wijngaarden E, Dye TD, Cook S, Swan
SH. Concentrations of urinary phthalate metabolites are
associated with increased waist circumference and insulin
resistance in adult U.S. males. Environ Health Perspect.
2007;115:876–882.

199. Hatch EE, Nelson JW, Qureshi MM, et al. Association of
urinary phthalate metabolite concentrations with body
mass index and waist circumference: a cross-sectional
study of NHANES data, 1999–2002. Environ Health.
2008;7:27.

200. Lind PM, Roos V, Rönn M, et al. Serum concentrations
of phthalate metabolites are related to abdominal fat dis-
tribution two years later in elderly women. Environ
Health. 2012;11:21.

201. Wang H, Zhou Y, Tang C, et al. Urinary phthalate me-
tabolites are associated with body mass index and waist
circumference in Chinese school children. PLoS One.
2013;8:e56800.

202. Teitelbaum SL, Mervish N, Moshier EL, et al. Associa-
tions between phthalate metabolite urinary concentra-
tions and body size measures in New York City children.
Environ Res. 2012;112:186–193.

203. Trasande L, Attina TM, Sathyanarayana S, Spanier AJ,
Blustein J. Race/ethnicity-specific associations of urinary
phthalates with childhood body mass in a nationally rep-
resentative sample. Environ Health Perspect. 2013;121:
501–506.

204. Elobeid MA, Padilla MA, Brock DW, Ruden DM, Allison
DB. Endocrine disruptors and obesity: an examination of
selected persistent organic pollutants in the NHANES
1999–2002 data. Int J Environ Res Public Health. 2010;
7:2988–3005.

205. Halldorsson TI, Rytter D, Haug LS, et al. Prenatal expo-
sure to perfluorooctanoate and risk of overweight at 20
years of age: a prospective cohort study. Environ Health
Perspect. 2012;120:668–673.

206. Lee DH, Porta M, Jacobs DR Jr, Vandenberg LN. Chlo-
rinated persistent organic pollutants, obesity, and type 2
diabetes. Endocr Rev. 2014;35:557–601.

207. Kanayama T, Kobayashi N, Mamiya S, Nakanishi T, Ni-
shikawa J. Organotin compounds promote adipocyte
differentiation as agonists of the peroxisome proliferator-
activated receptor �/retinoid X receptor pathway. Mol
Pharmacol. 2005;67:766–774.

208. Tontonoz P, Spiegelman BM. Fat and beyond: the diverse
biology of PPAR�. Annu Rev Biochem. 2008;77:289–
312.

209. Janesick AS, Shioda T, Blumberg B. Transgenerational
inheritance of prenatal obesogen exposure. Mol Cell En-
docrinol. 2014;398:31–35.

210. Hiromori Y, Nishikawa J, Yoshida I, Nagase H, Nakani-
shi T. Structure-dependent activation of peroxisome pro-
liferator-activated receptor (PPAR) � by organotin com-
pounds. Chem Biol Interact. 2009;180:238–244.

211. Hurst CH, Waxman DJ. Activation of PPAR� and
PPAR� by environmental phthalate monoesters. Toxicol
Sci. 2003;74:297–308.

212. Hectors TL, Vanparys C, Pereira-Fernandes A, Martens
GA, Blust R. Evaluation of the INS-1 832/13 cell line as
a �-cell based screening system to assess pollutant effects
on �-cell function. PLoS One. 2013;8:e60030.

213. Hu P, Chen X, Whitener RJ, et al. Effects of parabens on
adipocyte differentiation. Toxicol Sci. 2013;131:56–70.

214. Hao CJ, Cheng XJ, Xia HF, Ma X. The endocrine dis-
ruptor 4-nonylphenol promotes adipocyte differentiation
and induces obesity in mice. Cell Physiol Biochem. 2012;
30:382–394.

215. Pereira-Fernandes A, Demaegdt H, Vandermeiren K, et
al. Evaluation of a screening system for obesogenic com-
pounds: screening of endocrine disrupting compounds
and evaluation of the PPAR dependency of the effect.
PLoS One. 2013;8:e77481.

216. Biemann R, Navarrete Santos A, et al. Endocrine disrupt-
ing chemicals affect the adipogenic differentiation of mes-
enchymal stem cells in distinct ontogenetic windows.
Biochem Biophys Res Commun. 2012;417:747–752.

217. Li X, Pham HT, Janesick AS, Blumberg B. Triflumizole is
an obesogen in mice that acts through peroxisome pro-
liferator activated receptor � (PPAR�). Environ Health
Perspect. 2012;120:1720–1726.

218. Zhang HQ, Zhang XF, Zhang LJ, et al. Fetal exposure to
bisphenol A affects the primordial follicle formation by
inhibiting the meiotic progression of oocytes. Mol Biol
Rep. 2012;39:5651–5657.

219. Masuno H, Iwanami J, Kidani T, Sakayama K, Honda K.
Bisphenol A accelerates terminal differentiation of
3T3–L1 cells into adipocytes through the phosphatidyl-
inositol 3-kinase pathway. Toxicol Sci. 2005;84:319–
327.

220. Valentino R, D’Esposito V, Passaretti F, et al. Bisphe-
nol-A impairs insulin action and up-regulates inflamma-
tory pathways in human subcutaneous adipocytes and
3T3–L1 cells. PLoS One. 2013;8:e82099.

221. Ohlstein JF, Strong AL, McLachlan JA, Gimble JM, Bu-
row ME, Bunnell BA. Bisphenol A enhances adipogenic
differentiation of human adipose stromal/stem cells. J
Mol Endocrinol. 2014;53:345–353.

doi: 10.1210/er.2015-1010 press.endocrine.org/journal/edrv E113

D
ow

nloaded from
 https://academ

ic.oup.com
/edrv/article/36/6/E1/2354691 by guest on 19 April 2023



222. Chamorro-García R, Kirchner S, Li X, et al. Bisphenol A
diglycidyl ether induces adipogenic differentiation of
multipotent stromal stem cells through a peroxisome pro-
liferator-activated receptor �-independent mechanism.
Environ Health Perspect. 2012;120:984–989.

223. Wang J, Sun B, Hou M, Pan X, Li X. The environmental
obesogen bisphenol A promotes adipogenesis by increas-
ing the amount of 11�-hydroxysteroid dehydrogenase
type 1 in the adipose tissue of children. Int J Obes (Lond).
2013;37:999–1005.

224. Sargis RM, Johnson DN, Choudhury RA, Brady MJ. En-
vironmental endocrine disruptors promote adipogenesis
in the 3T3–L1 cell line through glucocorticoid receptor
activation. Obesity (Silver Spring). 2010;18:1283–1288.

225. Neel BA, Brady MJ, Sargis RM. The endocrine disrupting
chemical tolylfluanid alters adipocyte metabolism via glu-
cocorticoid receptor activation. Mol Endocrinol. 2013;
27:394–406.

226. Arsenescu V, Arsenescu RI, King V, Swanson H, Cassis
LA. Polychlorinated biphenyl-77 induces adipocyte dif-
ferentiation and proinflammatory adipokines and pro-
motes obesity and atherosclerosis. Environ Health Per-
spect. 2008;116:761–768.

227. Kamstra JH, Hruba E, Blumberg B, et al. Transcriptional
and epigenetic mechanisms underlying enhanced in vitro
adipocyte differentiation by the brominated flame retar-
dant BDE-47. Environ Sci Technol. 2014;48:4110–
4119.

228. Regnier SM, Sargis RM. Adipocytes under assault: envi-
ronmental disruption of adipose physiology. Biochim
Biophys Acta. 2014;1842:520–533.

229. La Merrill M, Emond C, Kim MJ, et al. Toxicological
function of adipose tissue: focus on persistent organic
pollutants. Environ Health Perspect. 2013;121:162–
169.

230. McLachlan JA, Newbold RR. Estrogens and develop-
ment. Environ Health Perspect. 1987;75:25–27.

231. Heine PA, Taylor JA, Iwamoto GA, Lubahn DB, Cooke
PS. Increased adipose tissue in male and female estrogen
receptor-� knockout mice. Proc Natl Acad Sci USA.
2000;97:12729–12734.

232. Park CJ, Zhao Z, Glidewell-Kenney C, et al. Genetic res-
cue of nonclassical ER� signaling normalizes energy bal-
ance in obese Er�-null mutant mice. J Clin Invest. 2011;
121:604–612.

233. Barros RP, Gustafsson JÅ. Estrogen receptors and the
metabolic network. Cell Metab. 2011;14:289–299.

234. Ropero AB, Alonso-Magdalena P, Quesada I, Nadal A.
The role of estrogen receptors in the control of energy and
glucose homeostasis. Steroids. 2008;73:874–879.

235. Newbold RR. Impact of environmental endocrine dis-
rupting chemicals on the development of obesity. Hor-
mones (Athens). 2010;9:206–217.

236. Akingbemi BT, Sottas CM, Koulova AI, Klinefelter GR,
Hardy MP. Inhibition of testicular steroidogenesis by the
xenoestrogen bisphenol A is associated with reduced pi-
tuitary luteinizing hormone secretion and decreased ste-
roidogenic enzyme gene expression in rat Leydig cells.
Endocrinology. 2004;145:592–603.

237. Howdeshell KL, Hotchkiss AK, Thayer KA, Vanden-

bergh JG, vom Saal FS. Exposure to bisphenol A advances
puberty. Nature. 1999;401:763–764.

238. Miyawaki J, Sakayama K, Kato H, Yamamoto H,
Masuno H. Perinatal and postnatal exposure to bisphenol
A increases adipose tissue mass and serum cholesterol
level in mice. J Atheroscler Thromb. 2007;14:245–252.

239. Patisaul HB, Bateman HL. Neonatal exposure to endo-
crine active compounds or an ER� agonist increases adult
anxiety and aggression in gonadally intact male rats.
Horm Behav. 2008;53:580–588.

240. Rubin BS, Soto AM. Bisphenol A: perinatal exposure and
body weight. Mol Cell Endocrinol. 2009;304:55–62.

241. Somm E, Schwitzgebel VM, Toulotte A, et al. Perinatal
exposure to bisphenol A alters early adipogenesis in the
rat. Environ Health Perspect. 2009;117:1549–1555.

242. García-Arevalo M, Alonso-Magdalena P, Rebelo Dos
Santos J, Quesada I, Carneiro EM, Nadal A. Exposure to
bisphenol-A during pregnancy partially mimics the effects
of a high-fat diet altering glucose homeostasis and gene
expression in adult male mice. PLoS One. 2014;9:
e100214.

243. Vom Saal FS, Nagel SC, Coe BL, Angle BM, Taylor JA.
The estrogenic endocrine disrupting chemical bisphenol
A (BPA) and obesity. Mol Cell Endocrinol. 2012;354:
74–84.

244. Batista TM, Alonso-Magdalena P, Vieira E, et al. Short-
term treatment with bisphenol-A leads to metabolic ab-
normalities in adult male mice. PLoS One. 2012;7:
e33814.

245. Mackay H, Patterson ZR, Khazall R, Patel S, Tsirlin D,
Abizaid A. Organizational effects of perinatal exposure to
bisphenol-A and diethylstilbestrol on arcuate nucleus cir-
cuitry controlling food intake and energy expenditure in
male and female CD-1 mice. Endocrinology. 2013;154:
1465–1475.

246. Ryan KK, Haller AM, Sorrell JE, Woods SC, Jandacek RJ,
Seeley RJ. Perinatal exposure to bisphenol-A and the de-
velopment of metabolic syndrome in CD-1 mice. Endo-
crinology. 2010;151:2603–2612.

247. Ryan BC, Vandenbergh JG. Developmental exposure to
environmental estrogens alters anxiety and spatial mem-
ory in female mice. Horm Behav. 2006;50:85–93.

248. Nakamura K, Itoh K, Dai H, et al.Prenatal and lactational
exposure to low-doses of bisphenol A alters adult mice
behavior. Brain Dev. 2012;34:57–63.

249. van Esterik JC, Dollé ME, Lamoree MH, et al. Program-
ming of metabolic effects in C57BL/6JxFVB mice by ex-
posure to bisphenol A during gestation and lactation.
Toxicology. 2014;321:40–52.

250. Tyl RW, Myers CB, Marr MC, et al. Three-generation
reproductive toxicity study of dietary bisphenol A in CD
Sprague-Dawley rats. Toxicol Sci. 2002;68:121–146.

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

252. Decherf S, Seugnet I, Fini JB, Clerget-Froidevaux MS,
Demeneix BA. Disruption of thyroid hormone-depen-
dent hypothalamic set-points by environmental contam-
inants. Mol Cell Endocrinol. 2010;323:172–182.

253. Decherf S, Demeneix BA. The obesogen hypothesis: a

E114 Gore et al Second Scientific Statement on EDCs Endocrine Reviews

D
ow

nloaded from
 https://academ

ic.oup.com
/edrv/article/36/6/E1/2354691 by guest on 19 April 2023



shift of focus from the periphery to the hypothalamus. J
Toxicol Environ Health B Crit Rev. 2011;14:423–448.

254. Riu A, McCollum CW, Pinto CL, et al. Halogenated bi-
sphenol-A analogs act as obesogens in zebrafish larvae
(Danio rerio). Toxicol Sci. 2014;139:48–58.

255. Takacs ML, Abbott BD. Activation of mouse and human
peroxisome proliferator-activated receptors (�, �/	, �) by
perfluorooctanoic acid and perfluorooctane sulfonate.
Toxicol Sci. 2007;95:108–117.

256. Vitalone A, Catalani A, Cinque C, et al. Long-term effects
of developmental exposure to low doses of PCB 126 and
methylmercury. Toxicol Lett. 2010;197:38–45.

257. Slotkin TA. Does early-life exposure to organophosphate
insecticides lead to prediabetes and obesity? Reprod
Toxicol. 2011;31:297–301.

258. Zhu BT, Gallo MA, Burger CW Jr, et al. Effect of 2,3,7,8-
tetrachlorodibenzo-p-dioxin administration and high-fat
diet on the body weight and hepatic estrogen metabolism
in female C3H/HeN mice. Toxicol Appl Pharmacol.
2008;226:107–118.

259. La Merrill M, Karey E, Moshier E, et al. Perinatal expo-
sure of mice to the pesticide DDT impairs energy expen-
diture and metabolism in adult female offspring. PLoS
One. 2014;9:e103337.

260. Peirce V, Carobbio S, Vidal-Puig A. The different shades
of fat. Nature. 2014;510:76–83.

261. Feil R, Fraga MF. Epigenetics and the environment:
emerging patterns and implications. Nat Rev Genet.
2011;13:97–109.

262. Manikkam M, Tracey R, Guerrero-Bosagna C, Skinner
MK. Plastics derived endocrine disruptors (BPA, DEHP
and DBP) induce epigenetic transgenerational inheritance
of obesity, reproductive disease and sperm epimutations.
PLoS One. 2013;8:e55387.

263. Skinner MK, Manikkam M, Tracey R, Guerrero-Bosa-
gna C, Haque M, Nilsson EE. Ancestral dichlorodiphe-
nyltrichloroethane (DDT) exposure promotes epigenetic
transgenerational inheritance of obesity. BMC Med.
2013;11:228.

264. American Diabetes Association. Diagnosis and classifi-
cation of diabetes mellitus. Diabetes Care. 2004;27(suppl
1):S5–S10.

265. Lazar MA. How obesity causes diabetes: not a tall tale.
Science. 2005;307:373–375.

266. Virtue S, Vidal-Puig A. It’s not how fat you are, it’s what
you do with it that counts. PLoS Biol. 2008;6:e237.

267. Alonso-Magdalena P, Quesada I, Nadal A. Endocrine dis-
ruptors in the etiology of type 2 diabetes mellitus. Nat Rev
Endocrinol. 2011;7:346–353.

268. Ruderman N, Chisholm D, Pi-Sunyer X, Schneider S. The
metabolically obese, normal-weight individual revisited.
Diabetes. 1998;47:699–713.

269. Yoon KH, Lee JH, Kim JW, et al. Epidemic obesity and
type 2 diabetes in Asia. Lancet. 2006;368:1681–1688.

270. Chen L, Magliano DJ, Zimmet PZ. The worldwide epi-
demiology of type 2 diabetes mellitus–present and future
perspectives. Nat Rev Endocrinol. 2012;8:228–236.

271. Kuo CC, Moon K, Thayer KA, Navas-Acien A. Environ-
mental chemicals and type 2 diabetes: an updated sys-
tematic review of the epidemiologic evidence. Curr Diab
Rep. 2013;13:831–849.

272. Magliano DJ, Loh VH, Harding JL, Botton J, Shaw JE.
Persistent organic pollutants and diabetes: a review of the
epidemiological evidence. Diabetes Metab. 2014;40:1–
14.

273. Rignell-Hydbom A, Lidfeldt J, Kiviranta H, et al. Expo-
sure to p,p’-DDE: a risk factor for type 2 diabetes. PLoS
One. 2009;4:e7503.

274. Turyk M, Anderson H, Knobeloch L, Imm P, Persky V.
Organochlorine exposure and incidence of diabetes in a
cohort of Great Lakes sport fish consumers. Environ
Health Perspect. 2009;117:1076–1082.

275. Lee DH, Steffes MW, Sjödin A, Jones RS, Needham LL,
Jacobs DR Jr. Low dose of some persistent organic pol-
lutants predicts type 2 diabetes: a nested case-control
study. Environ Health Perspect. 2010;118:1235–1242.

276. Lee DH, Lind PM, Jacobs DR Jr, Salihovic S, van Bavel B,
Lind L. Polychlorinated biphenyls and organochlorine
pesticides in plasma predict development of type 2 dia-
betes in the elderly: the prospective investigation of the
vasculature in Uppsala Seniors (PIVUS) study. Diabetes
Care. 2011;34:1778–1784.

277. Wang SL, Tsai PC, Yang CY, Guo YL. Increased risk of
diabetes and polychlorinated biphenyls and dioxins: a
24-year follow-up study of the Yucheng cohort. Diabetes
Care. 2008;31:1574–1579.

278. Wu H, Bertrand KA, Choi AL, et al. Persistent organic
pollutants and type 2 diabetes: a prospective analysis in
the Nurses’ Health Study and meta-analysis. Environ
Health Perspect. 2013;121:153–161.

279. Shankar A, Teppala S. Relationship between urinary bi-
sphenol A levels and diabetes mellitus. J Clin Endocrinol
Metab. 2011;96:3822–3826.

280. Beydoun HA, Khanal S, Zonderman AB, Beydoun MA.
Sex differences in the association of urinary bisphenol-A
concentration with selected indices of glucose homeosta-
sis among U.S. adults. Ann Epidemiol. 2014;24:90–97.

281. Melzer D, Rice NE, Lewis C, Henley WE, Galloway TS.
Association of urinary bisphenol A concentration with
heart disease: evidence from NHANES 2003/06. PLoS
One. 2010;5:e8673.

282. Silver MK, O’Neill MS, Sowers MR, Park SK. Urinary
bisphenol A and type-2 diabetes in U.S. adults: data from
NHANES 2003–2008. PLoS One. 2011;6:e26868.

283. Sun Q, Cornelis MC, Townsend MK, et al. Association of
urinary concentrations of bisphenol A and phthalate me-
tabolites with risk of type 2 diabetes: a prospective inves-
tigation in the Nurses’ Health Study (NHS) and NHSII
cohorts. Environ Health Perspect. 2014;122:616–623.

284. LaKind JS, Goodman M, Naiman DQ. Use of NHANES
data to link chemical exposures to chronic diseases: a
cautionary tale. PLoS One. 2012;7:e51086.

285. Ruzzin J, Petersen R, Meugnier E, et al. Persistent organic
pollutant exposure leads to insulin resistance syndrome.
Environ Health Perspect. 2010;118:465–471.

286. Novelli M, Piaggi S, De Tata V. 2,3,7,8-Tetrachlorod-
ibenzo-p-dioxin-induced impairment of glucose-stimu-
lated insulin secretion in isolated rat pancreatic islets.
Toxicol Lett. 2005;156:307–314.

287. Kurita H, Yoshioka W, Nishimura N, Kubota N, Kad-
owaki T, Tohyama C. Aryl hydrocarbon receptor-medi-
ated effects of 2,3,7,8-tetrachlorodibenzo-p-dioxin on

doi: 10.1210/er.2015-1010 press.endocrine.org/journal/edrv E115

D
ow

nloaded from
 https://academ

ic.oup.com
/edrv/article/36/6/E1/2354691 by guest on 19 April 2023



glucose-stimulated insulin secretion in mice. J Appl Toxi-
col. 2009;29:689–694.

288. Wang C, Xu CX, Krager SL, Bottum KM, Liao DF, Tisch-
kau SA. Aryl hydrocarbon receptor deficiency enhances
insulin sensitivity and reduces PPAR-� pathway activity
in mice. Environ Health Perspect. 2011;119:1739–1744.

289. Kim MJ, Pelloux V, Guyot E, et al. Inflammatory path-
way genes belong to major targets of persistent organic
pollutants in adipose cells. Environ Health Perspect.
2012;120:508–514.

290. Hardy OT, Czech MP, Corvera S. What causes the insulin
resistance underlying obesity? Curr Opin Endocrinol Di-
abetes Obes. 2012;19:81–87.

291. Hugo ER, Brandebourg TD, Woo JG, Loftus J, Alexan-
der JW, Ben-Jonathan N. Bisphenol A at environmentally
relevant doses inhibits adiponectin release from human
adipose tissue explants and adipocytes. Environ Health
Perspect. 2008;116:1642–1647.

292. Grasselli E, Cortese K, Voci A, et al. Direct effects of
bisphenol A on lipid homeostasis in rat hepatoma cells.
Chemosphere. 2013;91:1123–1129.

293. Soriano S, Alonso-Magdalena P, García-Arévalo M, et al.
Rapid insulinotropic action of low doses of bisphenol-A
on mouse and human islets of Langerhans: role of estro-
gen receptor �. PLoS One. 2012;7:e31109.

294. Alonso-Magdalena P, Laribi O, Ropero AB, et al. Low
doses of bisphenol A and diethylstilbestrol impair Ca2�
signals in pancreatic �-cells through a nonclassical mem-
brane estrogen receptor within intact islets of Langer-
hans. Environ Health Perspect. 2005;113:969–977.

295. Alonso-Magdalena P, Ropero AB, Soriano S, et al. Bis-
phenol-A acts as a potent estrogen via non-classical es-
trogen triggered pathways. Mol Cell Endocrinol. 2012;
355:201–207.

296. Díaz-Villaseñor A, Sánchez-Soto MC, Cebrián ME, Os-
trosky-Wegman P, Hiriart M. Sodium arsenite impairs
insulin secretion and transcription in pancreatic �-cells.
Toxicol Appl Pharmacol. 2006;214:30–34.

297. Douillet C, Currier J, Saunders J, Bodnar WM, Matoušek
T, Stýblo M. Methylated trivalent arsenicals are potent
inhibitors of glucose stimulated insulin secretion by
murine pancreatic islets. Toxicol Appl Pharmacol.
2013;267:11–15.

298. Chen YW, Huang CF, Yang CY, Yen CC, Tsai KS, Liu
SH. Inorganic mercury causes pancreatic �-cell death via
the oxidative stress-induced apoptotic and necrotic path-
ways. Toxicol Appl Pharmacol. 2010;243:323–331.

299. Chen YW, Yang CY, Huang CF, Hung DZ, Leung YM,
Liu SH. Heavy metals, islet function and diabetes devel-
opment. Islets. 2009;1:169–176.

300. Hectors TL, Vanparys C, van der Ven K, et al. Environ-
mental pollutants and type 2 diabetes: a review of mech-
anisms that can disrupt � cell function. Diabetologia.
2011;54:1273–1290.

301. Neel BA, Sargis RM. The paradox of progress: environ-
mental disruption of metabolism and the diabetes epi-
demic. Diabetes. 2011;60:1838–1848.

302. Hectors TL, Vanparys C, Van Gaal LF, Jorens PG, Covaci
A, Blust R. Insulin resistance and environmental pollut-
ants: experimental evidence and future perspectives. En-
viron Health Perspect. 2013;121:1273–1281.

303. Ibrahim MM, Fjaere E, Lock EJ, et al. Chronic consump-
tion of farmed salmon containing persistent organic pol-
lutants causes insulin resistance and obesity in mice. PLoS
One. 2011;6:e25170.

304. Wan HT, Zhao YG, Leung PY, Wong CK. Perinatal ex-
posure to perfluorooctane sulfonate affects glucose me-
tabolism in adult offspring. PLoS One. 2014;9:e87137.

305. Yang YJ, Kim SY, Hong YP, Ahn J, Park MS. Environ-
mentally relevant levels of bisphenol A may accelerate the
development of type II diabetes mellitus in adolescent Ot-
suka Long Evans Tokushima Fatty rats. J Toxicol Envi-
ron Health Sci. 2014;6:41–47.

306. Marmugi A, Ducheix S, Lasserre F, et al. Low doses of
bisphenol A induce gene expression related to lipid syn-
thesis and trigger triglyceride accumulation in adult
mouse liver. Hepatology. 2012;55:395–407.

307. Perreault L, McCurdy C, Kerege AA, Houck J, Faerch K,
Bergman BC. Bisphenol A impairs hepatic glucose sens-
ing in C57BL/6 male mice. PLoS One. 2013;8:e69991.

308. Zuo Z, Wu T, Lin M, et al. Chronic exposure to tribu-
tyltin chloride induces pancreatic islet cell apoptosis and
disrupts glucose homeostasis in male mice. Environ Sci
Technol. 2014;48:5179–5186.

309. Cabaton NJ, Canlet C, Wadia PR, et al. Effects of low
doses of bisphenol A on the metabolome of perinatally
exposed CD-1 mice. Environ Health Perspect. 2013;121:
586–593.

310. Ma Y, Xia W, Wang DQ, et al. Hepatic DNA methylation
modifications in early development of rats resulting from
perinatal BPA exposure contribute to insulin resistance in
adulthood. Diabetologia. 2013;56:2059–2067.

311. Li G, Chang H, Xia W, Mao Z, Li Y, Xu S. F0 maternal
BPA exposure induced glucose intolerance of F2 genera-
tion through DNA methylation change in Gck. Toxicol
Lett. 2014;228:192–199.

312. Lin Y, Wei J, Li Y, et al. Developmental exposure to di(2-
ethylhexyl) phthalate impairs endocrine pancreas and
leads to long-term adverse effects on glucose homeostasis
in the rat. Am J Physiol Endocrinol Metab. 2011;301:
E527–E538.

313. Naville D, Pinteur C, Vega N, et al. Low-dose food con-
taminants trigger sex-specific, hepatic metabolic changes
in the progeny of obese mice. FASEB J. 2013;27:3860–
3870.

314. Eizirik DL, Colli ML, Ortis F. The role of inflammation
in insulitis and �-cell loss in type 1 diabetes. Nat Rev
Endocrinol. 2009;5:219–226.

315. Tuomi T. Type 1 and type 2 diabetes: what do they have
in common? Diabetes. 2005;54(suppl 2):S40–S45.

316. Fourlanos S, Harrison LC, Colman PG. The accelerator
hypothesis and increasing incidence of type 1 diabetes.
Curr Opin Endocrinol Diabetes Obes. 2008;15:321–
325.

317. Howard SG, Heindel JJ, Thayer KA, Porta M. Environ-
mental pollutants and � cell function: relevance for type
1 and gestational diabetes. Diabetologia. 2011;54:3168–
3169.

318. Howard SG, Lee DH. What is the role of human contam-
ination by environmental chemicals in the development of
type 1 diabetes? J Epidemiol Community Health. 2012;
66:479–481.

E116 Gore et al Second Scientific Statement on EDCs Endocrine Reviews

D
ow

nloaded from
 https://academ

ic.oup.com
/edrv/article/36/6/E1/2354691 by guest on 19 April 2023



319. Bodin J, Bølling AK, Becher R, Kuper F, Løvik M,
Nygaard UC. Transmaternal bisphenol A exposure ac-
celerates diabetes type 1 development in NOD mice.
Toxicol Sci. 2014;137:311–323.

320. Humblet O, Birnbaum L, Rimm E, Mittleman MA,
Hauser R. Dioxins and cardiovascular disease mortality.
Environ Health Perspect. 2008;116:1443–1448.

321. Min JY, Cho JS, Lee KJ, et al. Potential role for organo-
chlorine pesticides in the prevalence of peripheral arterial
diseases in obese persons: results from the National
Health and Nutrition Examination Survey 1999–2004.
Atherosclerosis. 2011;218:200–206.

322. Wu D, Nishimura N, Kuo V, et al. Activation of aryl
hydrocarbon receptor induces vascular inflammation and
promotes atherosclerosis in apolipoprotein E�/� mice.
Arterioscler Thromb Vasc Biol. 2011;31:1260–1267.

323. Aragon AC, Goens MB, Carbett E, Walker MK. Perinatal
2,3,7,8-tetrachlorodibenzo-p-dioxin exposure sensitizes
offspring to angiotensin II-induced hypertension. Cardio-
vasc Toxicol. 2008;8:145–154.

324. La Merrill M, Cirillo PM, Terry MB, et al. Prenatal ex-
posure to the pesticide DDT and hypertension diagnosed
in women before age 50: a longitudinal birth cohort
study. Environ Health Perspect. 2013;121:594–599.

325. Siddiqui MK, Nigam U, Srivastava S, Tejeshwar DS,
Chandrawati. Association of maternal blood pressure
and hemoglobin level with organochlorines in human
milk. Hum Exp Toxicol. 2002;21:1–16.

326. Yan S, Chen Y, Dong M, Song W, Belcher SM, Wang HS.
Bisphenol A and 17�-estradiol promote arrhythmia in the
female heart via alteration of calcium handling. PLoS
One. 2011;6:e25455.

327. Kim JY, Kim HH, Cho KH. Acute cardiovascular toxicity
of sterilizers, PHMG, and PGH: severe inflammation in
human cells and heart failure in zebrafish. Cardiovasc
Toxicol. 2013;13:148–160.

328. Saura M, Marquez S, Reventun P, et al. Oral administra-
tion of bisphenol A induces high blood pressure through
angiotensin II/CaMKII-dependent uncoupling of eNOS.
FASEB J. 2014;28:4719–4728.

329. Posnack NG, Jaimes R 3rd, Asfour H, et al. Bisphenol A
exposure and cardiac electrical conduction in excised rat
hearts. Environ Health Perspect. 2014;122:384–390.

330. Melzer D, Osborne NJ, Henley WE, et al. Urinary bis-
phenol A concentration and risk of future coronary artery
disease in apparently healthy men and women. Circula-
tion. 2012;125:1482–1490.

331. Bae S, Kim JH, Lim YH, Park HY, Hong YC.Associations
of bisphenol A exposure with heart rate variability and
blood pressure. Hypertension. 2012;60:786–793.

332. Bae S, Hong YC. Exposure to bisphenol A from drinking
canned beverages increases blood pressure: randomized
crossover trial. Hypertension. 2015;65:313–319.

333. Mehran AE, Templeman NM, Brigidi GS, et al. Hyper-
insulinemia drives diet-induced obesity independently of
brain insulin production. Cell Metab. 2012;16:723–737.

334. Sharpe RM, Drake AJ. Obesogens and obesity–an alter-
native view? Obesity (Silver Spring). 2013;21:1081–
1083.

335. Meeker JD. Exposure to environmental endocrine dis-

ruptors and child development. Arch Pediatr Adolesc
Med. 2012;166:952–958.

336. Martino-Andrade AJ, Chahoud I. Reproductive toxicity
of phthalate esters. Mol Nutr Food Res. 2010;54:148–
157.

337. Ashiru OA, Odusanya OO. Fertility and occupational
hazards: review of the literature. Afr J Reprod Health.
2009;13:159–165.

338. Weinhold B. More chemicals show epigenetic effects
across generations. Environ Health Perspect. 2012;120:
A228.

339. Bellelis P, Podgaec S, Abrão MS. Environmental factors
and endometriosis. Rev Assoc Med Bras. 2011;57:448–
452.

340. Kay VR, Chambers C, Foster WG. Reproductive and de-
velopmental effects of phthalate diesters in females. Crit
Rev Toxicol. 2013;43:200–219.

341. Balabani� D, Rupnik M, Klemen�i� AK. Negative impact
of endocrine-disrupting compounds on human reproduc-
tive health. Reprod Fertil Dev. 2011;23:403–416.

342. Craig ZR, Wang W, Flaws JA. Endocrine-disrupting
chemicals in ovarian function: effects on steroidogenesis,
metabolism and nuclear receptor signaling. Reproduc-
tion. 2011;142:633–646.

343. Kadhel P, Monnier P, Boucoiran I, Chaillet N, Fraser
WD. Organochlorine pollutants and female fertility: a
systematic review focusing on in vitro fertilization stud-
ies. Reprod Sci. 2012;19:1246–1259.

344. Peretz J, Vrooman L, Ricke WA, et al. Bisphenol A and
reproductive health: update of experimental and human
evidence, 2007–2013. Environ Health Perspect. 2014;
122:775–786.

345. Caserta D, Di Segni N, Mallozzi M, et al. Bisphenol A and
the female reproductive tract: an overview of recent lab-
oratory evidence and epidemiological studies. Reprod
Biol Endocrinol. 2014;12:37.

346. Rivera OE, Varayoud J, Rodríguez HA, Muñoz-de-Toro
M, Luque EH. Neonatal exposure to bisphenol A or di-
ethylstilbestrol alters the ovarian follicular dynamics in
the lamb. Reprod Toxicol. 2011;32:304–312.

347. Hunt PA, Lawson C, Gieske M, et al. Bisphenol A alters
early oogenesis and follicle formation in the fetal ovary of
the rhesus monkey. Proc Natl Acad Sci USA. 2012;109:
17525–17530.

348. Wang W, Hafner KS, Flaws JA. In utero bisphenol A
exposure disrupts germ cell nest breakdown and reduces
fertility with age in the mouse. Toxicol Appl Pharmacol.
2014;276:157–164.

349. Weinberger B, Vetrano AM, Archer FE, et al. Effects of
maternal exposure to phthalates and bisphenol A during
pregnancy on gestational age. J Matern Fetal Neonatal
Med. 2014;27:323–327.

350. Lawson C, Gieske M, Murdoch B, et al. Gene expression
in the fetal mouse ovary is altered by exposure to low
doses of bisphenol A. Biol Reprod. 2011;84:79–86.

351. Zhang XF, Zhang LJ, Feng YN, et al. Bisphenol A expo-
sure modifies DNA methylation of imprint genes in
mouse fetal germ cells. Mol Biol Rep. 2012;39:8621–
8628.

352. Brieño-Enríquez MA, Robles P, Camats-Tarruella N, et
al. Human meiotic progression and recombination are

doi: 10.1210/er.2015-1010 press.endocrine.org/journal/edrv E117

D
ow

nloaded from
 https://academ

ic.oup.com
/edrv/article/36/6/E1/2354691 by guest on 19 April 2023



affected by bisphenol A exposure during in vitro human
oocyte development. Hum Reprod. 2011;26:2807–2818.

353. Brieño-Enríquez MA, Reig-Viader R, Cabero L, et al.
Gene expression is altered after bisphenol A exposure in
human fetal oocytes in vitro. Mol Hum Reprod. 2012;
18:171–183.

354. Trapphoff T, Heiligentag M, El Hajj N, Haaf T, Eichen-
laub-Ritter U. Chronic exposure to a low concentration
of bisphenol A during follicle culture affects the epigenetic
status of germinal vesicles and metaphase II oocytes. Fertil
Steril. 2013;100:1758–1767.e1.

355. Muczynski V, Lecureuil C, Messiaen S, et al. Cellular and
molecular effect of MEHP involving LXR� in human fetal
testis and ovary. PLoS One. 2012;7:e48266.

356. Bonilla E, del Mazo J. Deregulation of the Sod1 and Nd1
genes in mouse fetal oocytes exposed to mono-(2-ethyl-
hexyl) phthalate (MEHP). Reprod Toxicol. 2010;30:
387–392.

357. Zhang T, Li L, Qin XS, et al. Di-(2-ethylhexyl) phthalate
and bisphenol A exposure impairs mouse primordial fol-
licle assembly in vitro. Environ Mol Mutagen. 2014;55:
343–353.

358. Sobinoff AP, Pye V, Nixon B, Roman SD, McLaughlin
EA. Adding insult to injury: effects of xenobiotic-induced
preantral ovotoxicity on ovarian development and oocyte
fusibility. Toxicol Sci. 2010;118:653–666.

359. Takeda T, Yamamoto M, Himeno M, et al. 2,3,7,8-Tet-
rachlorodibenzo-p-dioxin potentially attenuates the gene
expression of pituitary gonadotropin �-subunits in a fetal
age-specific fashion: a comparative study using cultured
pituitaries. J Toxicol Sci. 2011;36:221–229.

360. Rodríguez HA, Santambrosio N, Santamaría CG, Mu-
ñoz-de-Toro M, Luque EH. Neonatal exposure to bis-
phenol A reduces the pool of primordial follicles in the rat
ovary. Reprod Toxicol. 2010;30:550–557.

361. Li Y, Zhang W, Liu J, et al. Prepubertal bisphenol A
exposure interferes with ovarian follicle development
and its relevant gene expression. Reprod Toxicol.
2014;44:33– 40.

362. Delclos KB, Camacho L, Lewis SM, et al. Toxicity eval-
uation of bisphenol A administered by gavage to Sprague
Dawley rats from gestation day 6 through postnatal day
90. Toxicol Sci. 2014;139:174–197.

363. Peretz J, Gupta RK, Singh J, Hernández-Ochoa I, Flaws
JA. Bisphenol A impairs follicle growth, inhibits steroid-
ogenesis, and downregulates rate-limiting enzymes in the
estradiol biosynthesis pathway. Toxicol Sci. 2011;119:
209–217.

364. Peretz J, Craig ZR, Flaws JA. Bisphenol A inhibits follicle
growth and induces atresia in cultured mouse antral fol-
licles independently of the genomic estrogenic pathway.
Biol Reprod. 2012;87:63.

365. Ziv-Gal A, Craig ZR, Wang W, Flaws JA. Bisphenol A
inhibits cultured mouse ovarian follicle growth partially
via the aryl hydrocarbon receptor signaling pathway. Re-
prod Toxicol. 2013;42:58–67.

366. Peretz J, Neese SL, Flaws JA. Mouse strain does not in-
fluence the overall effects of bisphenol A-induced toxicity
in adult antral follicles. Biol Reprod. 2013;89:108.

367. Pollock T, Tang B, deCatanzaro D. Triclosan exacerbates
the presence of 14C-bisphenol A in tissues of female and

male mice. Toxicol Appl Pharmacol. 2014;278:116–
123.

368. Popa DS, Bolfa P, Kiss B, et al. Influence of Genista tinc-
toria L. or methylparaben on subchronic toxicity of bis-
phenol A in rats. Biomed Environ Sci. 2014;27:85–96.

369. Chen HS, Chiang PH, Wang YC, et al.Benzyl butyl phtha-
late induces necrosis by AhR mediation of CYP1B1 ex-
pression in human granulosa cells. Reprod Toxicol. 2012;
33:67–75.

370. Li N, Liu T, Zhou L, He J, Ye L. Di-(2-ethylhexyl) phtha-
late reduces progesterone levels and induces apoptosis of
ovarian granulosa cell in adult female ICR mice. Environ
Toxicol Pharmacol. 2012;34:869–875.

371. Hannon PR, Peretz J, Flaws J. Daily exposure to di(2-
ethylhexyl) phthalate alters estrous cyclicity and acceler-
ates primordial follicle recruitment potentially via dys-
regulation of the phosphatidylinositol 3-kinase signaling
pathway in adult mice. Biol Reprod. 2014;90:136.

372. Xu C, Chen JA, Qiu Z, et al. Ovotoxicity and PPAR-
mediated aromatase downregulation in female Sprague-
Dawley rats following combined oral exposure to ben-
zo[a]pyrene and di-(2-ethylhexyl) phthalate. Toxicol
Lett. 2010;199:323–332.

373. Gupta RK, Singh JM, Leslie TC, Meachum S, Flaws JA,
Yao HH. Di-(2-ethylhexyl) phthalate and mono-(2-eth-
ylhexyl) phthalate inhibit growth and reduce estradiol
levels of antral follicles in vitro. Toxicol Appl Pharmacol.
2010;242:224–230.

374. Inada H, Chihara K, Yamashita A, et al. Evaluation
of ovarian toxicity of mono-(2-ethylhexyl) phthalate
(MEHP) using cultured rat ovarian follicles. J Toxicol Sci.
2012;37:483–490.

375. Wang W, Craig ZR, Basavarajappa MS, Hafner KS,
Flaws JA. Mono-(2-ethylhexyl) phthalate induces oxida-
tive stress and inhibits growth of mouse ovarian antral
follicles. Biol Reprod. 2012;87:152.

376. Wang W, Craig ZR, Basavarajappa MS, Gupta RK,
Flaws JA. Di (2-ethylhexyl) phthalate inhibits growth of
mouse ovarian antral follicles through an oxidative stress
pathway. Toxicol Appl Pharmacol. 2012;258:288–295.

377. Craig ZR, Singh J, Gupta RK, Flaws JA. Co-treatment of
mouse antral follicles with 17�-estradiol interferes with
mono-2-ethylhexyl phthalate (MEHP)-induced atresia
and altered apoptosis gene expression. Reprod Toxicol.
2014;45:45–51.

378. Ambruosi B, Uranio MF, Sardanelli AM, et al. In vitro
acute exposure to DEHP affects oocyte meiotic matura-
tion, energy and oxidative stress parameters in a large
animal model. PLoS One. 2011;6:e27452.

379. Craig ZR, Hannon PR, Wang W, Ziv-Gal A, Flaws JA.
Di-n-butyl phthalate disrupts the expression of genes in-
volved in cell cycle and apoptotic pathways in mouse
ovarian antral follicles. Biol Reprod. 2013;88:23.

380. Aoyama H, Hojo H, Takahashi KL, et al.Two-generation
reproduction toxicity study in rats with methoxychlor.
Congenit Anom (Kyoto). 2012;52:28–41.

381. Aoyama H, Chapin RE. Reproductive toxicities of me-
thoxychlor based on estrogenic properties of the com-
pound and its estrogenic metabolite, hydroxyphenyltri-
chloroethane. Vitam Horm. 2014;94:193–210.

382. Basavarajappa MS, Hernández-Ochoa I, Wang W, Flaws

E118 Gore et al Second Scientific Statement on EDCs Endocrine Reviews

D
ow

nloaded from
 https://academ

ic.oup.com
/edrv/article/36/6/E1/2354691 by guest on 19 April 2023



JA. Methoxychlor inhibits growth and induces atresia
through the aryl hydrocarbon receptor pathway in mouse
ovarian antral follicles. Reprod Toxicol. 2012;34:16–21.

383. Gupta RK, Meachum S, Hernández-Ochoa I, Peretz J,
Yao HH, Flaws JA. Methoxychlor inhibits growth of an-
tral follicles by altering cell cycle regulators. Toxicol Appl
Pharmacol. 2009;240:1–7.

384. Paulose T, Hernández-Ochoa I, Basavarajappa MS,
Peretz J, Flaws JA. Increased sensitivity of estrogen re-
ceptor � overexpressing antral follicles to methoxychlor
and its metabolites. Toxicol Sci. 2011;120:447–459.

385. Miller KP, Gupta RK, Greenfeld CR, Babus JK, Flaws JA.
Methoxychlor directly affects ovarian antral follicle
growth and atresia through Bcl-2- and Bax-mediated
pathways. Toxicol Sci. 2005;88:213–221.

386. Paulose T, Tannenbaum LV, Borgeest C, Flaws JA. Me-
thoxychlor-induced ovarian follicle toxicity in mice: dose
and exposure duration-dependent effects. Birth Defects
Res B Dev Reprod Toxicol. 2012;95:219–224.

387. Borgeest C, Miller KP, Gupta R, et al. Methoxychlor-
induced atresia in the mouse involves Bcl-2 family mem-
bers, but not gonadotropins or estradiol. Biol Reprod.
2004;70:1828–1835.

388. Gupta RK, Aberdeen G, Babus JK, Albrecht ED, Flaws
JA. Methoxychlor and its metabolites inhibit growth and
induce atresia of baboon antral follicles. Toxicol Pathol.
2007;35:649–656.

389. Paulose T, Hannon PR, Peretz J, Craig ZR, Flaws JA.
Estrogen receptor � overexpressing mouse antral follicles
are sensitive to atresia induced by methoxychlor and its
metabolites. Reprod Toxicol. 2012;33:353–360.

390. Tomic D, Frech MS, Babus JK, et al. Methoxychlor in-
duces atresia of antral follicles in ER�-overexpressing
mice. Toxicol Sci. 2006;93:196–204.

391. Basavarajappa MS, Karman BN, Wang W, Gupta RK,
Flaws JA. Methoxychlor induces atresia by altering Bcl2
factors and inducing caspase activity in mouse ovarian
antral follicles in vitro. Reprod Toxicol. 2012;34:545–
551.

392. Gupta RK, Schuh RA, Fiskum G, Flaws JA. Methoxy-
chlor causes mitochondrial dysfunction and oxidative
damage in the mouse ovary. Toxicol Appl Pharmacol.
2006;216:436–445.

393. Gupta RK, Miller KP, Babus JK, Flaws JA. Methoxychlor
inhibits growth and induces atresia of antral follicles
through an oxidative stress pathway. Toxicol Sci. 2006;
93:382–389.

394. Miller KP, Gupta RK, Flaws JA. Methoxychlor metabo-
lites may cause ovarian toxicity through estrogen-regu-
lated pathways. Toxicol Sci. 2006;93:180–188.

395. Harvey CN, Esmail M, Wang Q, Brooks AI, Zachow R,
Uzumcu M. Effect of the methoxychlor metabolite HPTE
on the rat ovarian granulosa cell transcriptome in vitro.
Toxicol Sci. 2009;110:95–106.

396. Craig ZR, Hannon PR, Flaws JA. Pregnenolone co-treat-
ment partially restores steroidogenesis, but does not pre-
vent growth inhibition and increased atresia in mouse
ovarian antral follicles treated with mono-hydroxy me-
thoxychlor. Toxicol Appl Pharmacol. 2013;272:780–
786.

397. Koç ND, Kayhan FE, Sesal C, Muslu MN. Dose-depen-

dent effects of endosulfan and malathion on adult Wistar
albino rat ovaries. Pak J Biol Sci. 2009;12:498–503.

398. Nandi S, Gupta PS, Roy SC, Selvaraju S, Ravindra JP.
Chlorpyrifos and endosulfan affect buffalo oocyte mat-
uration, fertilization, and embryo development in vitro
directly and through cumulus cells. Environ Toxicol.
2011;26:57–67.

399. Sangha GK, Kaur K, Khera KS. Cypermethrin induced
pathological and biochemical changes in reproductive or-
gans of female rats. J Environ Biol. 2013;34:99–105.

400. Shanthalatha A, Madhuranath BN, Yajurvedi HN. Effect
of methomyl formulation, a carbamate pesticide on ovar-
ian follicular development and fertility in albino mice. J
Environ Biol. 2012;33:33–37.

401. Kapoor U, Srivastava MK, Srivastava LP. Toxicological
impact of technical imidacloprid on ovarian morphology,
hormones and antioxidant enzymes in female rats. Food
Chem Toxicol. 2011;49:3086–3089.

402. Guerra MT, de Toledo FC, Kempinas Wde G. In utero
and lactational exposure to fenvalerate disrupts repro-
ductive function in female rats. Reprod Toxicol. 2011;
32:298–303.

403. Fei J, Qu JH, Ding XL, et al. Fenvalerate inhibits the
growth of primary cultured rat preantral ovarian follicles.
Toxicology. 2010;267:1–6.

404. Cecconi S, Rossi G, Carta G, et al. Effects of trifluralin on
the mouse ovary. Environ Toxicol. 2013;28:201–206.

405. Liu J, Yang Y, Yang Y, Zhang Y, Liu W. Disrupting ef-
fects of bifenthrin on ovulatory gene expression and pros-
taglandin synthesis in rat ovarian granulosa cells. Toxi-
cology. 2011;282:47–55.

406. Grassi TF, Guerra MT, Perobelli JE, et al. Assessment of
female reproductive endpoints in Sprague-Dawley rats
developmentally exposed to Diuron: potential ovary tox-
icity. Birth Defects Res B Dev Reprod Toxicol. 2011;92:
478–486.

407. Pochettino AA, Bongiovanni B, Duffard RO, Evangelista
de Duffard AM. Oxidative stress in ventral prostate,
ovary, and breast by 2,4-dichlorophenoxyacetic acid in
pre- and postnatal exposed rats. Environ Toxicol. 2013;
28:1–10.

408. Karavan JR, Pepling ME. Effects of estrogenic com-
pounds on neonatal oocyte development. Reprod Toxi-
col. 2012;34:51–56.

409. Kim H, Nakajima T, Hayashi S, et al. Effects of diethyl-
stilbestrol on programmed oocyte death and induction of
polyovular follicles in neonatal mouse ovaries. Biol Re-
prod. 2009;81:1002–1009.

410. Alwis ID, Maroni DM, Hendry IR, et al. Neonatal dieth-
ylstilbestrol exposure disrupts female reproductive tract
structure/function via both direct and indirect mecha-
nisms in the hamster. Reprod Toxicol. 2011;32:472–
483.

411. Petro EM, Leroy JL, Covaci A, et al. Endocrine-disrupting
chemicals in human follicular fluid impair in vitro oocyte
developmental competence. Hum Reprod. 2012;27:
1025–1033.

412. Tischkau SA, Jaeger CD, Krager SL. Circadian clock dis-
ruption in the mouse ovary in response to 2,3,7,8-tetra-
chlorodibenzo-p-dioxin. Toxicol Lett. 2011;201:116–
122.

doi: 10.1210/er.2015-1010 press.endocrine.org/journal/edrv E119

D
ow

nloaded from
 https://academ

ic.oup.com
/edrv/article/36/6/E1/2354691 by guest on 19 April 2023



413. Jung NK, Park JY, Park JH, et al. Attenuation of cell cycle
progression by 2,3,7,8-tetrachlorodibenzo-p-dioxin elic-
iting ovulatory blockade in gonadotropin-primed imma-
ture rats. Endocr J. 2010;57:863–871.

414. Chen X, Ma XM, Ma SW, et al. Proteomic analysis of the
rat ovary following chronic low-dose exposure to 2,3,7,8-
tetrachlorodibenzo-p-dioxin (TCDD). J Toxicol Environ
Health A. 2009;72:717–726.

415. Yoshizawa K, Brix AE, Sells DM, et al. Reproductive
lesions in female Harlan Sprague-Dawley rats following
two-year oral treatment with dioxin and dioxin-like com-
pounds. Toxicol Pathol. 2009;37:921–937.

416. Magre S, Rebourcet D, Ishaq M, et al. Gender differences
in transcriptional signature of developing rat testes and
ovaries following embryonic exposure to 2,3,7,8-TCDD.
PLoS One. 2012;7:e40306.

417. Mlynarczuk J, Wrobel MH, Kotwica J. The influence of
polychlorinated biphenyls (PCBs), dichlorodiphenyltri-
chloroethane (DDT) and its metabolite-dichlorodiphe-
nyldichloroethylene (DDE) on mRNA expression for NP-
I/OT and PGA, involved in oxytocin synthesis in bovine
granulosa and luteal cells. Reprod Toxicol. 2009;28:
354–358.

418. Pocar P, Fiandanese N, Secchi C, et al. Effects of poly-
chlorinated biphenyls in CD-1 mice: reproductive toxicity
and intergenerational transmission. Toxicol Sci. 2012;
126:213–226.

419. Kraugerud M, Aleksandersen M, Nyengaard JR, et al. In
utero and lactational exposure to PCB 118 and PCB 153
alter ovarian follicular dynamics and GnRH-induced lu-
teinizing hormone secretion in female lambs. Environ
Toxicol. 2012;27:623–634.

420. Mlynarczuk J, Kowalik M. The effect of PCB126, 77, and
153 on the intracellular mobilization of Ca�2 in bovine
granulosa and luteal cells after FSH and LH surge in vitro.
Pol J Vet Sci. 2013;16:417–424.

421. Paro R, Tiboni GM, Buccione R, et al. The fungicide
mancozeb induces toxic effects on mammalian granulosa
cells. Toxicol Appl Pharmacol. 2012;260:155–161.

422. Vo TT, Yoo YM, Choi KC, Jeung EB. Potential estro-
genic effect(s) of parabens at the prepubertal stage of a
postnatal female rat model. Reprod Toxicol. 2010;29:
306–316.

423. Lee H, Lim S, Yun S, Yoon A, Park G, Yang H. Tributyltin
increases the expression of apoptosis- and adipogenesis-
related genes in rat ovaries. Clin Exp Reprod Med. 2012;
39:15–21.

424. Jefferson WN. Adult ovarian function can be affected by
high levels of soy. J Nutr. 2010;140:2322S–2325S.

425. Zama AM, Uzumcu M. Targeted genome-wide methyl-
ation and gene expression analyses reveal signaling path-
ways involved in ovarian dysfunction after developmen-
tal EDC exposure in rats. Biol Reprod. 2013;88:52.

426. Zama AM, Uzumcu M. Fetal and neonatal exposure to
the endocrine disruptor methoxychlor causes epigenetic
alterations in adult ovarian genes. Endocrinology. 2009;
150:4681–4691.

427. Manikkam M, Tracey R, Guerrero-Bosagna C, Skinner
MK. Pesticide and insect repellent mixture (permethrin
and DEET) induces epigenetic transgenerational inheri-

tance of disease and sperm epimutations. Reprod Toxi-
col. 2012;34:708–719.

428. Manikkam M, Tracey R, Guerrero-Bosagna C, Skinner
MK. Dioxin (TCDD) induces epigenetic transgenera-
tional inheritance of adult onset disease and sperm epimu-
tations. PLoS One. 2012;7:e46249.

429. Ehrlich S, Williams PL, Missmer SA, et al. Urinary bis-
phenol A concentrations and early reproductive health
outcomes among women undergoing IVF. Hum Reprod.
2012;27:3583–3592.

430. Mok-Lin E, Ehrlich S, Williams PL, et al. Urinary bisphe-
nol A concentrations and ovarian response among
women undergoing IVF. Int J Androl. 2010;33:385–393.

431. Bloom MS, Kim D, Vom Saal FS, et al. Bisphenol A ex-
posure reduces the estradiol response to gonadotropin
stimulation during in vitro fertilization. Fertil Steril.
2011;96:672–677.e2.

432. Ehrlich S, Williams PL, Hauser R, et al. Urinary bisphenol
A concentrations and cytochrome P450 19 A1 (Cyp19)
gene expression in ovarian granulosa cells: an in vivo hu-
man study. Reprod Toxicol. 2013;42:18–23.

433. Lee SH, Kang SM, Choi MH, et al. Changes in steroid
metabolism among girls with precocious puberty may not
be associated with urinary levels of bisphenol A. Reprod
Toxicol. 2014;44:1–6.

434. Xi W, Lee CK, Yeung WS, et al. Effect of perinatal and
postnatal bisphenol A exposure to the regulatory circuits
at the hypothalamus-pituitary-gonadal axis of CD-1
mice. Reprod Toxicol. 2011;31:409–417.

435. Fernández M, Bourguignon N, Lux-Lantos V, Libertun
C. Neonatal exposure to bisphenol A and reproductive
and endocrine alterations resembling the polycystic ovar-
ian syndrome in adult rats. Environ Health Perspect.
2010;118:1217–1222.

436. Tan W, Huang H, Wang Y, Wong TY, Wang CC, Leung
LK. Bisphenol A differentially activates protein kinase C
isoforms in murine placental tissue. Toxicol Appl Phar-
macol. 2013;269:163–168.

437. Lee SG, Kim JY, Chung JY, et al. Bisphenol A exposure
during adulthood causes augmentation of follicular atre-
sia and luteal regression by decreasing 17�-estradiol syn-
thesis via downregulation of aromatase in rat ovary. En-
viron Health Perspect. 2013;121:663–669.

438. Peretz J, Flaws JA. Bisphenol A down-regulates rate-lim-
iting Cyp11a1 to acutely inhibit steroidogenesis in cul-
tured mouse antral follicles. Toxicol Appl Pharmacol.
2013;271:249–256.

439. Zhou W, Liu J, Liao L, Han S, Liu J. Effect of bisphenol
A on steroid hormone production in rat ovarian theca-
interstitial and granulosa cells. Mol Cell Endocrinol.
2008;283:12–18.

440. Grasselli F, Baratta L, Baioni L, et al. Bisphenol A disrupts
granulosa cell function. Domest Anim Endocrinol. 2010;
39:34–39.

441. Hart R, Doherty DA, Frederiksen H, et al. The influence
of antenatal exposure to phthalates on subsequent female
reproductive development in adolescence: a pilot study.
Reproduction. 2014;147:379–390.

442. Svechnikova I, Svechnikov K, Söder O. The influence of
di-(2-ethylhexyl) phthalate on steroidogenesis by the

E120 Gore et al Second Scientific Statement on EDCs Endocrine Reviews

D
ow

nloaded from
 https://academ

ic.oup.com
/edrv/article/36/6/E1/2354691 by guest on 19 April 2023



ovarian granulosa cells of immature female rats. J Endo-
crinol. 2007;194:603–609.

443. Liu T, Li N, Zhu J, et al. Effects of di-(2-ethylhexyl)
phthalate on the hypothalamus-pituitary-ovarian axis in
adult female rats. Reprod Toxicol. 2014;46:141–147.

444. Martinez-Arguelles DB, Guichard T, Culty M, Zirkin
BR, Papadopoulos V. In utero exposure to the antian-
drogen di-(2-ethylhexyl) phthalate decreases adrenal al-
dosterone production in the adult rat. Biol Reprod. 2011;
85:51–61.

445. Moyer B, Hixon ML. Reproductive effects in F1 adult
females exposed in utero to moderate to high doses of
mono-2-ethylhexylphthalate (MEHP). Reprod Toxicol.
2012;34:43–50.

446. Herreros MA, Gonzalez-Bulnes A, Iñigo-Nuñez S, Con-
treras-Solis I, Ros JM, Encinas T. Toxicokinetics of di(2-
ethylhexyl) phthalate (DEHP) and its effects on luteal
function in sheep. Reprod Biol. 2013;13:66–74.

447. Hannon PR, Brannick KE, Wang W, Flaws JA. Mono(2-
ethylhexyl) phthalate accelerates early folliculogenesis
and inhibits steroidogenesis in cultured mouse whole ova-
ries and antral follicles. Biol Reprod. 2015;92:120.

448. Mlynarcíková A, Nagyová E, Ficková M, Scsuková S.
Effects of selected endocrine disruptors on meiotic mat-
uration, cumulus expansion, synthesis of hyaluronan and
progesterone by porcine oocyte-cumulus complexes.
Toxicol In Vitro. 2009;23:371–377.

449. Lenie S, Smitz J. Steroidogenesis-disrupting compounds
can be effectively studied for major fertility-related end-
points using in vitro cultured mouse follicles. Toxicol
Lett. 2009;185:143–152.

450. Reinsberg J, Wegener-Toper P, van der Ven K, van der
Ven H, Klingmueller D. Effect of mono-(2-ethylhexyl)
phthalate on steroid production of human granulosa
cells. Toxicol Appl Pharmacol. 2009;239:116–123.

451. Ohno S, Yukinawa F, Noda M, Nakajin S. Mono-(2-
ethylhexyl) phthalate induces NR4A subfamily and
GIOT-1 gene expression, and suppresses CYP19 expres-
sion in human granulosa-like tumor cell line KGN. Toxi-
col Lett. 2009;191:353–359.

452. Gunnarsson D, Leffler P, Ekwurtzel E, Martinsson G, Liu
K, Selstam G. Mono-(2-ethylhexyl) phthalate stimulates
basal steroidogenesis by a cAMP-independent mecha-
nism in mouse gonadal cells of both sexes. Reproduction.
2008;135:693–703.

453. Luderer U, Kesner JS, Fuller JM, et al. Effects of gesta-
tional and lactational exposure to heptachlor epoxide on
age at puberty and reproductive function in men and
women. Environ Res. 2013;121:84–94.

454. Basavarajappa MS, Craig ZR, Hernández-Ochoa I, Pau-
lose T, Leslie TC, Flaws JA. Methoxychlor reduces es-
tradiol levels by altering steroidogenesis and metabolism
in mouse antral follicles in vitro. Toxicol Appl Pharma-
col. 2011;253:161–169.

455. Akgul Y, Derk RC, Meighan T, Rao KM, Murono EP.
The methoxychlor metabolite, HPTE, inhibits rat luteal
cell progesterone production. Reprod Toxicol. 2011;32:
77–84.

456. Craig ZR, Leslie TC, Hatfield KP, Gupta RK, Flaws JA.
Mono-hydroxy methoxychlor alters levels of key sex ste-

roids and steroidogenic enzymes in cultured mouse antral
follicles. Toxicol Appl Pharmacol. 2010;249:107–113.

457. Gill SA, Rizvi F, Khan MZ, Khan A. Toxic effects of
cypermethrin and methamidophos on bovine corpus lu-
teal cells and progesterone production. Exp Toxicol
Pathol. 2011;63:131–135.

458. Gregoraszczuk EŁ, Ptak A, Rak-Mardyła A, Falandysz J.
Differential accumulation of HCBz and PeCBz in porcine
ovarian follicles and their opposing actions on steroid
secretion and CYP11, CYP17, 17�-HSD and CYP19 pro-
tein expression. A tissue culture approach. Reprod Toxi-
col. 2011;31:494–499.

459. Liu J, Yang Y, Zhuang S, Yang Y, Li F, Liu W. Enantio-
selective endocrine-disrupting effects of bifenthrin on
hormone synthesis in rat ovarian cells. Toxicology. 2011;
290:42–49.

460. Taketa Y, Yoshida M, Inoue K, et al. Differential stimu-
lation pathways of progesterone secretion from newly
formed corpora lutea in rats treated with ethylene glycol
monomethyl ether, sulpiride, or atrazine. Toxicol Sci.
2011;121:267–278.

461. Quignot N, Arnaud M, Robidel F, et al. Characterization
of endocrine-disrupting chemicals based on hormonal
balance disruption in male and female adult rats. Reprod
Toxicol. 2012;33:339–352.

462. Tinfo NS, Hotchkiss MG, Buckalew AR, Zorrilla LM,
Cooper RL, Laws SC. Understanding the effects of atra-
zine on steroidogenesis in rat granulosa and H295R ad-
renal cortical carcinoma cells. Reprod Toxicol. 2011;31:
184–193.

463. Basini G, Bianchi F, Bussolati S, et al. Atrazine disrupts
steroidogenesis, VEGF and NO production in swine gran-
ulosa cells. Ecotoxicol Environ Saf. 2012;85:59–63.

464. Fa S, Pogrmic-Majkic K, Samardzija D, et al. Involvement
of ERK1/2 signaling pathway in atrazine action on FSH-
stimulated LHR and CYP19A1 expression in rat granu-
losa cells. Toxicol Appl Pharmacol. 2013;270:1–8.

465. Su PH, Huang PC, Lin CY, Ying TH, Chen JY, Wang SL.
The effect of in utero exposure to dioxins and polychlo-
rinated biphenyls on reproductive development in eight
year-old children. Environ Int. 2012;39:181–187.

466. Huang L, Huang R, Ran XR, et al. Three-generation ex-
periment showed female C57BL/6J mice drink drainage
canal water containing low level of TCDD-like activity
causing high pup mortality. J Toxicol Sci. 2011;36:713–
724.

467. Karman BN, Basavarajappa MS, Craig ZR, Flaws JA.
2,3,7,8-Tetrachlorodibenzo-p-dioxin activates the aryl
hydrocarbon receptor and alters sex steroid hormone se-
cretion without affecting growth of mouse antral follicles
in vitro. Toxicol Appl Pharmacol. 2012;261:88–96.

468. Karman BN, Basavarajappa MS, Hannon P, Flaws JA.
Dioxin exposure reduces the steroidogenic capacity of
mouse antral follicles mainly at the level of HSD17B1
without altering atresia. Toxicol Appl Pharmacol. 2012;
264:1–12.

469. Maranghi F, Tassinari R, Moracci G, et al. Dietary ex-
posure of juvenile female mice to polyhalogenated sea-
food contaminants (HBCD, BDE-47, PCB-153, TCDD):
comparative assessment of effects in potential target tis-
sues. Food Chem Toxicol. 2013;56:443–449.

doi: 10.1210/er.2015-1010 press.endocrine.org/journal/edrv E121

D
ow

nloaded from
 https://academ

ic.oup.com
/edrv/article/36/6/E1/2354691 by guest on 19 April 2023



470. Sechman A, Antos P, Katarzynska D, Grzegorzewska A,
Wojtysiak D, Hrabia A. Effects of 2,3,7,8-tetrachlorod-
ibenzo-p-dioxin on secretion of steroids and STAR,
HSD3B and CYP19A1 mRNA expression in chicken
ovarian follicles. Toxicol Lett. 2014;225:264–274.

471. Sechman A, Hrabia A, Lis MW, Niedziółka J. Effect of
2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) on steroid
concentrations in blood and gonads of chicken embryo.
Toxicol Lett. 2011;205:190–195.

472. Signorile PG, Spugnini EP, Mita L, et al. Pre-natal expo-
sure of mice to bisphenol A elicits an endometriosis-like
phenotype in female offspring. Gen Comp Endocrinol.
2010;168:318–325.

473. Signorile PG, Spugnini EP, Citro G, et al. Endocrine dis-
ruptors in utero cause ovarian damages linked to endo-
metriosis. Front Biosci (Elite Ed). 2012;4:1724–1730.

474. Kendig EL, Buesing DR, Christie SM, et al. Estrogen-like
disruptive effects of dietary exposure to bisphenol A or
17�-ethinyl estradiol in CD1 mice. Int J Toxicol. 2012;
31:537–550.

475. Yu B, Chen QF, Liu ZP, et al. Estrogen receptor � and �
expressions in hypothalamus-pituitary-ovary axis in rats
exposed lactationally to soy isoflavones and bisphenol A.
Biomed Environ Sci. 2010;23:357–362.

476. Calhoun KC, Padilla-Banks E, Jefferson WN, et al. Bis-
phenol A exposure alters developmental gene expression
in the fetal rhesus macaque uterus. PLoS One. 2014;9:
e85894.

477. Aldad TS, Rahmani N, Leranth C, Taylor HS. Bisphe-
nol-A exposure alters endometrial progesterone receptor
expression in the nonhuman primate. Fertil Steril. 2011;
96:175–179.

478. Berger RG, Foster WG, deCatanzaro D. Bisphenol-A ex-
posure during the period of blastocyst implantation alters
uterine morphology and perturbs measures of estrogen
and progesterone receptor expression in mice. Reprod
Toxicol. 2010;30:393–400.

479. Varayoud J, Ramos JG, Bosquiazzo VL, Muñoz-de-Toro
M, Luque EH. Developmental exposure to Bisphenol A
impairs the uterine response to ovarian steroids in the
adult. Endocrinology. 2008;149:5848–5860.

480. Bosquiazzo VL, Varayoud J, Muñoz-de-Toro M, Luque
EH, Ramos JG. Effects of neonatal exposure to bisphenol
A on steroid regulation of vascular endothelial growth
factor expression and endothelial cell proliferation in the
adult rat uterus. Biol Reprod. 2010;82:86–95.

481. Mendoza-Rodríguez CA, García-Guzmán M, Baranda-
Avila N, Morimoto S, Perrot-Applanat M, Cerbón M.
Administration of bisphenol A to dams during perinatal
period modifies molecular and morphological reproduc-
tive parameters of the offspring. Reprod Toxicol. 2011;
31:177–183.

482. Aghajanova L, Giudice LC. Effect of bisphenol A on hu-
man endometrial stromal fibroblasts in vitro. Reprod
Biomed Online. 2011;22:249–256.

483. Bredhult C, Sahlin L, Olovsson M. Gene expression anal-
ysis of human endometrial endothelial cells exposed to
bisphenol A. Reprod Toxicol. 2009;28:18–25.

484. Kendziorski JA, Kendig EL, Gear RB, Belcher SM. Strain
specific induction of pyometra and differences in immune
responsiveness in mice exposed to 17�-ethinyl estradiol

or the endocrine disrupting chemical bisphenol A. Reprod
Toxicol. 2012;34:22–30.

485. Hewitt SC, Korach KS. Estrogenic activity of bisphenol
A and 2,2-bis(p-hydroxyphenyl)-1,1,1-trichloroethane
(HPTE) demonstrated in mouse uterine gene profiles. En-
viron Health Perspect. 2011;119:63–70.

486. An BS, Ahn HJ, Kang HS, et al. Effects of estrogen and
estrogenic compounds, 4-tert-octylphenol, and bisphenol
A on the uterine contraction and contraction-associated
proteins in rats. Mol Cell Endocrinol. 2013;375:27–34.

487. Hiyama M, Choi EK, Wakitani S, et al. Bisphenol-A
(BPA) affects reproductive formation across generations
in mice. J Vet Med Sci. 2011;73:1211–1215.

488. Okuda K, Takiguchi M, Yoshihara S. In vivo estrogenic
potential of 4-methyl-2,4-bis(4-hydroxyphenyl)pent-1-
ene, an active metabolite of bisphenol A, in uterus of
ovariectomized rat. Toxicol Lett. 2010;197:7–11.

489. Toft G, Jönsson BA, Lindh CH, et al. Association be-
tween pregnancy loss and urinary phthalate levels around
the time of conception. Environ Health Perspect. 2012;
120:458–463.

490. Zhang Z, Hu Y, Zhao L, et al. Estrogen agonist/antago-
nist properties of dibenzyl phthalate (DBzP) based on in
vitro and in vivo assays. Toxicol Lett. 2011;207:7–11.

491. Wang X, Shang L, Wang J, Wu N, Wang S. Effect of
phthalate esters on the secretion of prostaglandins (F2�
and E2) and oxytocin in cultured bovine ovarian and en-
dometrial cells. Domest Anim Endocrinol. 2010;39:131–
136.

492. Chung BY, Kyung M, Lim SK, et al. Uterotrophic and
Hershberger assays for endocrine disruption properties of
plastic food contact materials polypropylene (PP) and
polyethylene terephthalate (PET). J Toxicol Environ
Health A. 2013;76:624–634.

493. Yu Y, Yang A, Zhang J, Hu S. Maternal exposure to the
mixture of organophosphorus pesticides induces repro-
ductive dysfunction in the offspring. Environ Toxicol.
2013;28:507–515.

494. Uslu U, Sandal S, Cumbul A, Yildiz S, Aydin M, Yilmaz
B. Evaluation of estrogenic effects of polychlorinated bi-
phenyls and organochlorinated pesticides using imma-
ture rat uterotrophic assay. Hum Exp Toxicol. 2013;32:
476–482.

495. Mlynarczuk J, Wrobel MH, Kotwica J. Effect of environ-
mental pollutants on oxytocin synthesis and secretion
from corpus luteum and on contractions of uterus from
pregnant cows. Toxicol Appl Pharmacol. 2010;247:243–
249.

496. Chang CC, Hsieh YY, Hsu KH, Tsai HD, Lin WH, Lin
CS. Deleterious effects of arsenic, benomyl and car-
bendazim on human endometrial cell proliferation in
vitro. Taiwan J Obstet Gynecol. 2010;49:449–454.

497. Kwekel JC, Forgacs AL, Williams KJ, Zacharewski TR.
o-p’-DDT-mediated uterotrophy and gene expression in
immature C57BL/6 mice and Sprague-Dawley rats. Toxi-
col Appl Pharmacol. 2013;273:532–541.

498. Milesi MM, Varayoud J, Bosquiazzo VL, Muñoz-de-
Toro M, Luque EH. Neonatal exposure to low doses of
endosulfan disrupts the expression of proteins regulating
uterine development and differentiation. Reprod Toxi-
col. 2012;33:85–93.

E122 Gore et al Second Scientific Statement on EDCs Endocrine Reviews

D
ow

nloaded from
 https://academ

ic.oup.com
/edrv/article/36/6/E1/2354691 by guest on 19 April 2023



499. Undeger U, Schlumpf M, Lichtensteiger W. Effect of the
herbicide pendimethalin on rat uterine weight and gene
expression and in silico receptor binding analysis. Food
Chem Toxicol. 2010;48:502–508.

500. Laffin B, Chavez M, Pine M. The pyrethroid metabolites
3-phenoxybenzoic acid and 3-phenoxybenzyl alcohol do
not exhibit estrogenic activity in the MCF-7 human breast
carcinoma cell line or Sprague-Dawley rats. Toxicology.
2010;267:39–44.

501. Yoshida M, Takahashi M, Inoue K, Hayashi S, Maekawa
A, Nishikawa A. Delayed adverse effects of neonatal ex-
posure to diethylstilbestrol and their dose dependency in
female rats. Toxicol Pathol. 2011;39:823–834.

502. Yin Y, Lin C, Veith GM, Chen H, Dhandha M, Ma L.
Neonatal diethylstilbestrol exposure alters the metabolic
profile of uterine epithelial cells. Dis Model Mech. 2012;
5:870–880.

503. Jefferson WN, Chevalier DM, Phelps JY, et al. Persis-
tently altered epigenetic marks in the mouse uterus after
neonatal estrogen exposure. Mol Endocrinol. 2013;27:
1666–1677.

504. Hayashi K, Yoshioka S, Reardon SN, et al. WNTs in the
neonatal mouse uterus: potential regulation of endome-
trial gland development. Biol Reprod. 2011;84:308–319.

505. Yamashita S, Kudo A, Kawakami H, Okada Y. Mecha-
nisms of angiogenic suppression in uteri exposed to di-
ethylstilbestrol neonatally in the mouse. Biol Reprod.
2013;88:116.

506. Hong Y, Wang J, Zhang P, et al. Histopathological and
gene expression analysis of mice exposed to diethylstil-
bestrol. Toxicol Mech Methods. 2010;20:105–111.

507. Simmons CD, Pabona JM, Zeng Z, et al. Response of
adult mouse uterus to early disruption of estrogen recep-
tor-� signaling is influenced by Krüppel-like factor 9. J
Endocrinol. 2010;205:147–157.

508. Bredfeldt TG, Greathouse KL, Safe SH, Hung MC, Bed-
ford MT, Walker CL. Xenoestrogen-induced regulation
of EZH2 and histone methylation via estrogen receptor
signaling to PI3K/AKT. Mol Endocrinol. 2010;24:993–
1006.

509. Bosquiazzo VL, Vigezzi L, Muñoz-de-Toro M, Luque
EH. Perinatal exposure to diethylstilbestrol alters the
functional differentiation of the adult rat uterus. J Steroid
Biochem Mol Biol. 2013;138:1–9.

510. Wrobel MH, Rekawiecki R, Kotwica J. Involvement of
prostaglandin F2� in the adverse effect of PCB 77 on the
force of contractions of bovine myometrium. Toxicology.
2009;262:224–229.

511. Burns KA, Zorrilla LM, Hamilton KJ, Reed CE, Birn-
baum LS, Korach KS. A single gestational exposure to
2,3,7,8-tetrachlorodibenzo-p-dioxin disrupts the adult
uterine response to estradiol in mice. Toxicol Sci. 2013;
136:514–526.

512. Tsang H, Cheung TY, Kodithuwakku SP, et al. 2,3,7,8-
Tetrachlorodibenzo-p-dioxin (TCDD) suppresses spher-
oids attachment on endometrial epithelial cells through
the down-regulation of the Wnt-signaling pathway. Re-
prod Toxicol. 2012;33:60–66.

513. Resuehr D, Glore DR, Taylor HS, Bruner-Tran KL, Os-
teen KG. Progesterone-dependent regulation of endome-
trial cannabinoid receptor type 1 (CB1-R) expression is

disrupted in women with endometriosis and in isolated
stromal cells exposed to 2,3,7,8-tetrachlorodibenzo-p-di-
oxin (TCDD). Fertil Steril. 2012;98:948–956.e1.

514. Louis GW, Hallinger DR, Stoker TE. The effect of tri-
closan on the uterotrophic response to extended doses of
ethinyl estradiol in the weanling rat. Reprod Toxicol.
2013;36:71–77.

515. Dixon D, Reed CE, Moore AB, et al. Histopathologic
changes in the uterus, cervix and vagina of immature
CD-1 mice exposed to low doses of perfluorooctanoic
acid (PFOA) in a uterotrophic assay. Reprod Toxicol.
2012;33:506–512.

516. Shaw J, deCatanzaro D. Estrogenicity of parabens revis-
ited: impact of parabens on early pregnancy and an utero-
trophic assay in mice. Reprod Toxicol. 2009;28:26–31.

517. Smith EK, White MC, Weir HK, Peipins LA, Thompson
TD. Higher incidence of clear cell adenocarcinoma of the
cervix and vagina among women born between 1947 and
1971 in the United States. Cancer Causes Control. 2012;
23:207–211.

518. Laronda MM, Unno K, Butler LM, Kurita T. The devel-
opment of cervical and vaginal adenosis as a result of
diethylstilbestrol exposure in utero. Differentiation.
2012;84:252–260.

519. Laronda MM, Unno K, Ishi K, et al. Diethylstilbestrol
induces vaginal adenosis by disrupting SMAD/RUNX1-
mediated cell fate decision in the Müllerian duct epithe-
lium. Dev Biol. 2013;381:5–16.

520. Katoh T, Hayashi S, Iguchi T, Sato T. Epithelial-stromal
interactions in the mouse vagina exposed neonatally to
diethylstilbestrol. In Vivo. 2013;27:333–337.

521. Nakamura T, Miyagawa S, Katsu Y, et al. Wnt family
genes and their modulation in the ovary-independent and
persistent vaginal epithelial cell proliferation and kerati-
nization induced by neonatal diethylstilbestrol exposure
in mice. Toxicology. 2012;296:13–19.

522. Nakamura T, Miyagawa S, Katsu Y, et al. p21 and Notch
signalings in the persistently altered vagina induced by
neonatal diethylstilbestrol exposure in mice. J Vet Med
Sci. 2012;74:1589–1595.

523. Matsuda M, Kurosaki K, Okamura N. Activated vitamin
D3 and pro-activated vitamin D3 attenuate induction of
permanent changes caused by neonatal estrogen exposure
in the mouse vagina. J Reprod Dev. 2014;60:274–279.

524. Brannick KE, Craig ZR, Himes AD, et al. Prenatal expo-
sure to low doses of bisphenol A increases pituitary pro-
liferation and gonadotroph number in female mice off-
spring at birth. Biol Reprod. 2012;87:82.

525. Fernández M, Bianchi M, Lux-Lantos V, Libertun C.
Neonatal exposure to bisphenol A alters reproductive pa-
rameters and gonadotropin releasing hormone signaling
in female rats. Environ Health Perspect. 2009;117:757–
762.

526. Jeng YJ, Kochukov M, Watson CS. Combinations of
physiologic estrogens with xenoestrogens alter calcium
and kinase responses, prolactin release, and membrane
estrogen receptor trafficking in rat pituitary cells. Environ
Health. 2010;9:61.

527. Carbone S, Samaniego YA, Cutrera R, et al. Different
effects by sex on hypothalamic-pituitary axis of prepu-
bertal offspring rats produced by in utero and lactational

doi: 10.1210/er.2015-1010 press.endocrine.org/journal/edrv E123

D
ow

nloaded from
 https://academ

ic.oup.com
/edrv/article/36/6/E1/2354691 by guest on 19 April 2023



exposure to di-(2-ethylhexyl) phthalate (DEHP). Neuro-
toxicology. 2012;33:78–84.

528. Fraites MJ, Cooper RL, Buckalew A, Jayaraman S, Mills
L, Laws SC. Characterization of the hypothalamic-pitu-
itary-adrenal axis response to atrazine and metabolites in
the female rat. Toxicol Sci. 2009;112:88–99.

529. Foradori CD, Hinds LR, Quihuis AM, et al. The differ-
ential effect of atrazine on luteinizing hormone release in
adrenalectomized adult female Wistar rats. Biol Reprod.
2011;85:684–689.

530. Goldman JM, Davis LK, Murr AS, Cooper RL. Atrazine-
induced elevation or attenuation of the LH surge in the
ovariectomized, estrogen-primed female rat: role of ad-
renal progesterone. Reproduction. 2013;146:305–314.

531. Ishikawa M, Murai E, Hashiguchi Y, Iguchi T, Sato T.
Effects of diethylstilbestrol on luteinizing hormone-pro-
ducing cells in the mouse anterior pituitary. Exp Biol Med
(Maywood). 2014;239:311–319.

532. Kakuta H, Tanaka M, Chambon P, Watanabe H, Iguchi
T, Sato T. Involvement of gonadotropins in the induction
of hypertrophy-hyperplasia in the interstitial tissues of
ovaries in neonatally diethylstilbestrol-treated mice. Re-
prod Toxicol. 2012;33:35–44.

533. Takeda T, Matsumoto Y, Koga T, et al. Maternal expo-
sure to dioxin disrupts gonadotropin production in fetal
rats and imprints defects in sexual behavior. J Pharmacol
Exp Ther. 2009;329:1091–1099.

534. Koga T, Ishida T, Takeda T, et al. Restoration of dioxin-
induced damage to fetal steroidogenesis and gonadotro-
pin formation by maternal co-treatment with �-lipoic
acid. PLoS One. 2012;7:e40322.

535. Takeda T, Fujii M, Taura J, Ishii Y, Yamada H. Dioxin
silences gonadotropin expression in perinatal pups by in-
ducing histone deacetylases: a new insight into the mech-
anism for the imprinting of sexual immaturity by dioxin.
J Biol Chem. 2012;287:18440–18450.

536. Takeda T, Taura J, Fujii M, Koga T, Ishii Y, Yamada H.
The effect of maternal exposure to dioxin on fetal ste-
roidogenesis in the steroidogenic organs [in Japanese].
Fukuoka Igaku Zasshi. 2011;102:159–166.

537. Jablonska O, Piasecka J, Petroff BK, et al. In vitro effects
of 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) on ovar-
ian, pituitary, and pineal function in pigs. Theriogenol-
ogy. 2011;76:921–932.

538. Cao J, Patisaul HB, Petersen SL. Aryl hydrocarbon re-
ceptor activation in lactotropes and gonadotropes inter-
feres with estradiol-dependent and -independent prepro-
lactin, glycoprotein � and luteinizing hormone � gene
expression. Mol Cell Endocrinol. 2011;333:151–159.

539. Isling LK, Boberg J, Jacobsen PR, et al. Late-life effects on
rat reproductive system after developmental exposure to
mixtures of endocrine disrupters. Reproduction. 2014;
147:465–476.

540. Durmaz E, Asçı A, Erkekoglu P, AkçurinS, Gümüsel BK,
Bircan I. Urinary bisphenol A levels in girls with idio-
pathic central precocious puberty. J Clin Res Pediatr En-
docrinol. 2014;6:16–21.

541. Wolff MS, Teitelbaum SL, Pinney SM, et al. Investigation
of relationships between urinary biomarkers of phytoes-
trogens, phthalates, and phenols and pubertal stages in
girls. Environ Health Perspect. 2010;118:1039–1046.

542. Wolff MS, Britton JA, Boguski L, et al. Environmental
exposures and puberty in inner-city girls. Environ Res.
2008;107:393–400.

543. Lee BE, Park H, Hong YC, et al. Prenatal bisphenol A and
birth outcomes: MOCEH (Mothers and Children’s En-
vironmental Health) study. Int J Hyg Environ Health.
2014;217:328–334.

544. Ryan BC, Hotchkiss AK, Crofton KM, Gray LE Jr. In
utero and lactational exposure to bisphenol A, in contrast
to ethinyl estradiol, does not alter sexually dimorphic be-
havior, puberty, fertility, and anatomy of female LE rats.
Toxicol Sci. 2010;114:133–148.

545. Adewale HB, Jefferson WN, Newbold RR, Patisaul HB.
Neonatal bisphenol-A exposure alters rat reproductive
development and ovarian morphology without impairing
activation of gonadotropin-releasing hormone neurons.
Biol Reprod. 2009;81:690–699.

546. Nah WH, Park MJ, Gye MC. Effects of early prepubertal
exposure to bisphenol A on the onset of puberty, ovarian
weights, and estrous cycle in female mice. Clin Exp Re-
prod Med. 2011;38:75–81.

547. Chakraborty TR, Alicea E, Chakraborty S. Relationships
between urinary biomarkers of phytoestrogens, phtha-
lates, phenols, and pubertal stages in girls. Adolesc Health
Med Ther. 2012;3:17–26.

548. Jurewicz J, Hanke W. Exposure to phthalates: reproduc-
tive outcome and children health. A review of epidemio-
logical studies. Int J Occup Med Environ Health. 2011;
24:115–141.

549. Chen CY, Chou YY, Wu YM, Lin CC, Lin SJ, Lee CC.
Phthalates may promote female puberty by increasing
kisspeptin activity. Hum Reprod. 2013;28:2765–2773.

550. Wolff MS, Teitelbaum SL, McGovern K, et al. Phthalate
exposure and pubertal development in a longitudinal
study of US girls. Hum Reprod. 2014;29:1558–1566.

551. Frederiksen H, Sørensen K, Mouritsen A, et al. High uri-
nary phthalate concentration associated with delayed
pubarche in girls. Int J Androl. 2012;35:216–226.

552. Lomenick JP, Calafat AM, Melguizo Castro MS, et al.
Phthalate exposure and precocious puberty in females.
J Pediatr. 2010;156:221–225.

553. Mouritsen A, Frederiksen H, Sørensen K, et al. Urinary
phthalates from 168 girls and boys measured twice a year
during a 5-year period: associations with adrenal andro-
gen levels and puberty. J Clin Endocrinol Metab. 2013;
98:3755–3764.

554. Ahmad R, Verma Y, Gautam A, Kumar S. Assessment of
estrogenic potential of di-n-butyl phthalate and butyl
benzyl phthalate in vivo [published online July 5, 2013].
Toxicol Ind Health. doi:10.1177/0748233713491803.

555. Hu J, Du G, Zhang W, et al. Short-term neonatal/prepu-
bertal exposure of dibutyl phthalate (DBP) advanced pu-
bertal timing and affected hypothalamic kisspeptin/
GPR54 expression differently in female rats. Toxicology.
2013;314:65–75.

556. Ding Y, Gao Y, Shi R, Zhou YJ, Tian Y. Effects of in utero
exposure to di(2-ethylhexyl) phthalate on sexual devel-
opment in female offspring[in Chinese]. Zhonghua Yu
Fang Yi Xue Za Zhi. 2010;44:150–153.

557. Ozen S, Goksen D, Darcan S. Agricultural pesticides and
precocious puberty. Vitam Horm. 2014;94:27–40.

E124 Gore et al Second Scientific Statement on EDCs Endocrine Reviews

D
ow

nloaded from
 https://academ

ic.oup.com
/edrv/article/36/6/E1/2354691 by guest on 19 April 2023



558. Ozen S, Darcan S, Bayindir P, Karasulu E, Simsek DG,
Gurler T. Effects of pesticides used in agriculture on the
development of precocious puberty. Environ Monit As-
sess. 2012;184:4223–4232.

559. Deng F, Tao FB, Liu DY, et al. Effects of growth envi-
ronments and two environmental endocrine disruptors
on children with idiopathic precocious puberty. Eur J En-
docrinol. 2012;166:803–809.

560. Davis LK, Murr AS, Best DS, et al. The effects of prenatal
exposure to atrazine on pubertal and postnatal reproduc-
tive indices in the female rat. Reprod Toxicol. 2011;32:
43–51.

561. Zorrilla LM, Gibson EK, Stoker TE. The effects of sima-
zine, a chlorotriazine herbicide, on pubertal development
in the female Wistar rat. Reprod Toxicol. 2010;29:393–
400.

562. Rollerova E, Wsolova L, Urbancikova M. Neonatal ex-
posure to herbicide acetochlor alters pubertal develop-
ment in female Wistar rats. Toxicol Mech Methods. 2011;
21:406–417.

563. Manikkam M, Guerrero-Bosagna C, Tracey R, Haque
MM, Skinner MK. Transgenerational actions of environ-
mental compounds on reproductive disease and identifi-
cation of epigenetic biomarkers of ancestral exposures.
PLoS One. 2012;7:e31901.

564. Si J, Han X, Zhang F, et al. Perinatal exposure to low
doses of tributyltin chloride advances puberty and affects
patterns of estrous cyclicity in female mice. Environ Toxi-
col. 2012;27:662–670.

565. Patisaul HB, Roberts SC, Mabrey N, et al. Accumulation
and endocrine disrupting effects of the flame retardant
mixture Firemaster550 in rats: an exploratory assess-
ment. J Biochem Mol Toxicol. 2013;27:124–136.

566. Colciago A, Casati L, Mornati O, et al. Chronic treatment
with polychlorinated biphenyls (PCB) during pregnancy
and lactation in the rat. Part 2: effects on reproductive
parameters, on sex behavior, on memory retention and on
hypothalamic expression of aromatase and 5�-reductases
in the offspring. Toxicol Appl Pharmacol. 2009;239:
46–54.

567. Dickerson SM, Cunningham SL, Patisaul HB, Woller MJ,
Gore AC. Endocrine disruption of brain sexual differen-
tiation by developmental PCB exposure. Endocrinology.
2011;152:581–594.

568. Kristensen SL, Ramlau-Hansen CH, Ernst E, et al. Long-
term effects of prenatal exposure to perfluoroalkyl sub-
stances on female reproduction. Hum Reprod. 2013;28:
3337–3348.

569. Lopez-Espinosa MJ, Fletcher T, Armstrong B, et al. As-
sociation of perfluorooctanoic acid (PFOA) and perfluo-
rooctane sulfonate (PFOS) with age of puberty among
children living near a chemical plant. Environ Sci Tech-
nol. 2011;45:8160–8166.

570. Tucker DK, Macon MB, Strynar MJ, Dagnino S, Ander-
sen E, Fenton SE. The mammary gland is a sensitive pu-
bertal target in CD-1 and C57Bl/6 mice following peri-
natal perfluorooctanoic acid (PFOA) exposure. Reprod
Toxicol. 2015;54:26–36.

571. Buttke DE, Sircar K, Martin C. Exposures to endocrine-
disrupting chemicals and age of menarche in adolescent

girls in NHANES (2003–2008).Environ Health Perspect.
2012;120:1613–1618.

572. Monje L, Varayoud J, Muñoz-de-Toro M, Luque EH,
Ramos JG. Exposure of neonatal female rats to bisphenol
A disrupts hypothalamic LHRH pre-mRNA processing
and estrogen receptor � expression in nuclei controlling
estrous cyclicity. Reprod Toxicol. 2010;30:625–634.

573. Tyl RW, Myers CB, Marr MC, et al. Two-generation
reproductive toxicity study of dietary bisphenol A in
CD-1 (Swiss) mice. Toxicol Sci. 2008;104:362–384.

574. Buck Louis GM, Rios LI, McLain A, Cooney MA, Ko-
styniak PJ, Sundaram R. Persistent organochlorine pol-
lutants and menstrual cycle characteristics. Chemo-
sphere. 2011;85:1742–1748.

575. Cragin LA, Kesner JS, Bachand AM, et al. Menstrual cy-
cle characteristics and reproductive hormone levels in
women exposed to atrazine in drinking water. Environ
Res. 2011;111:1293–1301.

576. Buck Louis GM, Sundaram R, Sweeney AM, Schisterman
EF,Maisog J,KannanK.UrinarybisphenolA,phthalates,
and couple fecundity: the Longitudinal Investigation of
Fertility and the Environment (LIFE) Study. Fertil Steril.
2014;101:1359–1366.

577. Ehrlich S, Williams PL, Missmer SA, et al. Urinary bis-
phenol A concentrations and implantation failure among
women undergoing in vitro fertilization. Environ Health
Perspect. 2012;120:978–983.

578. Lathi RB, Liebert CA, Brookfield KF, et al. Conjugated
bisphenol A in maternal serum in relation to miscarriage
risk. Fertil Steril. 2014;102:123–128.

579. Caserta D, Bordi G, Ciardo F, et al. The influence of
endocrine disruptors in a selected population of infertile
women. Gynecol Endocrinol. 2013;29:444–447.

580. Krotz SP, Carson SA, Tomey C, Buster JE. Phthalates and
bisphenol do not accumulate in human follicular fluid. J
Assist Reprod Genet. 2012;29:773–777.

581. Berger RG, Shaw J, deCatanzaro D. Impact of acute bi-
sphenol-A exposure upon intrauterine implantation of
fertilized ova and urinary levels of progesterone and 17�-
estradiol. Reprod Toxicol. 2008;26:94–99.

582. Xiao S, Diao H, Smith MA, Song X, Ye X. Preimplanta-
tion exposure to bisphenol A (BPA) affects embryo trans-
port, preimplantation embryo development, and uterine
receptivity in mice. Reprod Toxicol. 2011;32:434–441.

583. Varayoud J, Ramos JG, Bosquiazzo VL, Lower M, Mu-
ñoz-de-Toro M, Luque EH. Neonatal exposure to bis-
phenol A alters rat uterine implantation-associated gene
expression and reduces the number of implantation sites.
Endocrinology. 2011;152:1101–1111.

584. Tiwari D, Vanage G. Mutagenic effect of bisphenol A on
adult rat male germ cells and their fertility. Reprod Toxi-
col. 2013;40:60–68.

585. Varayoud J, Ramos JG, Muñoz-de-Toro M, Luque EH.
Long-lasting effects of neonatal bisphenol A exposure on
the implantation process. Vitam Horm. 2014;94:253–
275.

586. Tranfo G, Caporossi L, Paci E, et al. Urinary phthalate
monoesters concentration in couples with infertility prob-
lems. Toxicol Lett. 2012;213:15–20.

587. Schmidt JS, Schaedlich K, Fiandanese N, Pocar P, Fischer
B. Effects of di(2-ethylhexyl) phthalate (DEHP) on female

doi: 10.1210/er.2015-1010 press.endocrine.org/journal/edrv E125

D
ow

nloaded from
 https://academ

ic.oup.com
/edrv/article/36/6/E1/2354691 by guest on 19 April 2023



fertility and adipogenesis in C3H/N mice. Environ Health
Perspect. 2012;120:1123–1129.

588. Niermann S, Rattan S, Brehm E, Flaws JA. Prenatal ex-
posure to di-(2-ethylhexyl) phthalate (DEHP) affects re-
productive outcomes in female mice. Reprod Toxicol.
2015;53:23–32.

589. Mahalingaiah S, Missmer SA, Maity A, et al. Association
of hexachlorobenzene (HCB), dichlorodiphenyltrichlo-
roethane (DDT), and dichlorodiphenyldichloroethylene
(DDE) with in vitro fertilization (IVF) outcomes. Environ
Health Perspect. 2012;120:316–320.

590. Blanco-Muñoz J, Aguilar-Garduño C, Gamboa-Avila R,
et al. Association between PON1 genetic polymorphisms
and miscarriage in Mexican women exposed to pesti-
cides. Sci Total Environ. 2013;449:302–308.

591. Toft G, Thulstrup AM, Jönsson BA, et al. Fetal loss and
maternal serum levels of 2,2�,4,4�,5,5�-hexachlorbiphe-
nyl (CB-153) and 1,1-dichloro-2,2-bis(p-chlorophenyl-
)ethylene (p,p’-DDE) exposure: a cohort study in Green-
land and two European populations. Environ Health.
2010;9:22.

592. Naidoo S, London L, Burdorf A, Naidoo R, Kromhout H.
Spontaneous miscarriages and infant deaths among fe-
male farmers in rural South Africa. Scand J Work Environ
Health. 2011;37:227–236.

593. Bastos AM, Souza Mdo C, Almeida Filho GL, Krauss
TM, Pavesi T, Silva LE. Organochlorine compound levels
in fertile and infertile women from Rio de Janeiro, Brazil.
Arq Bras Endocrinol Metabol. 2013;57:346–353.

594. Al-Saleh I, Coskun S, El-Doush I, et al. Outcome of in-
vitro fertilization treatment and DDT levels in serum and
follicular fluid. Med Sci Monit. 2009;15:BR320–BR333.

595. Hougaard KS, Hannerz H, Feveile H, Bonde JP, Burr H.
Infertility among women working in horticulture. A fol-
low-up study in the Danish Occupational Hospitalization
Register. Fertil Steril. 2009;91:1385–1387.

596. Jirsová S, Masata J, Jech L, Zvárová J. Effect of polychlo-
rinated biphenyls (PCBs) and 1,1,1-trichloro-2,2,-bis (4-
chlorophenyl)-ethane (DDT) in follicular fluid on the re-
sults of in vitro fertilization-embryo transfer (IVF-ET)
programs. Fertil Steril. 2010;93:1831–1836.

597. Tiemann U. In vivo and in vitro effects of the organo-
chlorine pesticides DDT, TCPM, methoxychlor, and lin-
dane on the female reproductive tract of mammals: a re-
view. Reprod Toxicol. 2008;25:316–326.

598. Yang YJ, Hong YC, Oh SY, et al. Bisphenol A exposure
is associated with oxidative stress and inflammation in
postmenopausal women. Environ Res. 2009;109:797–
801.

599. Souter I, Smith KW, Dimitriadis I, et al. The association
of bisphenol-A urinary concentrations with antral follicle
counts and other measures of ovarian reserve in women
undergoing infertility treatments. Reprod Toxicol. 2013;
42:224–231.

600. Grindler NM, Allsworth JE, Macones GA, Kannan K,
Roehl KA, Cooper AR. Persistent organic pollutants and
early menopause in U.S. women. PLoS One. 2015;10:
e0116057.

601. Gore AC, Walker DM, Zama AM, Armenti AE, Uzumcu
M. Early life exposure to endocrine-disrupting chemicals
causes lifelong molecular reprogramming of the hypo-

thalamus and premature reproductive aging. Mol Endo-
crinol. 2011;25:2157–2168.

602. Hoover RN, Hyer M, Pfeiffer RM, et al. Adverse health
outcomes in women exposed in utero to diethylstilbestrol.
N Engl J Med. 2011;365:1304–1314.

603. Jablonska O, Shi Z, Valdez KE, Ting AY, Petroff BK.
Temporal and anatomical sensitivities to the aryl hydro-
carbon receptor agonist 2,3,7,8-tetrachlorodibenzo-p-di-
oxin leading to premature acyclicity with age in rats. Int J
Androl. 2010;33:405–412.

604. Walker DM, Kermath BA, Woller MJ, Gore AC. Disrup-
tion of reproductive aging in female and male rats by
gestational exposure to estrogenic endocrine disruptors.
Endocrinology. 2013;154:2129–2143.

605. Smith KW, Souter I, Dimitriadis I, et al. Urinary paraben
concentrations and ovarian aging among women from a
fertility center. Environ Health Perspect. 2013;121:
1299–1305.

606. Rutkowska A, Rachon D. Bisphenol A (BPA) and its po-
tential role in the pathogenesis of the polycystic ovary
syndrome (PCOS). Gynecol Endocrinol. 2014;30:260–
265.

607. Kandaraki E, Chatzigeorgiou A, Livadas S, et al. Endo-
crine disruptors and polycystic ovary syndrome (PCOS):
elevated serum levels of bisphenol A in women with
PCOS. J Clin Endocrinol Metab. 2011;96:E480–E484.

608. Li TT, Xu LZ, Chen YH, et al. Effects of eight environ-
mental endocrine disruptors on insulin resistance in pa-
tients with polycystic ovary syndrome: a preliminary in-
vestigation [in Chinese]. Nan Fang Yi Ke Da Xue Xue
Bao. 2011;31:1753–1756.

609. Newbold RR, Jefferson WN, Padilla-Banks E. Prenatal
exposure to bisphenol A at environmentally relevant
doses adversely affects the murine female reproductive
tract later in life. Environ Health Perspect. 2009;117:
879–885.

610. Patisaul HB, Mabrey N, Adewale HB, Sullivan AW. Soy
but not bisphenol A (BPA) induces hallmarks of polycys-
tic ovary syndrome (PCOS) and related metabolic co-
morbidities in rats. Reprod Toxicol. 2014;49C:209–218.

611. Abbott DH, Nicol LE, Levine JE, Xu N, Goodarzi MO,
Dumesic DA. Nonhuman primate models of polycystic
ovary syndrome. Mol Cell Endocrinol. 2013;373:21–28.

612. Rae M, Grace C, Hogg K, et al. The pancreas is altered by
in utero androgen exposure: implications for clinical con-
ditions such as polycystic ovary syndrome (PCOS). PLoS
One. 2013;8:e56263.

613. Padmanabhan V, Veiga-Lopez A. Sheep models of poly-
cystic ovary syndrome phenotype. Mol Cell Endocrinol.
2013;373:8–20.

614. Cobellis L, Colacurci N, Trabucco E, Carpentiero C, Gru-
metto L. Measurement of bisphenol A and bisphenol B
levels in human blood sera from healthy and endometri-
otic women. Biomed Chromatogr. 2009;23:1186–1190.

615. Kim SH, Chun S, Jang JY, Chae HD, Kim CH, Kang BM.
Increased plasma levels of phthalate esters in women with
advanced-stage endometriosis: a prospective case-control
study. Fertil Steril. 2011;95:357–359.

616. Huang PC, Tsai EM, Li WF, et al. Association between
phthalate exposure and glutathione S-transferase M1

E126 Gore et al Second Scientific Statement on EDCs Endocrine Reviews

D
ow

nloaded from
 https://academ

ic.oup.com
/edrv/article/36/6/E1/2354691 by guest on 19 April 2023



polymorphism in adenomyosis, leiomyoma and endome-
triosis. Hum Reprod. 2010;25:986–994.

617. Weuve J, Hauser R, Calafat AM, Missmer SA, Wise LA.
Association of exposure to phthalates with endometriosis
and uterine leiomyomata: findings from NHANES,
1999–2004. Environ Health Perspect. 2010;118:825–
832.

618. Buck Louis GM, Peterson CM, Chen Z, et al. Bisphenol
A and phthalates and endometriosis: the Endometriosis:
Natural History, Diagnosis and Outcomes Study. Fertil
Steril. 2013;100:162–169.e1–e2.

619. Upson K, Sathyanarayana S, De Roos AJ, et al. Phthalates
and risk of endometriosis. Environ Res. 2013;126:91–97.

620. Itoh H, Iwasaki M, Hanaoka T, Sasaki H, Tanaka T,
Tsugane S. Urinary phthalate monoesters and endome-
triosis in infertile Japanese women. Sci Total Environ.
2009;408:37–42.

621. Kim YH, Kim SH, Lee HW, Chae HD, Kim CH, Kang
BM. Increased viability of endometrial cells by in vitro
treatment with di-(2-ethylhexyl) phthalate. Fertil Steril.
2010;94:2413–2416.

622. Upson K, De Roos AJ, Thompson ML, et al. Organo-
chlorine pesticides and risk of endometriosis: findings
from a population-based case-control study. Environ
Health Perspect. 2013;121:1319–1324.

623. Cooney MA, Buck Louis GM, Hediger ML, Vexler A,
Kostyniak PJ. Organochlorine pesticides and endometri-
osis. Reprod Toxicol. 2010;30:365–369.

624. Herington JL, Bruner-Tran KL, Lucas JA, Osteen KG.
Immune interactions in endometriosis. Expert Rev Clin
Immunol. 2011;7:611–626.

625. Bruner-Tran KL, Ding T, Osteen KG. Dioxin and endo-
metrial progesterone resistance. Semin Reprod Med.
2010;28:59–68.

626. Wang Y, Yu J, Luo X, et al. Abnormal regulation of
chemokine TECK and its receptor CCR9 in the endo-
metriotic milieu is involved in pathogenesis of endome-
triosis by way of enhancing invasiveness of endometrial
stromal cells. Cell Mol Immunol. 2010;7:51–60.

627. Li MQ, Hou XF, Lv SJ, et al. CD82 gene suppression in
endometrial stromal cells leads to increase of the cell in-
vasiveness in the endometriotic milieu. J Mol Endocrinol.
2011;47:195–208.

628. Wang XQ, Yu J, Luo XZ, et al. The high level of RANTES
in the ectopic milieu recruits macrophages and induces
their tolerance in progression of endometriosis. J Mol En-
docrinol. 2010;45:291–299.

629. Porpora MG, Medda E, Abballe A, et al. Endometriosis
and organochlorinated environmental pollutants: a case-
control study on Italian women of reproductive age. En-
viron Health Perspect. 2009;117:1070–1075.

630. Vichi S, Medda E, Ingelido AM, et al. Glutathione trans-
ferase polymorphisms and risk of endometriosis associ-
ated with polychlorinated biphenyls exposure in Italian
women: a gene-environment interaction. Fertil Steril.
2012;97:1143–1151.e1–e3.

631. Martínez-Zamora MA, Mattioli L, Parera J, et al. In-
creased levels of dioxin-like substances in adipose tissue in
patients with deep infiltrating endometriosis. Hum Re-
prod. 2015;30:1059–1068.

632. Niskar AS, Needham LL, Rubin C, et al. Serum dioxins,

polychlorinated biphenyls, and endometriosis: a case-
control study in Atlanta. Chemosphere. 2009;74:944–
949.

633. Buck Louis GM, Chen Z, Peterson CM, et al. Persistent
lipophilic environmental chemicals and endometriosis:
the ENDO Study. Environ Health Perspect. 2012;120:
811–816.

634. Trabert B, De Roos AJ, Schwartz SM, et al. Non-dioxin-
like polychlorinated biphenyls and risk of endometriosis.
Environ Health Perspect. 2010;118:1280–1285.

635. Shen Y, Xu Q, Ren M, Feng X, Cai Y, Gao Y. Measure-
ment of phenolic environmental estrogens in women with
uterine leiomyoma. PLoS One. 2013;8:e79838.

636. Zhou F, Zhang L, Liu A, et al. Measurement of phenolic
environmental estrogens in human urine samples by
HPLC-MS/MS and primary discussion the possible link-
age with uterine leiomyoma. J Chromatogr B Analyt
Technol Biomed Life Sci. 2013;938:80–85.

637. Han MS, Byun JC, Park JE, Kim JY, Chung JY, Kim JM.
Bisphenol-A concentrations from leiomyoma patients by
LC/MS. Toxicol Res. 2011;27:49–52.

638. Shen Y, Ren ML, Feng X, Cai YL, Gao YX, Xu Q. An
evidence in vitro for the influence of bisphenol A on uter-
ine leiomyoma. Eur J Obstet Gynecol Reprod Biol. 2014;
178:80–83.

639. Wang KH, Kao AP, Chang CC, Lin TC, Kuo TC. Bis-
phenol A at environmentally relevant doses induces cy-
clooxygenase-2 expression and promotes invasion of hu-
man mesenchymal stem cells derived from uterine myoma
tissue. Taiwan J Obstet Gynecol. 2013;52:246–252.

640. Gao X, Yu L, Castro L, et al. An endocrine-disrupting
chemical, fenvalerate, induces cell cycle progression and
collagen type I expression in human uterine leiomyoma
and myometrial cells. Toxicol Lett. 2010;196:133–141.

641. Gao X, Yu L, Castro L, et al. An essential role of p27
downregulation in fenvalerate-induced cell growth in hu-
man uterine leiomyoma and smooth muscle cells. Am J
Physiol Endocrinol Metab. 2012;303:E1025–E1035.

642. D’Aloisio AA, Baird DD, DeRoo LA, Sandler DP. Early-
life exposures and early-onset uterine leiomyomata in
black women in the Sister Study. Environ Health Per-
spect. 2012;120:406–412.

643. D’Aloisio AA, Baird DD, DeRoo LA, Sandler DP. Asso-
ciation of intrauterine and early-life exposures with di-
agnosis of uterine leiomyomata by 35 years of age in the
Sister Study. Environ Health Perspect. 2010;118:375–
381.

644. Mahalingaiah S, Hart JE, Wise LA, Terry KL, Boynton-
Jarrett R, Missmer SA. Prenatal diethylstilbestrol expo-
sure and risk of uterine leiomyomata in the Nurses’
Health Study II. Am J Epidemiol. 2014;179:186–191.

645. Trabert B, Chen Z, Kannan K, et al. Persistent organic
pollutants (POPs) and fibroids: results from the ENDO
study. J Expo Sci Environ Epidemiol. 2015;25:278–285.

646. Lambertino A, Turyk M, Anderson H, Freels S, Persky V.
Uterine leiomyomata in a cohort of Great Lakes sport fish
consumers. Environ Res. 2011;111:565–572.

647. Cantonwine D, Meeker JD, Hu H, et al. Bisphenol A
exposure in Mexico City and risk of prematurity: a pilot
nested case control study. Environ Health. 2010;9:62.

648. Cabaton NJ, Wadia PR, Rubin BS, et al. Perinatal expo-

doi: 10.1210/er.2015-1010 press.endocrine.org/journal/edrv E127

D
ow

nloaded from
 https://academ

ic.oup.com
/edrv/article/36/6/E1/2354691 by guest on 19 April 2023



sure to environmentally relevant levels of bisphenol A
decreases fertility and fecundity in CD-1 mice. Environ
Health Perspect. 2011;119:547–552.

649. Kobayashi K, Kubota H, Ohtani K, Hojo R, Miyagawa
M. Lack of effects for dietary exposure of bisphenol A
during in utero and lactational periods on reproductive
development in rat offspring. J Toxicol Sci. 2012;37:565–
573.

650. Adibi JJ, Hauser R, Williams PL, et al. Maternal urinary
metabolites of di-(2-ethylhexyl) phthalate in relation to
the timing of labor in a US multicenter pregnancy cohort
study. Am J Epidemiol. 2009;169:1015–1024.

651. Meeker JD, Hu H, Cantonwine DE, et al. Urinary phtha-
late metabolites in relation to preterm birth in Mexico
City. Environ Health Perspect. 2009;117:1587–1592.

652. Whyatt RM, Adibi JJ, Calafat AM, et al. Prenatal di(2-
ethylhexyl)phthalate exposure and length of gestation
among an inner-city cohort. Pediatrics. 2009;124:e1213–
e1220.

653. Ferguson KK, McElrath TF, Meeker JD. Environmental
phthalate exposure and preterm birth. JAMA Pediatr.
2014;168:61–67.

654. Adibi JJ, Whyatt RM, Hauser R, et al. Transcriptional
biomarkers of steroidogenesis and trophoblast differen-
tiation in the placenta in relation to prenatal phthalate
exposure. Environ Health Perspect. 2010;118:291–296.

655. Ferguson KK, O’Neill MS, Meeker JD. Environmental
contaminant exposures and preterm birth: a comprehen-
sive review. J Toxicol Environ Health B Crit Rev. 2013;
16:69–113.

656. Stillerman KP, Mattison DR, Giudice LC, Woodruff TJ.
Environmental exposures and adverse pregnancy out-
comes: a review of the science. Reprod Sci. 2008;15:631–
650.

657. Mustafa MD, Banerjee BD, Ahmed RS, Tripathi AK,
Guleria K. Gene-environment interaction in preterm de-
livery with special reference to organochlorine pesticides.
Mol Hum Reprod. 2013;19:35–42.

658. Rinsky JL, Hopenhayn C, Golla V, Browning S, Bush
HM. Atrazine exposure in public drinking water and pre-
term birth. Public Health Rep. 2012;127:72–80.

659. Kadhel P, Monfort C, Costet N, et al. Chlordecone ex-
posure, length of gestation, and risk of preterm birth.
Am J Epidemiol. 2014;179:536–544.

660. Cremonese C, Freire C, Meyer A, Koifman S. Pesticide
exposure and adverse pregnancy events, Southern Brazil,
1996–2000 [in Portuguese]. Cad Saude Publica. 2012;
28:1263–1272.

661. Basterrechea M, Lertxundi A, Iñiguez C, et al. Prenatal
exposure to hexachlorobenzene (HCB) and reproductive
effects in a multicentre birth cohort in Spain. Sci Total
Environ. 2014;466–467:770–776.

662. Ochoa-Acuña H, Frankenberger J, Hahn L, Carbajo C.
Drinking-water herbicide exposure in Indiana and prev-
alence of small-for-gestational-age and preterm delivery.
Environ Health Perspect. 2009;117:1619–1624.

663. Ridano ME, Racca AC, Flores-Martín J, et al. Chlorpyr-
ifos modifies the expression of genes involved in human
placental function. Reprod Toxicol. 2012;33:331–338.

664. Bruner-Tran KL, Osteen KG. Developmental exposure to
TCDD reduces fertility and negatively affects pregnancy

outcomes across multiple generations. Reprod Toxicol.
2011;31:344–350.

665. Peltier MR, Arita Y, Klimova NG, et al. 2,3,7,8-Tetra-
chlorodibenzo-p-dioxin (TCDD) enhances placental in-
flammation. J Reprod Immunol. 2013;98:10–20.

666. Ding T, McConaha M, Boyd KL, Osteen KG, Bruner-
Tran KL. Developmental dioxin exposure of either parent
is associated with an increased risk of preterm birth in
adult mice. Reprod Toxicol. 2011;31:351–358.

667. Ranjit N, Siefert K, Padmanabhan V. Bisphenol-A and
disparities in birth outcomes: a review and directions for
future research. J Perinatol. 2010;30:2–9.

668. Snijder CA, Heederik D, Pierik FH, et al. Fetal growth and
prenatal exposure to bisphenol A: the generation R study.
Environ Health Perspect. 2013;121:393–398.

669. Burdorf A, Brand T, Jaddoe VW, Hofman A, Macken-
bach JP, Steegers EA. The effects of work-related mater-
nal risk factors on time to pregnancy, preterm birth and
birth weight: the Generation R Study. Occup Environ
Med. 2011;68:197–204.

670. Snijder CA, te Velde E, Roeleveld N, Burdorf A. Occu-
pational exposure to chemical substances and time to
pregnancy: a systematic review. Hum Reprod Update.
2012;18:284–300.

671. Suzuki Y, Yoshinaga J, Mizumoto Y, Serizawa S, Shirai-
shi H. Foetal exposure to phthalate esters and anogenital
distance in male newborns. Int J Androl. 2012;35:236–
244.

672. Huang PC, Kuo PL, Chou YY, Lin SJ, Lee CC. Associa-
tion between prenatal exposure to phthalates and the
health of newborns. Environ Int. 2009;35:14–20.

673. Philippat C, Mortamais M, Chevrier C, et al. Exposure to
phthalates and phenols during pregnancy and offspring
size at birth. Environ Health Perspect. 2012;120:464–
470.

674. Suzuki Y, Niwa M, Yoshinaga J, Mizumoto Y, Serizawa
S, Shiraishi H. Prenatal exposure to phthalate esters and
PAHs and birth outcomes. Environ Int. 2010;36:699–
704.

675. Pocar P, Fiandanese N, Secchi C, et al. Exposure to di(2-
ethyl-hexyl) phthalate (DEHP) in utero and during lac-
tation causes long-term pituitary-gonadal axis disruption
in male and female mouse offspring. Endocrinology.
2012;153:937–948.

676. Wang X, Shang LX, Zhang Q, Xu XD, Huo XX. Study on
the effect of di-(2-ethylhexyl) phthalate on pregnant rats
and the protection of zinc against it in pregnancy [in Chi-
nese]. Zhonghua Fu Chan Ke Za Zhi. 2011;46:928–930.

677. Takai R, Hayashi S, Kiyokawa J, et al. Collaborative
work on evaluation of ovarian toxicity. 10) Two- or four-
week repeated dose studies and fertility study of di-(2-
ethylhexyl) phthalate (DEHP) in female rats. J Toxicol
Sci. 2009;34(suppl 1):SP111–SP119.

678. Chen SQ, Chen JN, Cai XH, et al. Perinatal exposure to
di-(2-ethylhexyl) phthalate leads to restricted growth and
delayed lung maturation in newborn rats. J Perinat Med.
2010;38:515–521.

679. Guerra MT, Scarano WR, de Toledo FC, Franci JA, Kem-
pinas Wde G. Reproductive development and function of
female rats exposed to di-eta-butyl-phthalate (DBP) in

E128 Gore et al Second Scientific Statement on EDCs Endocrine Reviews

D
ow

nloaded from
 https://academ

ic.oup.com
/edrv/article/36/6/E1/2354691 by guest on 19 April 2023



utero and during lactation. Reprod Toxicol. 2010;29:
99–105.

680. Gemmill A, Gunier RB, Bradman A, Eskenazi B, Harley
KG. Residential proximity to methyl bromide use and
birth outcomes in an agricultural population in Califor-
nia. Environ Health Perspect. 2013;121:737–743.

681. Harley KG, Huen K, Aguilar Schall R, et al. Association
of organophosphate pesticide exposure and paraoxonase
with birth outcome in Mexican-American women. PLoS
One. 2011;6:e23923.

682. Migeot V, Albouy-Llaty M, Carles C, et al. Drinking-
water exposure to a mixture of nitrate and low-dose atra-
zine metabolites and small-for-gestational age (SGA) ba-
bies: a historic cohort study. Environ Res. 2013;122:58–
64.

683. Sathyanarayana S, Basso O, Karr CJ, et al. Maternal pes-
ticide use and birth weight in the Agricultural Health
Study. J Agromedicine. 2010;15:127–136.

684. Chevrier C, Limon G, Monfort C, et al. Urinary biomark-
ers of prenatal atrazine exposure and adverse birth out-
comes in the PELAGIE birth cohort. Environ Health Per-
spect. 2011;119:1034–1041.

685. Barr DB, Ananth CV, Yan X, et al. Pesticide concentra-
tions in maternal and umbilical cord sera and their rela-
tion to birth outcomes in a population of pregnant women
and newborns in New Jersey. Sci Total Environ. 2010;
408:790–795.

686. Acosta-Maldonado B, Sánchez-Ramírez B, Reza-López
S, Levario-Carrillo M. Effects of exposure to pesticides
during pregnancy on placental maturity and weight of
newborns: a cross-sectional pilot study in women from
the Chihuahua State, Mexico. Hum Exp Toxicol. 2009;
28:451–459.

687. Wang P, Tian Y, Wang XJ, et al. Organophosphate pes-
ticide exposure and perinatal outcomes in Shanghai,
China. Environ Int. 2012;42:100–104.

688. Pathak R, Suke SG, Ahmed T, et al. Organochlorine pes-
ticide residue levels and oxidative stress in preterm deliv-
ery cases. Hum Exp Toxicol. 2010;29:351–358.

689. Bulgaroni V, Lombardo P, Rivero-Osimani V, et al. En-
vironmental pesticide exposure modulates cytokines, ar-
ginase and ornithine decarboxylase expression in human
placenta. Reprod Toxicol. 2013;39:23–32.

690. Pathak R, Mustafa MD, Ahmed T, et al. Intra uterine
growth retardation: association with organochlorine pes-
ticide residue levels and oxidative stress markers. Reprod
Toxicol. 2011;31:534–539.

691. Bergonzi R, De Palma G, Specchia C, et al. Persistent
organochlorine compounds in fetal and maternal tissues:
evaluation of their potential influence on several indica-
tors of fetal growth and health. Sci Total Environ. 2011;
409:2888–2893.

692. Wojtyniak BJ, Rabczenko D, Jönsson BA, et al. Associ-
ation of maternal serum concentrations of 2,2�, 4,4�5,5�-
hexachlorobiphenyl (CB-153) and 1,1-dichloro-2,2-bis
(p-chlorophenyl)-ethylene (p,p’-DDE) levels with birth
weight, gestational age and preterm births in Inuit and
European populations. Environ Health. 2010;9:56.

693. Al-Saleh I, Al-Doush I, Alsabbaheen A, Mohamed Gel D,
Rabbah A. Levels of DDT and its metabolites in placenta,
maternal and cord blood and their potential influence on

neonatal anthropometric measures. Sci Total Environ.
2012;416:62–74.

694. Lemos AJ, Wanderley-Teixeira V, Teixeira AA, Silva Fd,
Oliveira JV, de Siqueira HÁ. Response of blastocyst-en-
dometrium interactions in albino rats to sublethal doses
of biological and synthetic insecticides. Food Chem Toxi-
col. 2011;49:2541–2547.

695. Padmanabhan V, Sarma HN, Savabieasfahani M, Steck-
ler TL, Veiga-Lopez A. Developmental reprogramming of
reproductive and metabolic dysfunction in sheep: native
steroids vs. environmental steroid receptor modulators.
Int J Androl. 2010;33:394–404.

696. Lam J, Koustas E, Sutton P, et al. The Navigation Guide-
evidence-based medicine meets environmental health: in-
tegration of animal and human evidence for PFOA effects
on fetal growth. Environ Health Perspect. 2014;122:
1040–1051.

697. Johnson PI, Sutton P, Atchley DS, et al. The Navigation
Guide-evidence-based medicine meets environmental
health: systematic review of human evidence for PFOA
effects on fetal growth. Environ Health Perspect. 2014;
122:1028–1039.

698. Koustas E, Lam J, Sutton P, et al. The Navigation Guide-
evidence-based medicine meets environmental health:
systematic review of nonhuman evidence for PFOA ef-
fects on fetal growth. Environ Health Perspect. 2014;
122:1015–1027.

699. Konishi K, Sasaki S, Kato S, et al. Prenatal exposure to
PCDDs/PCDFs and dioxin-like PCBs in relation to birth
weight. Environ Res. 2009;109:906–913.

700. Eskenazi B, Chevrier J, Rauch SA, et al. In utero and
childhood polybrominated diphenyl ether (PBDE) expo-
sures and neurodevelopment in the CHAMACOS Study.
Environ Health Perspect. 2013;121:257–262.

701. Tawara K, Nishijo M, Honda R, et al. Effects of maternal
dioxin exposure on newborn size at birth among Japanese
mother-infant pairs. Environ Health Prev Med. 2009;14:
88–95.

702. Vafeiadi M, Vrijheid M, Fthenou E, et al. Persistent or-
ganic pollutants exposure during pregnancy, maternal
gestational weight gain, and birth outcomes in the moth-
er-child cohort in Crete, Greece (RHEA study). Environ
Int. 2014;64:116–123.

703. Dallaire R, Dewailly É, Ayotte P, et al. Exposure to or-
ganochlorines and mercury through fish and marine
mammal consumption: associations with growth and du-
ration of gestation among Inuit newborns. Environ Int.
2013;54:85–91.

704. Govarts E, Nieuwenhuijsen M, Schoeters G, et al. Birth
weight and prenatal exposure to polychlorinated biphe-
nyls (PCBs) and dichlorodiphenyldichloroethylene
(DDE): a meta-analysis within 12 European birth co-
horts. Environ Health Perspect. 2012;120:162–170.

705. Wesselink A, Warner M, Samuels S, et al. Maternal dioxin
exposure and pregnancy outcomes over 30 years of fol-
low-up in Seveso. Environ Int. 2014;63:143–148.

706. Petroff BK, Valdez KE, Brown SB, Piasecka J, Albertini
DF. The aryl hydrocarbon receptor agonist 2,3,7,8-tet-
rachloro-dibenzo-p-dioxin (TCDD) alters early embry-
onic development in a rat IVF exposure model. Reprod
Toxicol. 2011;32:286–292.

doi: 10.1210/er.2015-1010 press.endocrine.org/journal/edrv E129

D
ow

nloaded from
 https://academ

ic.oup.com
/edrv/article/36/6/E1/2354691 by guest on 19 April 2023



707. Hotchkiss AK, Rider CV, Blystone CR, et al. Fifteen years
after “Wingspread”–environmental endocrine disrupters
and human and wildlife health: where we are today and
where we need to go. Toxicol Sci. 2008;105:235–259.

708. Carlsen E, Giwercman A, Keiding N, Skakkebaek NE.
Evidence for decreasing quality of semen during past 50
years. BMJ. 1992;305:609–613.

709. Sharpe RM, Skakkebaek NE. Are oestrogens involved in
falling sperm counts and disorders of the male reproduc-
tive tract? Lancet. 1993;341:1392–1395.

710. Toppari J, Larsen JC, Christiansen P, et al. Male repro-
ductive health and environmental xenoestrogens. Envi-
ron Health Perspect. 1996;104(suppl 4):741–803.

711. Fisher JS, Macpherson S, Marchetti N, Sharpe RM. Hu-
man ’testicular dysgenesis syndrome’: a possible model
using in-utero exposure of the rat to dibutyl phthalate.
Hum Reprod. 2003;18:1383–1394.

712. Scott HM, Hutchison GR, Jobling MS, McKinnell C,
Drake AJ, Sharpe RM. Relationship between androgen
action in the “male programming window,” fetal Sertoli
cell number, and adult testis size in the rat. Endocrinol-
ogy. 2008;149:5280–5287.

713. Dean A, Sharpe RM. Clinical review: anogenital distance
or digit length ratio as measures of fetal androgen expo-
sure: relationship to male reproductive development and
its disorders. J Clin Endocrinol Metab. 2013;98:2230–
2238.

714. Toppari J, Juul A. Trends in puberty timing in humans
and environmental modifiers. Mol Cell Endocrinol.
2010;324:39–44.

715. Skakkebaek NE, Rajpert-De Meyts E, Main KM. Testic-
ular dysgenesis syndrome: an increasingly common de-
velopmental disorder with environmental aspects. Hum
Reprod. 2001;16:972–978.

716. Dalgaard MD, Weinhold N, Edsgärd D, et al. A genome-
wide association study of men with symptoms of testic-
ular dysgenesis syndrome and its network biology inter-
pretation. J Med Genet. 2012;49:58–65.

717. Christiansen S, Kortenkamp A, Axelstad M, et al. Mix-
tures of endocrine disrupting contaminants modelled on
human high end exposures: an exploratory study in rats.
Int J Androl. 2012;35:303–316.

718. Christiansen S, Scholze M, Dalgaard M, et al. Synergistic
disruption of external male sex organ development by a
mixture of four antiandrogens. Environ Health Perspect.
2009;117:1839–1846.

719. Rider CV, Furr JR, Wilson VS, Gray LE Jr. Cumulative
effects of in utero administration of mixtures of repro-
ductive toxicants that disrupt common target tissues via
diverse mechanisms of toxicity. Int J Androl. 2010;33:
443–462.

720. Toppari J, Virtanen HE, Main KM, Skakkebaek NE.
Cryptorchidism and hypospadias as a sign of testicular
dysgenesis syndrome (TDS): environmental connection.
Birth Defects Res A Clin Mol Teratol. 2010;88:910–919.

721. Rocheleau CM, Romitti PA, Dennis LK. Pesticides and
hypospadias: a meta-analysis. J Pediatr Urol. 2009;5:17–
24.

722. Morales-Suárez-Varela MM, Toft GV, Jensen MS, et al.
Parental occupational exposure to endocrine disrupting
chemicals and male genital malformations: a study in the

Danish National Birth Cohort study. Environ Health.
2011;10:3.

723. Rocheleau CM, Romitti PA, Sanderson WT, et al. Ma-
ternal occupational pesticide exposure and risk of hypos-
padias in the National Birth Defects Prevention Study.
Birth Defects Res A Clin Mol Teratol. 2011;91:927–936.

724. Nassar N, Abeywardana P, Barker A, Bower C. Parental
occupational exposure to potential endocrine disrupting
chemicals and risk of hypospadias in infants. Occup En-
viron Med. 2010;67:585–589.

725. Giordano F, Abballe A, De Felip E, et al. Maternal ex-
posures to endocrine disrupting chemicals and hypospa-
dias in offspring. Birth Defects Res A Clin Mol Teratol.
2010;88:241–250.

726. Carmichael SL, Herring AH, Sjödin A, et al. Hypospadias
and halogenated organic pollutant levels in maternal mid-
pregnancy serum samples. Chemosphere. 2010;80:641–
646.

727. Longnecker MP, Klebanoff MA, Brock JW, et al. Mater-
nal serum level of 1,1-dichloro-2,2-bis(p-chlorophenyl-
)ethylene and risk of cryptorchidism, hypospadias, and
polythelia among male offspring. Am J Epidemiol. 2002;
155:313–322.

728. Pierik FH, Klebanoff MA, Brock JW, Longnecker MP.
Maternal pregnancy serum level of heptachlor epoxide,
hexachlorobenzene, and �-hexachlorocyclohexane and
risk of cryptorchidism in offspring. Environ Res. 2007;
105:364–369.

729. Trabert B, Longnecker MP, Brock JW, Klebanoff MA,
McGlynn KA. Maternal pregnancy levels of trans-nona-
chlor and oxychlordane and prevalence of cryptorchid-
ism and hypospadias in boys. Environ Health Perspect.
2012;120:478–482.

730. McGlynn KA, Guo X, Graubard BI, Brock JW, Klebanoff
MA, Longnecker MP. Maternal pregnancy levels of poly-
chlorinated biphenyls and risk of hypospadias and cryp-
torchidism in male offspring. Environ Health Perspect.
2009;117:1472–1476.

731. Bhatia R, Shiau R, Petreas M, Weintraub JM, Farhang L,
Eskenazi B. Organochlorine pesticides and male genital
anomalies in the child health and development studies.
Environ Health Perspect. 2005;113:220–224.

732. Small CM, DeCaro JJ, Terrell ML, et al. Maternal expo-
sure to a brominated flame retardant and genitourinary
conditions in male offspring. Environ Health Perspect.
2009;117:1175–1179.

733. Carmichael SL, Shaw GM, Nelson V, Selvin S, Torfs CP,
Curry CJ. Hypospadias in California: trends and descrip-
tive epidemiology. Epidemiology. 2003;14:701–706.

734. Hass U, Scholze M, Christiansen S, et al. Combined ex-
posure to anti-androgens exacerbates disruption of sex-
ual differentiation in the rat. Environ Health Perspect.
2007;115(suppl 1):122–128.

735. Axelstad M, Christiansen S, Boberg J, et al. Mixtures of
endocrine-disrupting contaminants induce adverse devel-
opmental effects in preweaning rats.Reproduction. 2014;
147:489–501.

736. Virtanen HE, Toppari J. Epidemiology and pathogenesis
of cryptorchidism. Hum Reprod Update. 2008;14:49–
58.

737. Acerini CL, Miles HL, Dunger DB, Ong KK, Hughes IA.

E130 Gore et al Second Scientific Statement on EDCs Endocrine Reviews

D
ow

nloaded from
 https://academ

ic.oup.com
/edrv/article/36/6/E1/2354691 by guest on 19 April 2023



The descriptive epidemiology of congenital and acquired
cryptorchidism in a UK infant cohort. Arch Dis Child.
2009;94:868–872.

738. Jensen MS, Toft G, Thulstrup AM, et al. Cryptorchidism
concordance in monozygotic and dizygotic twin brothers,
full brothers, and half-brothers. Fertil Steril. 2010;93:
124–129.

739. Boisen KA, Kaleva M, Main KM, et al. Difference in prev-
alence of congenital cryptorchidism in infants between
two Nordic countries. Lancet. 2004;363:1264–1269.

740. Damgaard IN, Jensen TK, Petersen JH, Skakkebaek NE,
Toppari J, Main KM. Cryptorchidism and maternal al-
cohol consumption during pregnancy. Environ Health
Perspect. 2007;115:272–277.

741. Virtanen HE, Tapanainen AE, Kaleva MM, et al. Mild
gestational diabetes as a risk factor for congenital cryp-
torchidism. J Clin Endocrinol Metab. 2006;91:4862–
4865.

742. Thorup J, Cortes D, Petersen BL. The incidence of bilat-
eral cryptorchidism is increased and the fertility potential
is reduced in sons born to mothers who have smoked
during pregnancy. J Urol. 2006;176:734–737.

743. Damgaard IN, Jensen TK, Petersen JH, Skakkebaek NE,
Toppari J, Main KM. Risk factors for congenital cryp-
torchidism in a prospective birth cohort study. PLoS One.
2008;3:e3051.

744. Kristensen DM, Hass U, Lesné L, et al. Intrauterine ex-
posure to mild analgesics is a risk factor for development
of male reproductive disorders in human and rat. Hum
Reprod. 2011;26:235–244.

745. Hosie S, Loff S, Witt K, Niessen K, Waag KL. Is there a
correlation between organochlorine compounds and un-
descended testes? Eur J Pediatr Surg. 2000;10:304–309.

746. Damgaard IN, Skakkebaek NE, Toppari J, et al. Persis-
tent pesticides in human breast milk and cryptorchidism.
Environ Health Perspect. 2006;114:1133–1138.

747. Fernandez MF, Olmos B, Granada A, et al. Human ex-
posure to endocrine-disrupting chemicals and prenatal
risk factors for cryptorchidism and hypospadias: a nested
case-control study. Environ Health Perspect. 2007;
115(suppl 1):8–14.

748. Krysiak-Baltyn K, Toppari J, Skakkebaek NE, et al. As-
sociation between chemical pattern in breast milk and
congenital cryptorchidism: modelling of complex human
exposures. Int J Androl. 2012;35:294–302.

749. Main KM, Kiviranta H, Virtanen HE, et al. Flame retar-
dants in placenta and breast milk and cryptorchidism in
newborn boys. Environ Health Perspect. 2007;115:
1519–1526.

750. Virtanen HE, Koskenniemi JJ, Sundqvist E, et al. Asso-
ciations between congenital cryptorchidism in newborn
boys and levels of dioxins and PCBs in placenta. Int J
Androl. 2012;35:283–293.

751. Rantakokko P, Main KM, Wohlfart-Veje C, et al. Asso-
ciation of placenta organotin concentrations with con-
genital cryptorchidism and reproductive hormone levels
in 280 newborn boys from Denmark and Finland. Hum
Reprod. 2013;28:1647–1660.

752. Vesterholm Jensen D, Christensen J, Virtanen HE, et al.
No association between exposure to perfluorinated com-
pounds and congenital cryptorchidism: a nested case-con-

trol study among 215 boys from Denmark and Finland.
Reproduction. 2014;147:411–417.

753. Brucker-Davis F, Wagner-Mahler K, Delattre I, et al.
Cryptorchidism at birth in Nice area (France) is associ-
ated with higher prenatal exposure to PCBs and DDE, as
assessed by colostrum concentrations. Hum Reprod.
2008;23:1708–1718.

754. Swan SH. Environmental phthalate exposure in relation
to reproductive outcomes and other health endpoints in
humans. Environ Res. 2008;108:177–184.

755. Main KM, Mortensen GK, Kaleva MM, et al. Human
breast milk contamination with phthalates and altera-
tions of endogenous reproductive hormones in infants
three months of age. Environ Health Perspect. 2006;114:
270–276.

756. Emmen JM, McLuskey A, Adham IM, et al. Involvement
of insulin-like factor 3 (Insl3) in diethylstilbestrol-in-
duced cryptorchidism. Endocrinology. 2000;141:846–
849.

757. Kortenkamp A, Scholze M, Ermler S. Mind the gap: can
we explain declining male reproductive health with
known antiandrogens? Reproduction. 2014;147:515–
527.

758. Rajpert-De Meyts E. Developmental model for the patho-
genesis of testicular carcinoma in situ: genetic and envi-
ronmental aspects. Hum Reprod Update. 2006;12:303–
323.

759. McGlynn KA, Devesa SS, Graubard BI, Castle PE. In-
creasing incidence of testicular germ cell tumors among
black men in the United States. J Clin Oncol. 2005;23:
5757–5761.

760. Purdue MP, Devesa SS, Sigurdson AJ, McGlynn KA. In-
ternational patterns and trends in testis cancer incidence.
Int J Cancer. 2005;115:822–827.

761. Hemminki K, Li X, Czene K. Cancer risks in first-gener-
ation immigrants to Sweden. Int J Cancer. 2002;99:218–
228.

762. Beranger R, Le Cornet C, Schuz J, Fervers B. Occupa-
tional and environmental exposures associated with tes-
ticular germ cell tumours: systematic review of prenatal
and life-long exposures. PLoS One. 2013;8:e77130.

763. Hardell L, Bavel B, Lindström G, Eriksson M, Carlberg
M. In utero exposure to persistent organic pollutants in
relation to testicular cancer risk. Int J Androl. 2006;29:
228–234.

764. Hardell L, van Bavel B, Lindström G, et al. Increased
concentrations of polychlorinated biphenyls, hexachlo-
robenzene, and chlordanes in mothers of men with tes-
ticular cancer. Environ Health Perspect. 2003;111:930–
934.

765. Hardell L, Van Bavel B, Lindström G, et al. Concentra-
tions of polychlorinated biphenyls in blood and the risk
for testicular cancer. Int J Androl. 2004;27:282–290.

766. Biggs ML, Davis MD, Eaton DL, et al. Serum organo-
chlorine pesticide residues and risk of testicular germ cell
carcinoma: a population-based case-control study. Can-
cer Epidemiol Biomarkers Prev. 2008;17:2012–2018.

767. Purdue MP, Engel LS, Langseth H, et al. Prediagnostic
serum concentrations of organochlorine compounds and
risk of testicular germ cell tumors. Environ Health Per-
spect. 2009;117:1514–1519.

doi: 10.1210/er.2015-1010 press.endocrine.org/journal/edrv E131

D
ow

nloaded from
 https://academ

ic.oup.com
/edrv/article/36/6/E1/2354691 by guest on 19 April 2023



768. Giannandrea F, Gandini L, Paoli D, Turci R, Figà-Tala-
manca I. Pesticide exposure and serum organochlorine
residuals among testicular cancer patients and healthy
controls. J Environ Sci Health B. 2011;46:780–787.

769. Cook MB, Trabert B, McGlynn KA. Organochlorine
compounds and testicular dysgenesis syndrome: human
data. Int J Androl. 2011;34:e68–e84; discussion e84–
e65.

770. Giannandrea F, Paoli D, Figà-Talamanca I, Lombardo F,
Lenzi A, Gandini L. Effect of endogenous and exogenous
hormones on testicular cancer: the epidemiological evi-
dence. Int J Dev Biol. 2013;57:255–263.

771. Sharpe RM, Skakkebaek NE. Testicular dysgenesis syn-
drome: mechanistic insights and potential new down-
stream effects. Fertil Steril. 2008;89:e33–e38.

772. Ravnborg TL, Jensen TK, Andersson AM, Toppari J,
Skakkebaek NE, Jørgensen N. Prenatal and adult expo-
sures to smoking are associated with adverse effects on
reproductive hormones, semen quality, final height and
body mass index. Hum Reprod. 2011;26:1000–1011.

773. Virtanen HE, Sadov S, Toppari J. Prenatal exposure to
smoking and male reproductive health. Curr Opin En-
docrinol Diabetes Obes. 2012;19:228–232.

774. Vested A, Giwercman A, Bonde JP, Toft G. Persistent
organic pollutants and male reproductive health. Asian J
Androl. 2014;16:71–80.

775. Haugen TB, Tefre T, Malm G, et al. Differences in serum
levels of CB-153 and p,p’-DDE, and reproductive param-
eters between men living south and north in Norway.
Reprod Toxicol. 2011;32:261–267.

776. Toft G, Rignell-Hydbom A, Tyrkiel E, et al. Semen qual-
ity and exposure to persistent organochlorine pollutants.
Epidemiology. 2006;17:450–458.

777. Dallinga JW, Moonen EJ, Dumoulin JC, Evers JL,
Geraedts JP, Kleinjans JC. Decreased human semen qual-
ity and organochlorine compounds in blood. Hum Re-
prod. 2002;17:1973–1979.

778. Hauser R, Singh NP, Chen Z, Pothier L, Altshul L. Lack
of an association between environmental exposure to
polychlorinated biphenyls and p,p’-DDE and DNA dam-
age in human sperm measured using the neutral comet
assay. Hum Reprod. 2003;18:2525–2533.

779. Rozati R, Reddy PP, Reddanna P, Mujtaba R. Role of
environmental estrogens in the deterioration of male fac-
tor fertility. Fertil Steril. 2002;78:1187–1194.

780. Bonde JP, Toft G, Rylander L, et al. Fertility and markers
of male reproductive function in Inuit and European pop-
ulations spanning large contrasts in blood levels of per-
sistent organochlorines. Environ Health Perspect. 2008;
116:269–277.

781. Rignell-Hydbom A, Rylander L, Giwercman A, Jönsson
BA, Nilsson-Ehle P, Hagmar L. Exposure to CB-153 and
p,p’-DDE and male reproductive function. Hum Reprod.
2004;19:2066–2075.

782. Richthoff J, Rylander L, Jönsson BA, et al. Serum levels of
2,2�,4,4�,5,5�-hexachlorobiphenyl (CB-153) in relation
to markers of reproductive function in young males from
the general Swedish population. Environ Health Per-
spect. 2003;111:409–413.

783. Hauser R, Chen Z, Pothier L, Ryan L, Altshul L. The
relationship between human semen parameters and en-

vironmental exposure to polychlorinated biphenyls and
p,p’-DDE. Environ Health Perspect. 2003;111:1505–
1511.

784. Stronati A, Manicardi GC, Cecati M, et al. Relationships
between sperm DNA fragmentation, sperm apoptotic
markers and serum levels of CB-153 and p,p’-DDE in
European and Inuit populations. Reproduction. 2006;
132:949–958.

785. Rignell-Hydbom A, Rylander L, Giwercman A, et al. Ex-
posure to PCBs and p,p’-DDE and human sperm chro-
matin integrity. Environ Health Perspect. 2005;113:175–
179.

786. Spanò M, Toft G, Hagmar L, et al. Exposure to PCB and
p, p’-DDE in European and Inuit populations: impact on
human sperm chromatin integrity. Hum Reprod. 2005;
20:3488–3499.

787. 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.

788. De Jager C, Farias P, Barraza-Villarreal A, et al. Reduced
seminal parameters associated with environmental DDT
exposure and p,p’-DDE concentrations in men in
Chiapas, Mexico: a cross-sectional study. J Androl. 2006;
27:16–27.

789. Guo YL, Hsu PC, Hsu CC, Lambert GH. Semen quality
after prenatal exposure to polychlorinated biphenyls and
dibenzofurans. Lancet. 2000;356:1240–1241.

790. Akutsu K, Takatori S, Nozawa S, et al. Polybrominated
diphenyl ethers in human serum and sperm quality. Bull
Environ Contam Toxicol. 2008;80:345–350.

791. Abdelouahab N, Ainmelk Y, Takser L. Polybrominated
diphenyl ethers and sperm quality. Reprod Toxicol.
2011;31:546–550.

792. Joensen UN, Veyrand B, Antignac JP, et al. PFOS (per-
fluorooctanesulfonate) in serum is negatively associated
with testosterone levels, but not with semen quality, in
healthy men. Hum Reprod. 2013;28:599–608.

793. Joensen UN, Bossi R, Leffers H, Jensen AA, Skakkebaek
NE, Jørgensen N. Do perfluoroalkyl compounds impair
human semen quality? Environ Health Perspect. 2009;
117:923–927.

794. Toft G, Jönsson BA, Lindh CH, et al. Exposure to per-
fluorinated compounds and human semen quality in Arc-
tic and European populations. Hum Reprod. 2012;27:
2532–2540.

795. Raymer JH, Michael LC, Studabaker WB, et al. Concen-
trations of perfluorooctane sulfonate (PFOS) and perfluo-
rooctanoate (PFOA) and their associations with human
semen quality measurements. Reprod Toxicol. 2012;33:
419–427.

796. Specht IO, Hougaard KS, Spanò M, et al. Sperm DNA
integrity in relation to exposure to environmental per-
fluoroalkyl substances - a study of spouses of pregnant
women in three geographical regions. Reprod Toxicol.
2012;33:577–583.

797. Vested A, Ramlau-Hansen CH, Olsen SF, et al. Associa-
tions of in utero exposure to perfluorinated alkyl acids
with human semen quality and reproductive hormones in
adult men. Environ Health Perspect. 2013;121:453–458.

E132 Gore et al Second Scientific Statement on EDCs Endocrine Reviews

D
ow

nloaded from
 https://academ

ic.oup.com
/edrv/article/36/6/E1/2354691 by guest on 19 April 2023



798. American Cancer Society. Cancer Facts & Figures 2014.
Atlanta, GA: American Cancer Society; 2014.

799. Jobling S, Bjerregaard P, Blumberg B, et al. Evidence for
endocrine disruption in humans and wildlife: endocrine
disruptors and hormone-related cancers. In: Bergman A,
Heindel JJ, Jobling S, Kidd KA, Zoeller RT, eds. State of
the Science of Endocrine Disrupting Chemicals – 2012.
Chapter 2.7. Geneva, Switzerland: World Health Orga-
nization; 2012:126–142.

800. Fenton SE. Endocrine-disrupting compounds and mam-
mary gland development: early exposure and later life
consequences. Endocrinology. 2006;147:S18–S24.

801. Rudel RA, Fenton SE, Ackerman JM, Euling SY, Makris
SL. Environmental exposures and mammary gland devel-
opment: state of the science, public health implications,
and research recommendations. Environ Health Per-
spect. 2011;119:1053–1061.

802. Russo J, Russo IH. Development of the human mammary
gland. In: Nevilel MC, Daniel CW, eds. The Mammary
Gland: Development, Regulation and Function. New
York: Plenum Press; 1987:67–93.

803. Russo IH, Russo J. Developmental stage of the rat mam-
mary gland as determinant of its susceptibility to 7,12-
dimethylbenz[a]anthracene. J Natl Cancer Inst. 1978;61:
1439–1449.

804. Russo J, Russo IH. Experimentally induced mammary
tumors in rats. Breast Cancer Res Treat. 1996;39:7–20.

805. Barkan D, Green JE, Chambers AF. Extracellular matrix:
a gatekeeper in the transition from dormancy to meta-
static growth. Eur J Cancer. 2010;46:1181–1188.

806. Van den Berg M, Birnbaum LS, Denison M, et al. The
2005 World Health Organization reevaluation of human
and mammalian toxic equivalency factors for dioxins and
dioxin-like compounds. Toxicol Sci. 2006;93:223–241.

807. Safe S, Wang F, Porter W, Duan R, McDougal A. Ah
receptor agonists as endocrine disruptors: antiestrogenic
activity and mechanisms. Toxicol Lett. 1998;102–103:
343–347.

808. Gray LE Jr, Ostby JS. In utero 2,3,7,8-tetrachlorod-
ibenzo-p-dioxin (TCDD) alters reproductive morphology
and function in female rat offspring. Toxicol Appl Phar-
macol. 1995;133:285–294.

809. Gray LE, Wolf C, Mann P, Ostby JS. In utero exposure to
low doses of 2,3,7,8-tetrachlorodibenzo-p-dioxin alters
reproductive development of female Long Evans hooded
rat offspring. Toxicol Appl Pharmacol. 1997;146:237–
244.

810. Brown NM, Manzolillo PA, Zhang JX, Wang J, Lamar-
tiniere CA. Prenatal TCDD and predisposition to mam-
mary cancer in the rat. Carcinogenesis. 1998;19:1623–
1629.

811. Chaffin CL, Peterson RE, Hutz RJ. In utero and lacta-
tional exposure of female Holtzman rats to 2,3,7,8-tet-
rachlorodibenzo-p-dioxin: modulation of the estrogen
signal. Biol Reprod. 1996;55:62–67.

812. Den Hond E, Roels HA, Hoppenbrouwers K, et al. Sexual
maturation in relation to polychlorinated aromatic hy-
drocarbons: Sharpe and Skakkebaek’s hypothesis revis-
ited. Environ Health Perspect. 2002;110:771–776.

813. Leijs MM, Koppe JG, Olie K, et al. Delayed initiation of
breast development in girls with higher prenatal dioxin

exposure; a longitudinal cohort study. Chemosphere.
2008;73:999–1004.

814. Bertazzi PA, Zocchetti C, Guercilena S, et al. Dioxin ex-
posure and cancer risk: a 15-year mortality study after the
“Seveso accident.” Epidemiology. 1997;8:646–652.

815. Bertazzi PA, Zocchetti C, Pesatori AC, Guercilena S,
Sanarico M, Radice L. Ten-year mortality study of the
population involved in the Seveso incident in 1976. Am J
Epidemiol. 1989;129:1187–1200.

816. Pesatori AC, Consonni D, Rubagotti M, Grillo P, Bertazzi
PA. Cancer incidence in the population exposed to dioxin
after the “Seveso accident”: twenty years of follow-up.
Environ Health. 2009;8:39.

817. Warner M, Eskenazi B, Mocarelli P, et al. Serum dioxin
concentrations and breast cancer risk in the Seveso Wom-
en’s Health Study. Environ Health Perspect. 2002;110:
625–628.

818. Revich B, Aksel E, Ushakova T, et al. Dioxin exposure
and public health in Chapaevsk, Russia. Chemosphere.
2001;43:951–966.

819. Fenton SE, Hamm JT, Birnbaum LS, Youngblood GL.
Persistent abnormalities in the rat mammary gland fol-
lowing gestational and lactational exposure to 2,3,7,8-
tetrachlorodibenzo-p-dioxin (TCDD). Toxicol Sci. 2002;
67:63–74.

820. Lewis BC, Hudgins S, Lewis A, et al. In utero and lacta-
tional treatment with 2,3,7,8-tetrachlorodibenzo-p-di-
oxin impairs mammary gland differentiation but does not
block the response to exogenous estrogen in the postpu-
bertal female rat. Toxicol Sci. 2001;62:46–53.

821. Desaulniers D, Leingartner K, Russo J, et al. Modulatory
effects of neonatal exposure to TCDD, or a mixture of
PCBs, p,p’-DDT, and p-p’-DDE, on methylnitrosourea-
induced mammary tumor development in the rat. Envi-
ron Health Perspect. 2001;109:739–747.

822. Karmaus W, Davis S, Fussman C, Brooks K. Maternal
concentration of dichlorodiphenyl dichloroethylene
(DDE) and initiation and duration of breast feeding. Pae-
diatr Perinat Epidemiol. 2005;19:388–398.

823. Rogan WJ, Gladen BC, McKinney JD, et al. Polychlori-
nated biphenyls (PCBs) and dichlorodiphenyl dichlo-
roethene (DDE) in human milk: effects on growth, mor-
bidity, and duration of lactation. Am J Public Health.
1987;77:1294–1297.

824. Gladen BC, Rogan WJ. DDE and shortened duration of
lactation in a northern Mexican town. Am J Public
Health. 1995;85:504–508.

825. Cupul-Uicab LA, Gladen BC, Hernández-Avila M, We-
ber JP, Longnecker MP. DDE, a degradation product of
DDT, and duration of lactation in a highly exposed area
of Mexico. Environ Health Perspect. 2008;116:179–
183.

826. Weldon RH, Webster M, Harley KG, et al. Serum per-
sistent organic pollutants and duration of lactation
among Mexican-American women. J Environ Public
Health. 2010;2010:861757.

827. Brody JG, Moysich KB, Humblet O, Attfield KR, Beehler
GP, Rudel RA. Environmental pollutants and breast can-
cer: epidemiologic studies. Cancer. 2007;109:2667–
2711.

828. Ingber SZ, Buser MC, Pohl HR, Abadin HG, Murray HE,

doi: 10.1210/er.2015-1010 press.endocrine.org/journal/edrv E133

D
ow

nloaded from
 https://academ

ic.oup.com
/edrv/article/36/6/E1/2354691 by guest on 19 April 2023



Scinicariello F. DDT/DDE and breast cancer: a meta-
analysis. Regul Toxicol Pharmacol. 2013;67:421–433.

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

830. White AJ, Teitelbaum SL, Wolff MS, Stellman SD, Neu-
gut AI, Gammon MD. Exposure to fogger trucks and
breast cancer incidence in the Long Island Breast Cancer
Study Project: a case-control study. Environ Health.
2013;12:24.

831. Boada LD, Zumbado M, Henríquez-Hernández LA, et al.
Complex organochlorine pesticide mixtures as determi-
nant factor for breast cancer risk: a population-based
case-control study in the Canary Islands (Spain). Environ
Health. 2012;11:28.

832. Brown NM, Lamartiniere CA. Xenoestrogens alter mam-
mary gland differentiation and cell proliferation in the rat.
Environ Health Perspect. 1995;103:708–713.

833. Kornbrust D, Gillis B, Collins B, Goehl T, Gupta B,
Schwetz B. Effects of 1,1-dichloro-2,2-bis[p-chlorophe-
nyl]ethylene (DDE) on lactation in rats. J Toxicol Environ
Health. 1986;17:23–36.

834. Johnson NA, Ho A, Cline JM, Hughes CL, Foster WG,
Davis VL. Accelerated mammary tumor onset in a HER2/
Neu mouse model exposed to DDT metabolites locally
delivered to the mammary gland. Environ Health Per-
spect. 2012;120:1170–1176.

835. Fielden MR, Fong CJ, Haslam SZ, Zacharewski TR. Nor-
mal mammary gland morphology in pubertal female mice
following in utero and lactational exposure to genistein at
levels comparable to human dietary exposure. Toxicol
Lett. 2002;133:181–191.

836. Hovey RC, Asai-Sato M, Warri A, et al. Effects of neo-
natal exposure to diethylstilbestrol, tamoxifen, and
toremifene on the BALB/c mouse mammary gland. Biol
Reprod. 2005;72:423–435.

837. Tomooka Y, Bern HA. Growth of mouse mammary
glands after neonatal sex hormone treatment. J Natl Can-
cer Inst. 1982;69:1347–1352.

838. Browning CB, Parrish DB, Fountaine FC. Effect of feed-
ing low levels of diethylstilbestrol on gestation and lac-
tation of rats. J Nutr. 1958;66:321–332.

839. Rothschild TC, Boylan ES, Calhoon RE, Vonderhaar BK.
Transplacental effects of diethylstilbestrol on mammary
development and tumorigenesis in female ACI rats. Can-
cer Res. 1987;47:4508–4516.

840. Kawaguchi H, Miyoshi N, Miyamoto Y, et al. Effects of
fetal exposure to diethylstilbestrol on mammary tumor-
igenesis in rats. J Vet Med Sci. 2009;71:1599–1608.

841. Ninomiya K, Kawaguchi H, Souda M, et al. Effects of
neonatally administered diethylstilbestrol on induction of
mammary carcinomas induced by 7, 12-dimethylben-
z(a)anthracene in female rats. Toxicol Pathol. 2007;35:
813–818.

842. Doherty LF, Bromer JG, Zhou Y, Aldad TS, Taylor HS.
In utero exposure to diethylstilbestrol (DES) or bisphe-
nol-A (BPA) increases EZH2 expression in the mammary
gland: an epigenetic mechanism linking endocrine disrup-
tors to breast cancer. Horm Cancer. 2010;1:146–155.

843. Lamartiniere CA, Holland, MB. Neonatal diethylstilbes-

trol prevents spontaneously developing mammary tu-
mors. In: Li JJ, Nandi S, Li SA, eds. Hormonal Carcino-
genesis. New York, NY: Springer-Verlag; 1992:305–308.

844. Olsen GW, Burris JM, Ehresman DJ. Half-life of serum
elimination of perfluorooctanesulfonate, perfluorohex-
anesulfonate, and perfluorooctanoate in retired fluoro-
chemical production workers. Environ Health Perspect.
2007;115:1298–1305.

845. Benninghoff AD, Bisson WH, Koch DC, Ehresman DJ,
Kolluri SK, Williams DE. Estrogen-like activity of per-
fluoroalkyl acids in vivo and interaction with human and
rainbow trout estrogen receptors in vitro. Toxicol Sci.
2011;120:42–58.

846. Henry ND, Fair PA. Comparison of in vitro cytotoxicity,
estrogenicity and anti-estrogenicity of triclosan, perfluo-
rooctane sulfonate and perfluorooctanoic acid. J Appl
Toxicol. 2013;33:265–272.

847. Knox SS, Jackson T, Javins B, Frisbee SJ, Shankar A,
Ducatman AM. Implications of early menopause in
women exposed to perfluorocarbons. J Clin Endocrinol
Metab. 2011;96:1747–1753.

848. Keane KA, Parker GA, Regan KS, et al. Scientific and
regulatory policy committee (SRPC) points to consider:
histopathology evaluation of the pubertal development
and thyroid function assay (OPPTS 890.1450, OPPTS
890.1500) in rats to screen for endocrine disruptors
[published online May 6, 2015]. Toxicol Pathol.
doi:10.1177/0192623315579943.

849. Bonefeld-Jorgensen EC, Long M, Bossi R, et al. Perfluo-
rinated compounds are related to breast cancer risk in
Greenlandic Inuit: a case control study. Environ Health.
2011;10:88.

850. Kale A, Deardorff J, Lahiff M, et al. Breastfeeding versus
formula-feeding and girls’ pubertal development. Matern
Child Health J. 2015;19:519–527.

851. White SS, Calafat AM, Kuklenyik Z, et al. Gestational
PFOA exposure of mice is associated with altered mam-
mary gland development in dams and female offspring.
Toxicol Sci. 2007;96:133–144.

852. Lau C, Thibodeaux JR, Hanson RG, et al. Effects of per-
fluorooctanoic acid exposure during pregnancy in the
mouse. Toxicol Sci. 2006;90:510–518.

853. White SS, Kato K, Jia LT, et al. Effects of perfluo-
rooctanoic acid on mouse mammary gland development
and differentiation resulting from cross-foster and re-
stricted gestational exposures. Reprod Toxicol. 2009;27:
289–298.

854. Provenzano PP, Inman DR, Eliceiri KW, et al. Collagen
density promotes mammary tumor initiation and pro-
gression. BMC Med. 2008;6:11.

855. White SS, Stanko JP, Kato K, Calafat AM, Hines EP,
Fenton SE. Gestational and chronic low-dose PFOA ex-
posures and mammary gland growth and differentiation
in three generations of CD-1 mice. Environ Health Per-
spect. 2011;119:1070–1076.

856. Macon MB, Villanueva LR, Tatum-Gibbs K, et al. Pre-
natal perfluorooctanoic acid exposure in CD-1 mice: low-
dose developmental effects and internal dosimetry. Toxi-
col Sci. 2011;122:134–145.

857. Zhao Y, Tan YS, Strynar MJ, Perez G, Haslam SZ, Yang
C. Perfluorooctanoic acid effects on ovaries mediate its

E134 Gore et al Second Scientific Statement on EDCs Endocrine Reviews

D
ow

nloaded from
 https://academ

ic.oup.com
/edrv/article/36/6/E1/2354691 by guest on 19 April 2023



inhibition of peripubertal mammary gland development
in Balb/c and C57Bl/6 mice. Reprod Toxicol. 2012;33:
563–576.

858. Albrecht PP, Torsell NE, Krishnan P, et al. A species dif-
ference in the peroxisome proliferator-activated receptor
�-dependent response to the developmental effects of per-
fluorooctanoic acid. Toxicol Sci. 2013;131:568–582.

859. Sengupta S, Obiorah I, Maximov PY, Curpan R, Jordan
VC. Molecular mechanism of action of bisphenol and
bisphenol A mediated by oestrogen receptor � in growth
and apoptosis of breast cancer cells. Br J Pharmacol.
2013;169:167–178.

860. Pupo M, Pisano A, Lappano R, et al. Bisphenol A induces
gene expression changes and proliferative effects through
GPER in breast cancer cells and cancer-associated fibro-
blasts. Environ Health Perspect. 2012;120:1177–1182.

861. Takayanagi S, Tokunaga T, Liu X, Okada H, Matsu-
shima A, Shimohigashi Y. Endocrine disruptor bisphenol
A strongly binds to human estrogen-related receptor �
(ERR�) with high constitutive activity. Toxicol Lett.
2006;167:95–105.

862. Krishnan AV, Stathis P, Permuth SF, Tokes L, Feldman D.
Bisphenol-A: an estrogenic substance is released from
polycarbonate flasks during autoclaving. Endocrinology.
1993;132:2279–2286.

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

864. Markey CM, Luque EH, Munoz De Toro M, Sonnens-
chein C, Soto AM. In utero exposure to bisphenol A alters
the development and tissue organization of the mouse
mammary gland. Biol Reprod. 2001;65:1215–1223.

865. Muñoz-de-Toro M, Markey CM, Wadia PR, Luque EH,
Rubin BS, Sonnenschein C, Soto AM. Perinatal exposure
to bisphenol-A alters peripubertal mammary gland de-
velopment in mice. Endocrinology. 2005;146:4138–
4147.

866. Acevedo N, Davis B, Schaeberle CM, Sonnenschein C,
Soto AM. Perinatally administered bisphenol A as a po-
tential mammary gland carcinogen in rats. Environ
Health Perspect. 2013;121:1040–1046.

867. Jenkins S, Raghuraman N, Eltoum I, Carpenter M, Russo
J, Lamartiniere CA. Oral exposure to bisphenol A in-
creases dimethylbenzanthracene-induced mammary can-
cer in rats. Environ Health Perspect. 2009;117:910–915.

868. Weber Lozada K, Keri RA. Bisphenol A increases mam-
mary cancer risk in two distinct mouse models of breast
cancer. Biol Reprod. 2011;85:490–497.

869. Vandenberg LN, Schaeberle CM, Rubin BS, Sonnens-
chein C, Soto AM. The male mammary gland: a target for
the xenoestrogen bisphenol A. Reprod Toxicol. 2013;37:
15–23.

870. Kass L, Durando M, Altamirano GA, Manfroni-Ghi-
baudo GE, Luque EH, Muñoz-de-Toro M. Prenatal bis-
phenol A exposure delays the development of the male rat
mammary gland. Reprod Toxicol. 2015;54:37–46.

871. Tharp AP, Maffini MV, Hunt PA, VandeVoort CA, Son-
nenschein C, Soto AM. Bisphenol A alters the develop-
ment of the rhesus monkey mammary gland. Proc Natl
Acad Sci USA. 2012;109:8190–8195.

872. Colón I, Caro D, Bourdony CJ, Rosario O. Identification
of phthalate esters in the serum of young Puerto Rican

girls with premature breast development. Environ Health
Perspect. 2000;108:895–900.

873. López-Carrillo L, Hernández-Ramírez RU, Calafat AM,
et al. Exposure to phthalates and breast cancer risk in
northern Mexico. Environ Health Perspect. 2010;118:
539–544.

874. Jobling S, Reynolds T, White R, Parker MG, Sumpter JP.
A variety of environmentally persistent chemicals, includ-
ing some phthalate plasticizers, are weakly estrogenic.
Environ Health Perspect. 1995;103:582–587.

875. Marsman D. NTP technical report on the toxicity studies
of dibutyl phthalate (CAS no. 84-74-2) administered in
feed to F344/N rats and B6C3F1 mice. Toxic Rep Ser.
1995;30:1-G5.

876. Lee KY, Shibutani M, Takagi H, et al. Diverse develop-
mental toxicity of di-n-butyl phthalate in both sexes of rat
offspring after maternal exposure during the period from
late gestation through lactation. Toxicology. 2004;203:
221–238.

877. Moral R, Santucci-Pereira J, Wang R, Russo IH, Lamar-
tiniere CA, Russo J. In utero exposure to butyl benzyl
phthalate induces modifications in the morphology and
the gene expression profile of the mammary gland: an
experimental study in rats. Environ Health. 2011;10:5.

878. Moral R, Wang R, Russo IH, Mailo DA, Lamartiniere
CA, Russo J. The plasticizer butyl benzyl phthalate in-
duces genomic changes in rat mammary gland after neo-
natal/prepubertal exposure. BMC Genom. 2007;8:453.

879. Kettles MK, Browning SR, Prince TS, Horstman SW. Tri-
azine herbicide exposure and breast cancer incidence: an
ecologic study of Kentucky counties. Environ Health Per-
spect. 1997;105:1222–1227.

880. Muir K, Rattanamongkolgul S, Smallman-Raynor M,
Thomas M, Downer S, Jenkinson C. Breast cancer inci-
dence and its possible spatial association with pesticide
application in two counties of England. Public Health.
2004;118:513–520.

881. Hopenhayn-Rich C, Stump ML, Browning SR. Regional
assessment of atrazine exposure and incidence of breast
and ovarian cancers in Kentucky. Arch Environ Contam
Toxicol. 2002;42:127–136.

882. McElroy JA, Gangnon RE, Newcomb PA, et al. Risk of
breast cancer for women living in rural areas from adult
exposure to atrazine from well water in Wisconsin. J
Expo Sci Environ Epidemiol. 2007;17:207–214.

883. Rayner JL, Wood C, Fenton SE. Exposure parameters
necessary for delayed puberty and mammary gland de-
velopment in Long-Evans rats exposed in utero to atra-
zine. Toxicol Appl Pharmacol. 2004;195:23–34.

884. Enoch RR, Stanko JP, Greiner SN, Youngblood GL,
Rayner JL, Fenton SE. Mammary gland development as a
sensitive end point after acute prenatal exposure to an
atrazine metabolite mixture in female Long-Evans rats.
Environ Health Perspect. 2007;115:541–547.

885. Hovey RC, Coder PS, Wolf JC, Sielken RL Jr, Tisdel MO,
Breckenridge CB. Quantitative assessment of mammary
gland development in female Long Evans rats following in
utero exposure to atrazine. Toxicol Sci. 2011;119:380–
390.

886. Gammon DW, Aldous CN, Carr WC Jr, Sanborn JR,
Pfeifer KF. A risk assessment of atrazine use in California:

doi: 10.1210/er.2015-1010 press.endocrine.org/journal/edrv E135

D
ow

nloaded from
 https://academ

ic.oup.com
/edrv/article/36/6/E1/2354691 by guest on 19 April 2023



human health and ecological aspects. Pest Manag Sci.
2005;61:331–355.

887. Eldridge JC, Wetzel LT, Stevens JT, Simpkins JW. The
mammary tumor response in triazine-treated female rats:
a threshold-mediated interaction with strain and species-
specific reproductive senescence. Steroids. 1999;64:672–
678.

888. Wetzel LT, Luempert LG 3rd, Breckenridge CB, et al.
Chronic effects of atrazine on estrus and mammary tumor
formation in female Sprague-Dawley and Fischer 344
rats. J Toxicol Environ Health. 1994;43:169–182.

889. Fukamachi K, Han BS, Kim CK, et al. Possible enhancing
effects of atrazine and nonylphenol on 7,12-dimethylben-
z[a]anthracene-induced mammary tumor development in
human c-Ha-ras proto-oncogene transgenic rats. Cancer
Sci. 2004;95:404–410.

890. Di Cristofano A, Ellenson LH. Endometrial carcinoma.
Annu Rev Pathol. 2007;2:57–85.

891. Allen NE, Key TJ, Dossus L, et al. Endogenous sex hor-
mones and endometrial cancer risk in women in the Eu-
ropean Prospective Investigation into Cancer and Nutri-
tion (EPIC). Endocr Relat Cancer. 2008;15:485–497.

892. Sturgeon SR, Brock JW, Potischman N, et al. Serum con-
centrations of organochlorine compounds and endome-
trial cancer risk (United States). Cancer Causes Control.
1998;9:417–424.

893. Kogevinas M, Becher H, Benn T, et al. Cancer mortality
in workers exposed to phenoxy herbicides, chlorophe-
nols, and dioxins. An expanded and updated interna-
tional cohort study. Am J Epidemiol. 1997;145:1061–
1075.

894. Hiroi H, Tsutsumi O, Takeuchi T, et al. Differences in
serum bisphenol A concentrations in premenopausal nor-
mal women and women with endometrial hyperplasia.
Endocr J. 2004;51:595–600.

895. Gibson DA, Saunders PT. Endocrine disruption of oes-
trogen action and female reproductive tract cancers. En-
docr Relat Cancer. 2014;21:T13–T31.

896. Hall JM, Korach KS. Endocrine disrupting chemicals pro-
mote the growth of ovarian cancer cells via the ER-
CXCL12-CXCR4 signaling axis. Mol Carcinog. 2013;
52:715–725.

897. Beral V, Million Women Study Collaborators, Bull D,
Green J, Reeves G. Ovarian cancer and hormone replace-
ment therapy in the Million Women Study. Lancet. 2007;
369:1703–1710.

898. Halon A, Materna V, Drag-Zalesinska M, et al. Estrogen
receptor � expression in ovarian cancer predicts longer
overall survival. Pathol Oncol Res. 2011;17:511–518.

899. Donna A, Crosignani P, Robutti F, et al. Triazine herbi-
cides and ovarian epithelial neoplasms. Scand J Work
Environ Health. 1989;15:47–53.

900. Young HA, Mills PK, Riordan DG, Cress RD. Triazine
herbicides and epithelial ovarian cancer risk in central
California. J Occup Environ Med. 2005;47:1148–1156.

901. Alavanja MC, Sandler DP, Lynch CF, et al. Cancer inci-
dence in the Agricultural Health Study. Scand J Work
Environ Health. 2005;31(suppl 1):39–45; discussion
35–37.

902. Vieira VM, Hoffman K, Shin HM, Weinberg JM, Webster
TF, Fletcher T. Perfluorooctanoic acid exposure and can-

cer outcomes in a contaminated community: a geographic
analysis. Environ Health Perspect. 2013;121:318–323.

903. Davis BJ, Mccurdy EA, Miller BD, Lucier GW, Tritscher
AM. Ovarian tumors in rats induced by chronic 2,3,7,8-
tetrachlorodibenzo-p-dioxin treatment. Cancer Res.
2000;60:5414–5419.

904. Cook JD, Davis BJ, Cai SL, Barrett JC, Conti CJ, Walker
CL. Interaction between genetic susceptibility and early-
life environmental exposure determines tumor-suppres-
sor-gene penetrance. Proc Natl Acad Sci USA. 2005;102:
8644–8649.

905. Cook JD, Davis BJ, Goewey JA, Berry TD, Walker CL.
Identification of a sensitive period for developmental pro-
gramming that increases risk for uterine leiomyoma in
Eker rats. Reprod Sci. 2007;14:121–136.

906. Kabbarah O, Sotelo AK, Mallon MA, et al. Diethylstil-
bestrol effects and lymphomagenesis in Mlh1-deficient
mice. Int J Cancer. 2005;115:666–669.

907. White SS, Fenton SE, Hines EP. Endocrine disrupting
properties of perfluorooctanoic acid. J Steroid Biochem
Mol Biol. 2011;127:16–26.

908. Paulose T, Speroni L, Sonnenschein C, Soto AM. Estro-
gens in the wrong place at the wrong time: fetal BPA
exposure and mammary cancer. Reprod Toxicol. 2015;
54:58–65.

909. Prins GS, Lindgren M. Accessory sex glands in the male.
In: Plant TM, Zeleznik AJ, eds. Physiology of Reproduc-
tion, Fourth Edition. Elsevier; 2015:773–804.

910. Goffin V, Hoang DT, Bogorad RL, Nevalainen MT. Pro-
lactin regulation of the prostate gland: a female player in
a male game. Nat Rev Urol. 2011;8:597–607.

911. Reiter E, Kecha O, Hennuy B, et al. Growth hormone
directly affects the function of the different lobes of the rat
prostate. Endocrinology. 1995;136:3338–3345.

912. Colao A, Marzullo P, Spiezia S, et al. Effect of growth
hormone (GH) and insulin-like growth factor I on pros-
tate diseases: an ultrasonographic and endocrine study in
acromegaly, GH deficiency, and healthy subjects. J Clin
Endocrinol Metab. 1999;84:1986–1991.

913. Chen Y, Sawyers CL, Scher HI. Targeting the androgen
receptor pathway in prostate cancer. Curr Opin Pharma-
col. 2008;8:440–448.

914. Knudsen KE, Kelly WK. Outsmarting androgen receptor:
creative approaches for targeting aberrant androgen sig-
naling in advanced prostate cancer. Expert Rev Endocri-
nol Metab. 2011;6:483–493.

915. Green SM, Mostaghel EA, Nelson PS. Androgen action
and metabolism in prostate cancer. Mol Cell Endocrinol.
2012;360:3–13.

916. Bosland MC. The role of estrogens in prostate carcino-
genesis: a rationale for chemoprevention. Rev Urol. 2005;
7:S4–S10.

917. Wang Y, Sudilovsky D, Zhang B, et al. A human prostatic
epithelial model of hormonal carcinogenesis. Cancer Res.
2001;61:6064–6072.

918. Hu WY, Shi GB, Lam HM, et al. Estrogen-initiated trans-
formation of prostate epithelium derived from normal
human prostate stem-progenitor cells. Endocrinology.
2011;152:2150–2163.

919. Coffey DS, Walsh PC. Clinical and experimental studies

E136 Gore et al Second Scientific Statement on EDCs Endocrine Reviews

D
ow

nloaded from
 https://academ

ic.oup.com
/edrv/article/36/6/E1/2354691 by guest on 19 April 2023



of benign prostatic hyperplasia. Urol Clin North Am.
1990;17:461–475.

920. Prins GS, Hu WY. Prostate stem cells, hormones and de-
velopment; In: Cramer SD, ed. Stem Cells and Prostate
Cancer. Vol VII. New York, NY: Springer LLC; 2013:1–
20.

921. Driscoll SG, Taylor SH. Effects of prenatal maternal es-
trogen on the male urogenital system. Obstet Gynecol.
1980;56:537–542.

922. Palmer JR, Herbst AL, Noller KL, et al. Urogenital ab-
normalities in men exposed to diethylstilbestrol in utero:
a cohort study. Environ Health. 2009;8:37.

923. Bostwick DG, Norlén BJ, Denis L. Prostatic intraepithe-
lial neoplasia: the preinvasive stage of prostate cancer.
Overview of the prostate committee report. Scand J Urol
Nephrol Suppl. 2000;205:1–2.

924. Alavanja MC, Samanic C, Dosemeci M, et al. Use of ag-
ricultural pesticides and prostate cancer risk in the Agri-
cultural Health Study cohort. Am J Epidemiol. 2003;157:
800–814.

925. Barry KH, Koutros S, Lubin JH, et al. Methyl bromide
exposure and cancer risk in the Agricultural Health Study.
Cancer Causes Control. 2012;23:807–818.

926. Koutros S, Beane Freeman LE, Lubin JH, et al. Risk of
total and aggressive prostate cancer and pesticide use in
the Agricultural Health Study. Am J Epidemiol. 2013;
177:59–74.

927. Christensen CH, Platz EA, Andreotti G, et al. Coumaphos
exposure and incident cancer among male participants in
the Agricultural Health Study (AHS). Environ Health
Perspect. 2010;118:92–96.

928. Koutros S, Berndt SI, Hughes Barry K, et al. Genetic sus-
ceptibility loci, pesticide exposure and prostate cancer
risk. PLoS One. 2013;8:e58195.

929. Usmani KA, Cho TM, Rose RL, Hodgson E. Inhibition of
the human liver microsomal and human cytochrome
P450 1A2 and 3A4 metabolism of estradiol by deploy-
ment-related and other chemicals. Drug Metab Dispos.
2006;34:1606–1614.

930. Usmani KA, Rose RL, Hodgson E. Inhibition and acti-
vation of the human liver microsomal and human cyto-
chrome P450 3A4 metabolism of testosterone by deploy-
ment-related chemicals. Drug Metab Dispos. 2003;31:
384–391.

931. Uzun FG, Kalender S, Durak D, Demir F, Kalender Y.
Malathion-induced testicular toxicity in male rats and the
protective effect of vitamins C and E. Food Chem Toxicol.
2009;47:1903–1908.

932. Laville N, Balaguer P, Brion F, et al. Modulation of aro-
matase activity and mRNA by various selected pesticides
in the human choriocarcinoma JEG-3 cell line. Toxicol-
ogy. 2006;228:98–108.

933. Band PR, Abanto Z, Bert J, et al. Prostate cancer risk and
exposure to pesticides in British Columbia farmers. Pros-
tate. 2011;71:168–183.

934. Cockburn M, Mills P, Zhang X, Zadnick J, Goldberg D,
Ritz B. Prostate cancer and ambient pesticide exposure in
agriculturally intensive areas in California. Am J Epide-
miol. 2011;173:1280–1288.

935. Xu X, Dailey AB, Talbott EO, Ilacqua VA, Kearney G,
Asal NR. Associations of serum concentrations of or-

ganochlorine pesticides with breast cancer and prostate
cancer in U.S. adults. Environ Health Perspect. 2010;118:
60–66.

936. Barry KH, Koutros S, Andreotti G, et al. Genetic variation
in nucleotide excision repair pathway genes, pesticide ex-
posure and prostate cancer risk. Carcinogenesis. 2012;
33:331–337.

937. Barry KH, Koutros S, Berndt SI, et al. Genetic variation
in base excision repair pathway genes, pesticide exposure,
and prostate cancer risk. Environ Health Perspect. 2011;
119:1726–1732.

938. Quignot N, Desmots S, Barouki R, Lemazurier E. A com-
parison of two human cell lines and two rat gonadal cell
primary cultures as in vitro screening tools for aromatase
modulation. Toxicol In Vitro. 2012;26:107–118.

939. Koutros S, Andreotti G, Berndt SI, et al. Xenobiotic-me-
tabolizing gene variants, pesticide use, and the risk of
prostate cancer. Pharmacogenet Genomics. 2011;21:
615–623.

940. Bonner MR, Williams BA, Rusiecki JA, et al. Occupa-
tional exposure to terbufos and the incidence of cancer in
the Agricultural Health Study. Cancer Causes Control.
2010;21:871–877.

941. Karami S, Andreotti G, Koutros S, et al. Pesticide expo-
sure and inherited variants in vitamin D pathway genes in
relation to prostate cancer. Cancer Epidemiol Biomark-
ers Prev. 2013;22:1557–1566.

942. Krishnan AV, Peehl DM, Feldman D. The role of vitamin
D in prostate cancer. Recent Results Cancer Res. 2003;
164:205–221.

943. Koutros S, Beane Freeman LE, Berndt SI, et al. Pesticide
use modifies the association between genetic variants on
chromosome 8q24 and prostate cancer. Cancer Res.
2010;70:9224–9233.

944. Institute of Medicine. Veterans and Agent Orange: Up-
date 2012. Washington DC: The National Academy of
Sciences; 2014.

945. Akhtar FZ, Garabrant DH, Ketchum NS, Michalek JE.
Cancer in US Air Force veterans of the Vietnam War. J
Occup Environ Med. 2004;46:123–136.

946. Chamie K, DeVere White RW, Lee D, Ok JH, Ellison LM.
Agent Orange exposure, Vietnam War veterans, and the
risk of prostate cancer. Cancer. 2008;113:2464–2470.

947. Ansbaugh N, Shannon J, Mori M, Farris PE, Garzotto M.
Agent Orange as a risk factor for high-grade prostate can-
cer. Cancer. 2013;119:2399–2404.

948. Shah SR, Freedland SJ, Aronson WJ, et al. Exposure to
Agent Orange is a significant predictor of prostate-spe-
cific antigen (PSA)-based recurrence and a rapid PSA dou-
bling time after radical prostatectomy. BJU Int. 2009;
103:1168–1172.

949. Leng L, Chen X, Li CP, Luo XY, Tang NJ. 2,3,7,8-Tet-
rachlorodibezo-p-dioxin exposure and prostate cancer: a
meta-analysis of cohort studies. Public Health. 2014;128:
207–213.

950. Shen ES, Whitlock JP Jr. Protein-DNA interactions at a
dioxin-responsive enhancer. Mutational analysis of the
DNA-binding site for the liganded Ah receptor. J Biol
Chem. 1992;267:6815–6819.

951. Probst MR, Reisz-Porszasz S, Agbunag RV, Ong MS,
Hankinson O. Role of the aryl hydrocarbon receptor nu-

doi: 10.1210/er.2015-1010 press.endocrine.org/journal/edrv E137

D
ow

nloaded from
 https://academ

ic.oup.com
/edrv/article/36/6/E1/2354691 by guest on 19 April 2023



clear translocator protein in aryl hydrocarbon (dioxin)
receptor action. Mol Pharmacol. 1993;44:511–518.

952. Puga A, Ma C, Marlowe JL. The aryl hydrocarbon re-
ceptor cross-talks with multiple signal transduction path-
ways. Biochem Pharmacol. 2009;77:713–722.

953. Matsumura F. The significance of the nongenomic path-
way in mediating inflammatory signaling of the dioxin-
activated Ah receptor to cause toxic effects. Biochem
Pharmacol. 2009;77:608–626.

954. Hu WY, Shi GB, Hu DP, Nelles JL, Prins GS. Actions of
estrogens and endocrine disrupting chemicals on human
prostate stem/progenitor cells and prostate cancer risk.
Mol Cell Endocrinol. 2012;354:63–73.

955. Kollara A, Brown TJ. Four and a half LIM domain 2 alters
the impact of aryl hydrocarbon receptor on androgen re-
ceptor transcriptional activity. J Steroid Biochem Mol
Biol. 2010;118:51–58.

956. Vezina CM, Lin TM, Peterson RE. AHR signaling in
prostate growth, morphogenesis, and disease. Biochem
Pharmacol. 2009;77:566–576.

957. Seachrist DD, Bonk KW, Ho SM, et al. A review of the
carcinogenic potential of bisphenol A. Reprod Toxicol.
2015; In Press.

958. Tarapore P, Ying J, Ouyang B, Burke B, Bracken B, Ho
SM. Exposure to bisphenol A correlates with early-onset
prostate cancer and promotes centrosome amplification
and anchorage-independent growth in vitro. PLoS One.
2014;9:e90332.

959. Prins GS, Ye SH, Birch L, Ho SM, Kannan K. Serum
bisphenol A pharmacokinetics and prostate neoplastic re-
sponses following oral and subcutaneous exposures in
neonatal Sprague-Dawley rats. Reprod Toxicol. 2011;
31:1–9.

960. Prins GS, Hu WY, Shi GB, et al. Bisphenol A promotes
human prostate stem-progenitor cell self-renewal and in-
creases in vivo carcinogenesis in human prostate epithe-
lium. Endocrinology. 2014;155:805–817.

961. Ho SM, Cheong A, Lam HM, et al. Exposure of human
prostaspheres to bisphenol A epigenetically regulates
SNORD family non-coding RNAs via histone modifica-
tion. Endocrinology. 2015;156:3984–3995.

962. Calderon-Gierszal E, Prins GS. Directed differentiation of
human embryonic stem cells into prostate organoids in
vitro and its perturbation by low-dose bisphenol A ex-
posure. PLoS One. 2015;10:e0133238.

963. Tomasetti C, Vogelstein B. Cancer etiology. Variation in
cancer risk among tissues can be explained by the number
of stem cell divisions. Science. 2015;347:78–81.

964. Wetherill YB, Hess-Wilson JK, Comstock CE, et al. Bis-
phenol A facilitates bypass of androgen ablation therapy
in prostate cancer. Mol Cancer Ther. 2006;5:3181–3190.

965. Wetherill YB, Akingbemi BT, Kanno J, et al. In vitro
molecular mechanisms of bisphenol A action. Reprod
Toxicol. 2007;24:178–198.

966. Derouiche S, Warnier M, Mariot P, et al. Bisphenol A
stimulates human prostate cancer cell migration via re-
modelling of calcium signalling. Springerplus. 2013;2:54.

967. De Flora S, Micale RT, La Maestra S, et al. Upregulation
of clusterin in prostate and DNA damage in spermatozoa
from bisphenol A-treated rats and formation of DNA ad-

ducts in cultured human prostatic cells. Toxicol Sci. 2011;
122:45–51.

968. Wong RL, Wang Q, Treviño LS, et al. Identification of
secretaglobin Scgb2a1 as a target for developmental re-
programming by BPA in the rat prostate. Epigenetics.
2015;10:127–134.

969. Brandt JZ, Silveira LT, Grassi TF, et al. Indole-3-carbinol
attenuates the deleterious gestational effects of bisphenol
A exposure on the prostate gland of male F1 rats. Reprod
Toxicol. 2014;43:56–66.

970. Prins GS, Birch L, Couse JF, Choi I, Katzenellenbogen B,
Korach KS. Estrogen imprinting of the developing pros-
tate gland is mediated through stromal estrogen receptor
�: studies with �ERKO and �ERKO mice. Cancer Res.
2001;61:6089–6097.

971. Richter CA, Taylor JA, Ruhlen RL, Welshons WV, Vom
Saal FS. Estradiol and bisphenol A stimulate androgen
receptor and estrogen receptor gene expression in fetal
mouse prostate mesenchyme cells. Environ Health Per-
spect. 2007;115:902–908.

972. Arase S, Ishii K, Igarashi K, et al. Endocrine disrupter
bisphenol A increases in situ estrogen production in the
mouse urogenital sinus. Biol Reprod. 2011;84:734–742.

973. Selvakumar K, Sheerin Banu L, Krishnamoorthy G, Ven-
kataraman P, Elumalai P, Arunakaran J. Differential ex-
pression of androgen and estrogen receptors in PCB (Aro-
clor 1254)-exposed rat ventral prostate: impact of alpha-
tocopherol. Exp Toxicol Pathol. 2011; 63:105–112.

974. Castro B, Sánchez P, Torres JM, Preda O, del Moral RG,
Ortega E. Bisphenol A exposure during adulthood alters
expression of aromatase and 5�-reductase isozymes in rat
prostate. PLoS One. 2013;8:e55905.

975. Ruder AM, Hein MJ, Hopf NB, Waters MA. Mortality
among 24,865 workers exposed to polychlorinated bi-
phenyls (PCBs) in three electrical capacitor manufactur-
ing plants: a ten-year update. Int J Hyg Environ Health.
2014;217:176–187.

976. Sawada N, Iwasaki M, Inoue M, et al. Plasma organo-
chlorines and subsequent risk of prostate cancer in Jap-
anese men: a nested case-control study. Environ Health
Perspect. 2010;118:659–665.

977. Aronson KJ, Wilson JW, Hamel M, et al. Plasma organo-
chlorine levels and prostate cancer risk. J Expo Sci Envi-
ron Epidemiol. 2010;20:434–445.

978. Endo F, Monsees TK, Akaza H, Schill WB, Pflieger-Bruss
S. Effects of single non-ortho, mono-ortho, and di-ortho
chlorinated biphenyls on cell functions and proliferation
of the human prostatic carcinoma cell line, LNCaP. Re-
prod Toxicol. 2003;17:229–236.

979. Zhu Y, Mapuskar KA, Marek RF, et al. A new player in
environmentally induced oxidative stress: polychlori-
nated biphenyl congener, 3,3�-dichlorobiphenyl
(PCB11). Toxicol Sci. 2013;136:39–50.

980. Zhu Y, Kalen AL, Li L, et al. Polychlorinated-biphenyl-
induced oxidative stress and cytotoxicity can be mitigated
by antioxidants after exposure. Free Radic Biol Med.
2009;47:1762–1771.

981. Cowin PA, Gold E, Aleksova J, et al. Vinclozolin exposure
in utero induces postpubertal prostatitis and reduces
sperm production via a reversible hormone-regulated
mechanism. Endocrinology. 2010;151:783–792.

E138 Gore et al Second Scientific Statement on EDCs Endocrine Reviews

D
ow

nloaded from
 https://academ

ic.oup.com
/edrv/article/36/6/E1/2354691 by guest on 19 April 2023



982. Kavlock R, Cummings A. Mode of action: inhibition of
androgen receptor function–vinclozolin-induced malfor-
mations in reproductive development. Crit Rev Toxicol.
2005;35:721–726.

983. Yu WJ, Lee BJ, Nam SY, et al. Reproductive disorders in
pubertal and adult phase of the male rats exposed to vin-
clozolin during puberty. J Vet Med Sci. 2004;66:847–
853.

984. Cowin PA, Foster P, Pedersen J, Hedwards S, McPherson
SJ, Risbridger GP. Early-onset endocrine disruptor-in-
duced prostatitis in the rat. Environ Health Perspect.
2008;116:923–929.

985. Doolan G, Benke G, Giles G. An update on occupation
and prostate cancer. Asian Pac J Cancer Prev. 2014;15:
501–516.

986. Yang CY, Chang CC, Chiu HF. Does arsenic exposure
increase the risk for prostate cancer? J Toxicol Environ
Health A. 2008;71:1559–1563.

987. Davey JC, Bodwell JE, Gosse JA, Hamilton J. Arsenic as
an endocrine disruptor: effects of arsenic on estrogen re-
ceptor-mediated gene expression in vivo and in cell cul-
ture. Toxicol Sci. 2007;98:75–86.

988. Davey JC, Nomikos AP, Wungjiranirun M, et al. Arsenic
as an endocrine disruptor: arsenic disrupts retinoic acid
receptor-and thyroid hormone receptor-mediated gene
regulation and thyroid hormone-mediated amphibian tail
metamorphosis. Environ Health Perspect. 2008;116:
165–172.

989. Zhou X, Sun X, Cooper KL, Wang F, Liu KJ, Hudson LG.
Arsenite interacts selectively with zinc finger proteins
containing C3H1 or C4 motifs. J Biol Chem. 2011;286:
22855–22863.

990. García-Esquinas E, Pollán M, Umans JG, et al. Arsenic
exposure and cancer mortality in a US-based prospective
cohort: the Strong Heart Study. Cancer Epidemiol Bio-
markers Prev. 2013;22:1944–1953.

991. Tokar EJ, Benbrahim-Tallaa L, Ward JM, Lunn R, Sams
RL 2nd, Waalkes MP. Cancer in experimental animals
exposed to arsenic and arsenic compounds. Crit Rev
Toxicol. 2010;40:912–927.

992. Benbrahim-Tallaa L, Waalkes MP. Inorganic arsenic and
human prostate cancer. Environ Health Perspect. 2008;
116:158–164.

993. Treas J, Tyagi T, Singh KP. Chronic exposure to arsenic,
estrogen, and their combination causes increased growth
and transformation in human prostate epithelial cells
potentially by hypermethylation-mediated silencing of
MLH1. Prostate. 2013;73:1660–1672.

994. Ngalame NN, Tokar EJ, Person RJ, Xu Y, Waalkes MP.
Aberrant microRNA expression likely controls RAS on-
cogene activation during malignant transformation of hu-
man prostate epithelial and stem cells by arsenic. Toxicol
Sci. 2014;138:268–277.

995. Tokar EJ, Qu W, Liu J, et al. Arsenic-specific stem cell
selection during malignant transformation. J Natl Cancer
Inst. 2010;102:638–649.

996. Xu Y, Tokar EJ, Sun Y, Waalkes MP. Arsenic-trans-
formed malignant prostate epithelia can convert noncon-
tiguous normal stem cells into an oncogenic phenotype.
Environ Health Perspect. 2012;120:865–871.

997. Tokar EJ, Qu W, Waalkes MP. Arsenic, stem cells, and

the developmental basis of adult cancer. Toxicol Sci.
2011;120:S192–S203.

998. Kortenkamp A. Are cadmium and other heavy metal com-
pounds acting as endocrine disrupters? Met Ions Life Sci.
2011;8:305–317.

999. Mullins JK, Loeb S. Environmental exposures and pros-
tate cancer. Urol Oncol. 2012;30:216–219.

1000. García-Esquinas E, Pollan M, Tellez-Plaza M, et al. Cad-
mium exposure and cancer mortality in a prospective co-
hort: the Strong Heart Study. Environ Health Perspect.
2014;122:363–370.

1001. Cheung MR, Kang J, Ouyang D, Yeung V. Association
between urinary cadmium and all cause, all cancer and
prostate cancer specific mortalities for men: an analysis of
National Health and Nutrition Examination Survey
(NHANES III) data. Asian Pac J Cancer Prev. 2014;15:
483–488.

1002. Julin B, Wolk A, Johansson JE, Andersson SO, Andrén O,
Akesson A. Dietary cadmium exposure and prostate can-
cer incidence: a population-based prospective cohort
study. Br J Cancer. 2012;107:895–900.

1003. Prajapati A, Rao A, Patel J, Gupta S, Gupta S. A single low
dose of cadmium exposure induces benign prostate hy-
perplasia like condition in rat: A novel benign prostate
hyperplasia rodent model. Exp Biol Med (Maywood).
2014;239:829–841.

1004. Lacorte LM, Delella FK, Porto Amorim EM, et al. Early
changes induced by short-term low-dose cadmium expo-
sure in rat ventral and dorsolateral prostates. Microsc Res
Tech. 2011;74:988–997.

1005. Xu Y, Tokar EJ, Person RJ, Orihuela RG, Ngalame NN,
Waalkes MP. Recruitment of normal stem cells to an on-
cogenic phenotype by noncontiguous carcinogen-trans-
formed epithelia depends on the transforming carcino-
gen. Environ Health Perspect. 2013;121:944–950.

1006. Andersen S, Pedersen KM, Bruun NH, Laurberg P. Nar-
row individual variations in serum T(4) and T(3) in nor-
mal subjects: a clue to the understanding of subclinical
thyroid disease. J Clin Endocrinol Metab. 2002;87:
1068–1072.

1007. Andersen S, Bruun NH, Pedersen KM, Laurberg P. Bio-
logic variation is important for interpretation of thyroid
function tests. Thyroid. 2003;13:1069–1078.

1008. Fekete C, Lechan RM. Central regulation of hypotha-
lamic-pituitary-thyroid axis under physiological and
pathophysiological conditions. Endocr Rev. 2014;35:
159–194.

1009. Gilbert ME. Impact of low-level thyroid hormone dis-
ruption induced by propylthiouracil on brain develop-
ment and function. Toxicol Sci. 2011;124:432–445.

1010. Kampf-Lassin A, Prendergast BJ. Acute downregulation
of type II and type III iodothyronine deiodinases by pho-
toperiod in peripubertal male and female Siberian ham-
sters. Gen Comp Endocrinol. 2013;193:72–78.

1011. Zoeller TR. Environmental chemicals targeting thyroid.
Hormones (Athens). 2010;9:28–40.

1012. Bansal R, Tighe D, Danai A, et al. Polybrominated di-
phenyl ether (DE-71) interferes with thyroid hormone
action independent of effects on circulating levels of thy-
roid hormone in male rats. Endocrinology. 2014;155:
4104–4112.

doi: 10.1210/er.2015-1010 press.endocrine.org/journal/edrv E139

D
ow

nloaded from
 https://academ

ic.oup.com
/edrv/article/36/6/E1/2354691 by guest on 19 April 2023



1013. Triggiani V, Tafaro E, Giagulli VA, et al. Role of iodine,
selenium and other micronutrients in thyroid function
and disorders. Endocr Metab Immune Disord Drug Tar-
gets. 2009;9:277–294.

1014. Braverman LE, Utiger RD. Werner and Ingbar’s the Thy-
roid: A Fundamental and Clinical Text. Philadelphia, PA:
Lippincott-Raven. 2004.

1015. Zimmermann MB. The effects of iodine deficiency in
pregnancy and infancy. Paediatr Perinat Epidemiol.
2012;26(suppl 1):108–117.

1016. Burniat A, Pirson I, Vilain C, et al. Iodotyrosine deiodi-
nase defect identified via genome-wide approach. J Clin
Endocrinol Metab. 2012;97:E1276–E1283.

1017. Dumitrescu AM, Refetoff S. Inherited defects of thyroid
hormone metabolism. Ann Endocrinol (Paris). 2011;72:
95–98.

1018. Szabo DT, Richardson VM, Ross DG, Diliberto JJ, Ko-
davanti PR, Birnbaum LS. Effects of perinatal PBDE ex-
posure on hepatic phase I, phase II, phase III, and deio-
dinase 1 gene expression involved in thyroid hormone
metabolism in male rat pups. Toxicol Sci. 2009;107:
27–39.

1019. Council on Environmental Health, Rogan WJ, Paulson
JA, Baum C, et al. Iodine deficiency, pollutant chemicals,
and the thyroid: new information on an old problem.
Pediatrics. 2014;133:1163–1166.

1020. Leung AM, Pearce EN, Braverman LE. Environmental
perchlorate exposure: potential adverse thyroid effects.
Curr Opin Endocrinol Diabetes Obes. 2014;21:372–
376.

1021. Taylor PN, Okosieme OE, Murphy R, et al. Maternal
perchlorate levels in women with borderline thyroid func-
tion during pregnancy and the cognitive development of
their offspring: data from the Controlled Antenatal Thy-
roid Study. J Clin Endocrinol Metab. 2014;99:4291–
4298.

1022. Köhrle J. Environment and endocrinology: the case of
thyroidology. Ann Endocrinol (Paris). 2008;69:116–
122.

1023. Zoeller RT, Tyl RW, Tan SW. Current and potential
rodent screens and tests for thyroid toxicants. Crit Rev
Toxicol. 2007;37:55–95.

1024. Paul KB, Hedge JM, Rotroff DM, Hornung MW, Crof-
ton KM, Simmons SO. Development of a thyroperoxi-
dase inhibition assay for high-throughput screening.
Chem Res Toxicol. 2014;27:387–399.

1025. Song M, Kim YJ, Park YK, Ryu JC. Changes in thyroid
peroxidase activity in response to various chemicals. J
Environ Monit. 2012;14:2121–2126.

1026. Howdeshell KL. A model of the development of the brain
as a construct of the thyroid system. Environ Health Per-
spect. 2002;110(suppl 3):337–348.

1027. Montaño M, Cocco E, Guignard C, et al. New ap-
proaches to assess the transthyretin binding capacity of
bioactivated thyroid hormone disruptors. Toxicol Sci.
2012;130:94–105.

1028. Cao J, Guo LH, Wan B, Wei Y. In vitro fluorescence
displacement investigation of thyroxine transport disrup-
tion by bisphenol A. J Environ Sci (China). 2011;23:315–
321.

1029. Gutleb AC, Cenijn P, Velzen Mv, et al. In vitro assay

shows that PCB metabolites completely saturate thyroid
hormone transport capacity in blood of wild polar bears
(Ursus maritimus). Environ Sci Technol. 2010;44:3149–
3154.

1030. Cao J, Lin Y, Guo LH, Zhang AQ, Wei Y, Yang Y. Struc-
ture-based investigation on the binding interaction of hy-
droxylated polybrominated diphenyl ethers with thyrox-
ine transport proteins. Toxicology. 2010;277:20–28.

1031. Weiss JM, Andersson PL, Lamoree MH, Leonards PE,
van Leeuwen SP, Hamers T. Competitive binding of poly-
and perfluorinated compounds to the thyroid hormone
transport protein transthyretin. Toxicol Sci. 2009;109:
206–216.

1032. Marchesini GR, Meimaridou A, Haasnoot W, et al. Bi-
osensor discovery of thyroxine transport disrupting
chemicals. Toxicol Appl Pharmacol. 2008;232:150–
160.

1033. Moreno JC, Visser TJ. Genetics and phenomics of hypo-
thyroidism and goiter due to iodotyrosine deiodinase
(DEHAL1) gene mutations. Mol Cell Endocrinol. 2010;
322:91–98.

1034. Shimizu R. Iodotyrosine deiodinase, a novel target of en-
vironmental halogenated chemicals for disruption of the
thyroid hormone system in mammals. Biol Pharm Bull.
2014;37:1430–1434.

1035. Shimizu R, Yamaguchi M, Uramaru N, Kuroki H, Ohta
S, Kitamura S, Sugihara K. Structure-activity relation-
ships of 44 halogenated compounds for iodotyrosine
deiodinase-inhibitory activity. Toxicology. 2013;314:
22–29.

1036. Roques BB, Leghait J, Lacroix MZ, et al. The nuclear
receptors pregnane X receptor and constitutive andro-
stane receptor contribute to the impact of fipronil on he-
patic gene expression linked to thyroid hormone metab-
olism. Biochem Pharmacol. 2013;86:997–1039.

1037. Brucker-Davis F. Effects of environmental synthetic
chemicals on thyroid function. Thyroid. 1998;8:827–
856.

1038. Greer MA, Goodman G, Pleus RC, Greer SE. Health ef-
fects assessment for environmental perchlorate contam-
ination: the dose response for inhibition of thyroidal ra-
dioiodine uptake in humans. Environ Health Perspect.
2002;110:927–937.

1039. Blount BC, Pirkle JL, Osterloh JD, Valentin-Blasini L,
Caldwell KL. Urinary perchlorate and thyroid hormone
levels in adolescent and adult men and women living in
the United States. Environ Health Perspect. 2006;114:
1865–1871.

1040. Steinmaus C, Miller MD, Howd R. Impact of smoking
and thiocyanate on perchlorate and thyroid hormone as-
sociations in the 2001–2002 National Health and Nutri-
tion Examination Survey. Environ Health Perspect.
2007;115:1333–1338.

1041. Steinmaus C, Miller MD, Cushing L, Blount BC, Smith
AH. Combined effects of perchlorate, thiocyanate, and
iodine on thyroid function in the National Health and
Nutrition Examination Survey 2007–08. Environ Res.
2013;123:17–24.

1042. Zoeller RT, Rovet J. Timing of thyroid hormone action in
the developing brain: clinical observations and experi-
mental findings. J Neuroendocrinol. 2004;16:809–818.

E140 Gore et al Second Scientific Statement on EDCs Endocrine Reviews

D
ow

nloaded from
 https://academ

ic.oup.com
/edrv/article/36/6/E1/2354691 by guest on 19 April 2023



1043. Pearce EN, Leung AM, Blount BC, et al. Breast milk io-
dine and perchlorate concentrations in lactating Boston-
area women. J Clin Endocrinol Metab. 2007;92:1673–
1677.

1044. Ginsberg GL, Hattis DB, Zoeller RT, Rice DC. Evalua-
tion of the U.S. EPA/OSWER preliminary remediation
goal for perchlorate in groundwater: focus on exposure to
nursing infants. Environ Health Perspect. 2007;115:
361–369.

1045. Lawrence J, Lamm S, Braverman LE. Low dose perchlo-
rate (3 mg daily) and thyroid function. Thyroid. 2001;
11:295.

1046. Lawrence JE, Lamm SH, Pino S, Richman K, Braverman
LE. The effect of short-term low-dose perchlorate on var-
ious aspects of thyroid function. Thyroid. 2000;10:659–
663.

1047. Gilbert ME, Sui L. Developmental exposure to perchlo-
rate alters synaptic transmission in hippocampus of the
adult rat. Environ Health Perspect. 2008;116:752–760.

1048. Schantz SL, Widholm JJ, Rice DC. Effects of PCB expo-
sure on neuropsychological function in children. Environ
Health Perspect. 2003;111:357–576.

1049. Hagmar L. Polychlorinated biphenyls and thyroid status
in humans: a review. Thyroid. 2003;13:1021–1028.

1050. El Majidi N, Bouchard M, Carrier G. Systematic analysis
of the relationship between standardized biological levels
of polychlorinated biphenyls and thyroid function in
pregnant women and newborns. Chemosphere. 2014;98:
1–17.

1051. Giera S, Zoeller RT. Effects and predicted consequences
of persistent and bioactive organic pollutants on thyroid
function. In: Carpenter DO, ed. Effects of Persistent and
Bioactive Organic Pollutants on Human Health. Hobo-
ken, NJ: John Wiley & Sons; 2013:203–236.

1052. Erickson MD. Analytical Chemistry of PCBs. Boston,
MA: Butterworth-Heinemann Ltd; 1986.

1053. Zoeller RT, Dowling AL, Vas AA. Developmental expo-
sure to polychlorinated biphenyls exerts thyroid hor-
mone-like effects on the expression of RC3/neurogranin
and myelin basic protein messenger ribonucleic acids in
the developing rat brain. Endocrinology. 2000;141:181–
189.

1054. Londono M, Shimokawa N, Miyazaki W, Iwasaki T,
Koibuchi N. Hydroxylated PCB induces Ca(2�) oscilla-
tions and alterations of membrane potential in cultured
cortical cells. J Appl Toxicol. 2010;30:334–342.

1055. Miyazaki W, Iwasaki T, Takeshita A, Tohyama C, Koi-
buchi N. Identification of the functional domain of thy-
roid hormone receptor responsible for polychlorinated
biphenyl-mediated suppression of its action in vitro. En-
viron Health Perspect. 2008;116:1231–1236.

1056. Gauger KJ, Giera S, Sharlin DS, Bansal R, Iannacone E,
Zoeller RT. Polychlorinated biphenyls 105 and 118 form
thyroid hormone receptor agonists after cytochrome
P4501A1 activation in rat pituitary GH3 cells. Environ
Health Perspect. 2007;115:1623–1630.

1057. Giera S, Bansal R, Ortiz-Toro TM, Taub DG, Zoeller
RT. Individual polychlorinated biphenyl (PCB) conge-
ners produce tissue- and gene-specific effects on thyroid
hormone signaling during development. Endocrinology.
2011;152:2909–2919.

1058. Wadzinski TL, Geromini K, McKinley Brewer J, et al.
Endocrine disruption in human placenta: expression of
the dioxin-inducible enzyme, CYP1A1, is correlated with
that of thyroid hormone-regulated genes. J Clin Endo-
crinol Metab. 2014;99:E2735–E2743.

1059. Hofmann PJ, Schomburg L, Köhrle J. Interference of en-
docrine disrupters with thyroid hormone receptor-depen-
dent transactivation. Toxicol Sci. 2009;110:125–137.

1060. Frederiksen M, Vorkamp K, Thomsen M, Knudsen LE.
Human internal and external exposure to PBDEs–a re-
view of levels and sources. Int J Hyg Environ Health.
2009;212:109–134.

1061. Costa LG, de Laat R, Tagliaferri S, Pellacani C. A mech-
anistic view of polybrominated diphenyl ether (PBDE)
developmental neurotoxicity. Toxicol Lett. 2014;230:
282–294.

1062. Herbstman JB, Sjödin A, Kurzon M, et al. Prenatal ex-
posure to PBDEs and neurodevelopment. Environ Health
Perspect. 2010;118:712–719.

1063. Suvorov A, Girard S, Lachapelle S, Abdelouahab N,
Sebire G, Takser L. Perinatal exposure to low-dose BDE-
47, an emergent environmental contaminant, causes hy-
peractivity in rat offspring. Neonatology. 2009;95:203–
209.

1064. Rice DC, Reeve EA, Herlihy A, Zoeller RT, Thompson
WD, Markowski VP. Developmental delays and locomo-
tor activity in the C57BL6/J mouse following neonatal
exposure to the fully-brominated PBDE, decabromodi-
phenyl ether. Neurotoxicol Teratol. 2007;29:511–520.

1065. Viberg H, Johansson N, Fredriksson A, Eriksson J, Marsh
G, Eriksson P. Neonatal exposure to higher brominated
diphenyl ethers, hepta-, octa-, or nonabromodiphenyl
ether, impairs spontaneous behavior and learning and
memory functions of adult mice. Toxicol Sci. 2006;92:
211–218.

1066. Eriksson P, Fischer C, Fredriksson A. Polybrominated
diphenyl ethers, a group of brominated flame retardants,
can interact with polychlorinated biphenyls in enhancing
developmental neurobehavioral defects. Toxicol Sci.
2006;94:302–309.

1067. Gascon M, Fort M, Martínez D, et al. Polybrominated
diphenyl ethers (PBDEs) in breast milk and neuropsycho-
logical development in infants. Environ Health Perspect.
2012;120:1760–1765.

1068. Gascon M, Vrijheid M, Martínez D, et al. Effects of pre
and postnatal exposure to low levels of polybromodiphe-
nyl ethers on neurodevelopment and thyroid hormone
levels at 4 years of age. Environ Int. 2011;37:605–611.

1069. Kim KH, Bose DD, Ghogha A, et al. Para- and ortho-
substitutions are key determinants of polybrominated di-
phenyl ether activity toward ryanodine receptors and
neurotoxicity. Environ Health Perspect. 2011;119:519–
526.

1070. Kuriyama SN, Wanner A, Fidalgo-Neto AA, Talsness
CE, Koerner W, Chahoud I. Developmental exposure to
low-dose PBDE-99: tissue distribution and thyroid hor-
mone levels. Toxicology. 2007;242:80–90.

1071. Ellis-Hutchings RG, Cherr GN, Hanna LA, Keen CL.
Polybrominated diphenyl ether (PBDE)-induced altera-
tions in vitamin A and thyroid hormone concentrations in

doi: 10.1210/er.2015-1010 press.endocrine.org/journal/edrv E141

D
ow

nloaded from
 https://academ

ic.oup.com
/edrv/article/36/6/E1/2354691 by guest on 19 April 2023



the rat during lactation and early postnatal development.
Toxicol Appl Pharmacol. 2006;215:135–145.

1072. Hallgren S, Sinjari T, Håkansson H, Darnerud PO. Ef-
fects of polybrominated diphenyl ethers (PBDEs) and
polychlorinated biphenyls (PCBs) on thyroid hormone
and vitamin A levels in rats and mice. Arch Toxicol. 2001;
75:200–208.

1073. Ren XM, Guo LH, Gao Y, Zhang BT, Wan B. Hydroxy-
lated polybrominated diphenyl ethers exhibit different
activities on thyroid hormone receptors depending on
their degree of bromination. Toxicol Appl Pharmacol.
2013;268:256–263.

1074. Li F, Xie Q, Li X, et al. Hormone activity of hydroxylated
polybrominated diphenyl ethers on human thyroid re-
ceptor-�: in vitro and in silico investigations. Environ
Health Perspect. 2010;118:602–606.

1075. Ibhazehiebo K, Iwasaki T, Kimura-Kuroda J, Miyazaki
W, Shimokawa N, Koibuchi N. Disruption of thyroid
hormone receptor-mediated transcription and thyroid
hormone-induced Purkinje cell dendrite arborization by
polybrominated diphenyl ethers. Environ Health Per-
spect. 2011;119:168–175.

1076. Nakamura N, Matsubara K, Sanoh S, et al. Cell type-
dependent agonist/antagonist activities of polybromin-
ated diphenyl ethers. Toxicol Lett. 2013;223:192–197.

1077. Dingemans MM, van den Berg M, Westerink RH. Neu-
rotoxicity of brominated flame retardants: (in)direct ef-
fects of parent and hydroxylated polybrominated diphe-
nyl ethers on the (developing) nervous system. Environ
Health Perspect. 2011;119:900–907.

1078. Huang PC, Kuo PL, Guo YL, Liao PC, Lee CC. Associ-
ations between urinary phthalate monoesters and thyroid
hormones in pregnant women. Hum Reprod. 2007;22:
2715–2722.

1079. Janjua NR, Mortensen GK, Andersson AM, Kongshoj B,
Skakkebaek NE, Wulf HC. Systemic uptake of diethyl
phthalate, dibutyl phthalate, and butyl paraben follow-
ing whole-body topical application and reproductive and
thyroid hormone levels in humans. Environ Sci Technol.
2007;41:5564–5570.

1080. Meeker JD, Calafat AM, Hauser R. Di(2-ethylhexyl)
phthalate metabolites may alter thyroid hormone levels in
men. Environ Health Perspect. 2007;115:1029–1034.

1081. Dirtu AC, Geens T, Dirinck E, et al. Phthalate metabolites
in obese individuals undergoing weight loss: urinary lev-
els and estimation of the phthalates daily intake. Environ
Int. 2013;59:344–353.

1082. Wu MT, Wu CF, Chen BH, et al. Intake of phthalate-
tainted foods alters thyroid functions in Taiwanese chil-
dren. PLoS One. 2013;8:e55005.

1083. National Toxicology Program. NTP carcinogenesis bio-
assay of diallyl phthalate (CAS no. 131-17-9) in B6C3F1
mice (gavage study). Natl Toxicol Program Tech Rep Ser.
1983;242:1–96.

1084. Hinton RH, Mitchell FE, Mann A, et al. Effects of
phthalic acid esters on the liver and thyroid. Environ
Health Perspect. 1986;70:195–210.

1085. O’Connor JC, Frame SR, Ladics GS. Evaluation of a 15-
day screening assay using intact male rats for identifying
antiandrogens. Toxicol Sci. 2002;69:92–108.

1086. Wenzel A, Franz C, Breous E, Loos U. Modulation of

iodide uptake by dialkyl phthalate plasticisers in FRTL-5
rat thyroid follicular cells. Mol Cell Endocrinol. 2005;
244:63–71.

1087. Shimada N, Yamauchi K. Characteristics of 3,5,3�-triio-
dothyronine (T3)-uptake system of tadpole red blood
cells: effect of endocrine-disrupting chemicals on cellular
T3 response. J Endocrinol. 2004;183:627–637.

1088. Ibhazehiebo K, Koibuchi N. Thyroid hormone receptor-
mediated transcription is suppressed by low dose phtha-
late. Niger J Physiol Sci. 2011;26:143–149.

1089. Ghisari M, Bonefeld-Jorgensen EC. Effects of plasticizers
and their mixtures on estrogen receptor and thyroid hor-
mone functions. Toxicol Lett. 2009;189:67–77.

1090. Kim UJ, Oh JE. Tetrabromobisphenol A and hexabro-
mocyclododecane flame retardants in infant-mother
paired serum samples, and their relationships with thy-
roid hormones and environmental factors. Environ Pol-
lut. 2014;184:193–200.

1091. Wang T, Lu J, Xu M, et al. Urinary bisphenol A concen-
tration and thyroid function in Chinese adults. Epidemi-
ology. 2013;24:295–302.

1092. Sriphrapradang C, Chailurkit LO, Aekplakorn W, Ong-
phiphadhanakul B. Association between bisphenol A and
abnormal free thyroxine level in men. Endocrine. 2013;
44:441–447.

1093. Teeguarden JG, Waechter JM Jr, Clewell HJ 3rd, Cov-
ington TR, Barton HA. Evaluation of oral and intrave-
nous route pharmacokinetics, plasma protein binding,
and uterine tissue dose metrics of bisphenol A: a physi-
ologically based pharmacokinetic approach. Toxicol Sci.
2005;85:823–838.

1094. Domoradzki JY, Thornton CM, Pottenger LH, et al. Age
and dose dependency of the pharmacokinetics and me-
tabolism of bisphenol A in neonatal Sprague-Dawley rats
following oral administration. Toxicol Sci. 2004;77:
230–242.

1095. Moriyama K, Tagami T, Akamizu T, et al. Thyroid hor-
mone action is disrupted by bisphenol A as an antagonist.
J Clin Endocrinol Metab. 2002;87:5185–5190.

1096. Kitamura S, Jinno N, Ohta S, Kuroki H, Fujimoto N.
Thyroid hormonal activity of the flame retardants tetra-
bromobisphenol A and tetrachlorobisphenol A. Biochem
Biophys Res Commun. 2002;293:554–559.

1097. Freitas J, Cano P, Craig-Veit C, Goodson ML, Furlow JD,
Murk AJ. Detection of thyroid hormone receptor disrup-
tors by a novel stable in vitro reporter gene assay. Toxicol
In Vitro. 2011;25:257–266.

1098. Sun H, Shen OX, Wang XR, Zhou L, Zhen SQ, Chen XD.
Anti-thyroid hormone activity of bisphenol A, tetrabro-
mobisphenol A and tetrachlorobisphenol A in an im-
proved reporter gene assay. Toxicol In Vitro. 2009;23:
950–954.

1099. Sheng ZG, Tang Y, Liu YX, et al. Low concentrations of
bisphenol A suppress thyroid hormone receptor tran-
scription through a nongenomic mechanism. Toxicol
Appl Pharmacol. 2012;259:133–142.

1100. Zoeller RT, Bansal R, Parris C. Bisphenol-A, an environ-
mental contaminant that acts as a thyroid hormone re-
ceptor antagonist in vitro, increases serum thyroxine, and
alters RC3/neurogranin expression in the developing rat
brain. Endocrinology. 2005;146:607–612.

E142 Gore et al Second Scientific Statement on EDCs Endocrine Reviews

D
ow

nloaded from
 https://academ

ic.oup.com
/edrv/article/36/6/E1/2354691 by guest on 19 April 2023



1101. Siesser WB, Cheng SY, McDonald MP. Hyperactivity,
impaired learning on a vigilance task, and a differential
response to methylphenidate in the TR�PV knock-in
mouse. Psychopharmacology (Berl). 2005;181:653–
663.

1102. McDonald MP, Wong R, Goldstein G, Weintraub B,
Cheng SY, Crawley JN. Hyperactivity and learning def-
icits in transgenic mice bearing a human mutant thyroid
hormone �1 receptor gene. Learn Mem. 1998;5:289–
301.

1103. Weiss RE, Stein MA, Refetoff S. Behavioral effects of
liothyronine (L-T3) in children with attention deficit hy-
peractivity disorder in the presence and absence of resis-
tance to thyroid hormone. Thyroid. 1997;7:389–393.

1104. Hauser P, Zametkin AJ, Martinez P, et al. Attention def-
icit-hyperactivity disorder in people with generalized re-
sistance to thyroid hormone. N Engl J Med. 1993;328:
997–1001.

1105. Gore AC. Developmental programming and endocrine
disruptor effects on reproductive neuroendocrine sys-
tems. Front Neuroendocrinol. 2008;29:358–374.

1106. Segner H, Casanova-Nakayama A, Kase R, Tyler CR.
Impact of environmental estrogens on Yfish considering
the diversity of estrogen signaling. Gen Comp Endocri-
nol. 2013;191:190–201.

1107. Le Page Y, Vosges M, Servili A, Brion F, Kah O. Neu-
roendocrine effects of endocrine disruptors in teleost fish.
J Toxicol Environ Health B Crit Rev. 2011;14:370–386.

1108. Rempel MA, Schlenk D. Effects of environmental estro-
gens and antiandrogens on endocrine function, gene reg-
ulation, and health in fish. Int Rev Cell Mol Biol. 2008;
267:207–252.

1109. Kinch CD, Ibhazehiebo K, Jeong JH, Habibi HR, Kurra-
sch DM. Low-dose exposure to bisphenol A and replace-
ment bisphenol S induces precocious hypothalamic neu-
rogenesis in embryonic zebrafish. Proc Natl Acad Sci
USA. 2015;112:1475–1480.

1110. Picot M, Naulé L, Marie-Luce C, et al. Vulnerability of
the neural circuitry underlying sexual behavior to chronic
adult exposure to oral bisphenol A in male mice. Endo-
crinology. 2014;155:502–512.

1111. Chen F, Zhou L, Bai Y, Zhou R, Chen L. Sex differences
in the adult HPA axis and affective behaviors are altered
by perinatal exposure to a low dose of bisphenol A. Brain
Res. 2014;1571:12–24.

1112. Cao J, Rebuli ME, Rogers J, et al. Prenatal bisphenol A
exposure alters sex-specific estrogen receptor expression
in the neonatal rat hypothalamus and amygdala. Toxicol
Sci. 2013;133:157–173.

1113. Rebuli ME, Cao J, Sluzas E, et al. Investigation of the
effects of subchronic low dose oral exposure to bisphenol
A (BPA) and ethinyl estradiol (EE) on estrogen receptor
expression in the juvenile and adult female rat hypothal-
amus. Toxicol Sci. 2014;140:190–203.

1114. Kundakovic M, Gudsnuk K, Franks B, et al. Sex-specific
epigenetic disruption and behavioral changes following
low-dose in utero bisphenol A exposure. Proc Natl Acad
Sci USA. 2013;110:9956–9961.

1115. Naulé L, Picot M, Martini M, et al. Neuroendocrine and
behavioral effects of maternal exposure to oral bisphenol
A in female mice. J Endocrinol. 2014;220:375–388.

1116. Ramos JG, Varayoud J, Kass L, et al. Bisphenol A induces
both transient and permanent histofunctional alterations
of the hypothalamic-pituitary-gonadal axis in prenatally
exposed male rats. Endocrinology. 2003;144:3206–
3215.

1117. Mahoney MM, Padmanabhan V. Developmental pro-
gramming: impact of fetal exposure to endocrine-disrupt-
ing chemicals on gonadotropin-releasing hormone and
estrogen receptor mRNA in sheep hypothalamus. Toxi-
col Appl Pharmacol. 2010;247:98–104.

1118. Panagiotidou E, Zerva S, Mitsiou DJ, Alexis MN, Kitraki
E. Perinatal exposure to low-dose bisphenol A affects the
neuroendocrine stress response in rats. J Endocrinol.
2014;220:207–218.

1119. Poimenova A, Markaki E, Rahiotis C, Kitraki E. Corti-
costerone-regulated actions in the rat brain are affected
by perinatal exposure to low dose of bisphenol A. Neu-
roscience. 2010;167:741–749.

1120. Faass O, Ceccatelli R, Schlumpf M, Lichtensteiger W.
Developmental effects of perinatal exposure to PBDE and
PCB on gene expression in sexually dimorphic rat brain
regions and female sexual behavior. Gen Comp Endo-
crinol. 2013;188:232–241.

1121. Compagnone NA, Bulfone A, Rubenstein JL, Mellon SH.
Expression of the steroidogenic enzyme P450scc in the
central and peripheral nervous systems during rodent em-
bryogenesis. Endocrinology. 1995;136:2689–2696.

1122. Furukawa A, Miyatake A, Ohnishi T, Ichikawa Y. Ste-
roidogenic acute regulatory protein (StAR) transcripts
constitutively expressed in the adult rat central nervous
system: colocalization of StAR, cytochrome P-450SCC
(CYP XIA1), and 3�-hydroxysteroid dehydrogenase in
the rat brain. J Neurochem. 1998;71:2231–2238.

1123. Strömstedt M, Waterman MR. Messenger RNAs encod-
ing steroidogenic enzymes are expressed in rodent brain.
Brain Res Mol Brain Res. 1995;34:75–88.

1124. Zwain IH, Yen SS. Dehydroepiandrosterone: biosynthe-
sis and metabolism in the brain. Endocrinology. 1999;
140:880–887.

1125. Do Rego JL, Seong JY, Burel D, et al. Neurosteroid bio-
synthesis: enzymatic pathways and neuroendocrine reg-
ulation by neurotransmitters and neuropeptides. Front
Neuroendocrinol. 2009;30:259–301.

1126. Balthazart J, Charlier TD, Cornil CA, et al. Sex differ-
ences in brain aromatase activity: genomic and non-
genomic controls. Front Endocrinol (Lausanne). 2011;
2:34.

1127. McCarthy MM, Wright CL, Konkle AT. Aromatase and
sexual differentiation of the rodent brain; the old, the
new, and the unexpected. In: Balthazart J, Ball GF, eds.
Brain Aromatase, Estrogens and Behavior. New York,
NY: Oxford University Press; 2012:315–336.

1128. Wu MV, Manoli DS, Fraser EJ, et al. Estrogen masculin-
izes neural pathways and sex-specific behaviors. Cell.
2009;139:61–72.

1129. Celotti F, Negri-Cesi P, Poletti A. Steroid metabolism in
the mammalian brain: 5�-reduction and aromatization.
Brain Res Bull. 1997;44:365–375.

1130. Hammer F, Compagnone NA, Vigne JL, Bair SR, Mellon
SH. Transcriptional regulation of P450scc gene expres-

doi: 10.1210/er.2015-1010 press.endocrine.org/journal/edrv E143

D
ow

nloaded from
 https://academ

ic.oup.com
/edrv/article/36/6/E1/2354691 by guest on 19 April 2023



sion in the embryonic rodent nervous system. Endocri-
nology. 2004;145:901–912.

1131. Taves MD, Gomez-Sanchez CE, Soma KK. Extra-adrenal
glucocorticoids and mineralocorticoids: evidence for lo-
cal synthesis, regulation, and function. Am J Physiol En-
docrinol Metab. 2011;301:E11–E24.

1132. Colciago A, Negri-Cesi P, Pravettoni A, Mornati O, Ca-
sati L, Celotti F. Prenatal Aroclor 1254 exposure and
brain sexual differentiation: effect on the expression of
testosterone metabolizing enzymes and androgen recep-
tors in the hypothalamus of male and female rats. Reprod
Toxicol. 2006;22:738–745.

1133. Desaulniers D, Xiao GH, Leingartner K, Chu I, Musicki
B, Tsang BK. Comparisons of brain, uterus, and liver
mRNA expression for cytochrome p450s, DNA methyl-
transferase-1, and catechol-O-methyltransferase in pre-
pubertal female Sprague-Dawley rats exposed to a mix-
ture of aryl hydrocarbon receptor agonists. Toxicol Sci.
2005;86:175–184.

1134. Auger AP, Auger CJ. Epigenetic turn ons and turn offs:
chromatin reorganization and brain differentiation. En-
docrinology. 2011;152:349–353.

1135. Kurian JR, Olesen KM, Auger AP. Sex differences in epi-
genetic regulation of the estrogen receptor-� promoter
within the developing preoptic area. Endocrinology.
2010;151:2297–2305.

1136. Nugent BM, Schwarz JM, McCarthy MM. Hormonally
mediated epigenetic changes to steroid receptors in the
developing brain: implications for sexual differentiation.
Horm Behav. 2011;59:338–344.

1137. Gagnidze K, Pfaff DW. Hormone-dependent chromatin
modifications related to sexually differentiated behav-
iors. In: Pfaff DW, Christen Y, eds. Multiple Origins of
Sex Differences in Brain: Neuroendocrine Functions and
their Pathologies. Berlin, Heidelberg, Germany: Springer;
2013:1–20.

1138. Tsai HW, Grant PA, Rissman EF. Sex differences in hi-
stone modifications in the neonatal mouse brain. Epige-
netics. 2009;4:47–53.

1139. Murray EK, Hien A, de Vries GJ, Forger NG. Epigenetic
control of sexual differentiation of the bed nucleus of the
stria terminalis. Endocrinology. 2009;150:4241–4247.

1140. Murray EK, Varnum MM, Fernandez JL, de Vries GJ,
Forger NG. Effects of neonatal treatment with valproic
acid on vasopressin immunoreactivity and olfactory be-
haviour in mice. J Neuroendocrinol. 2011;23:906–914.

1141. Matsuda KI, Mori H, Nugent BM, Pfaff DW, McCarthy
MM, Kawata M. Histone deacetylation during brain de-
velopment is essential for permanent masculinization of
sexual behavior. Endocrinology. 2011;152:2760–2767.

1142. Yaoi T, Itoh K, Nakamura K, Ogi H, Fujiwara Y, Fushiki
S. Genome-wide analysis of epigenomic alterations in fe-
tal mouse forebrain after exposure to low doses of bis-
phenol A. Biochem Biophys Res Commun. 2008;376:
563–567.

1143. Wolstenholme JT, Edwards M, Shetty SR, et al. Gesta-
tional exposure to bisphenol A produces transgenera-
tional changes in behaviors and gene expression. Endo-
crinology. 2012;153:3828–3838.

1144. Zhou R, Chen F, Chang F, Bai Y, Chen L. Persistent
overexpression of DNA methyltransferase 1 attenuating

GABAergic inhibition in basolateral amygdala accounts
for anxiety in rat offspring exposed perinatally to low-
dose bisphenol A. J Psychiatr Res. 2013;47:1535–1544.

1145. Walker DM, Goetz BM, Gore AC. Dynamic postnatal
developmental and sex-specific neuroendocrine effects of
prenatal polychlorinated biphenyls in rats. Mol Endocri-
nol. 2014;28:99–115.

1146. Yeo M, Berglund K, Hanna M, et al. Bisphenol A delays
the perinatal chloride shift in cortical neurons by epige-
netic effects on the Kcc2 promoter. Proc Natl Acad Sci
USA. 2013;110:4315–4320.

1147. Guida N, Laudati G, Galgani M, et al. Histone deacety-
lase 4 promotes ubiquitin-dependent proteasomal degra-
dation of Sp3 in SH-SY5Y cells treated with di(2-ethyl-
hexyl)phthalate (DEHP), determining neuronal death.
Toxicol Appl Pharmacol. 2014;280:190–198.

1148. Lindén J, Lensu S, Tuomisto J, Pohjanvirta R. Dioxins,
the aryl hydrocarbon receptor and the central regulation
of energy balance. Front Neuroendocrinol. 2010;31:
452–478.

1149. Kirilov M, Clarkson J, Liu X, et al. Dependence of fertility
on kisspeptin-Gpr54 signaling at the GnRH neuron. Nat
Commun. 2013;4:2492.

1150. Seminara SB, Messager S, Chatzidaki EE, et al. The
GPR54 gene as a regulator of puberty. N Engl J Med.
2003;349:1614–1627.

1151. de Roux N, Genin E, Carel JC, Matsuda F, Chaussain JL,
Milgrom E. Hypogonadotropic hypogonadism due to
loss of function of the KiSS1-derived peptide receptor
GPR54. Proc Natl Acad Sci USA. 2003;100:10972–
10976.

1152. Castellano JM, Bentsen AH, Mikkelsen JD, Tena-Sem-
pere M. Kisspeptins: bridging energy homeostasis and
reproduction. Brain Res. 2010;1364:129–138.

1153. Bai Y, Chang F, Zhou R, et al. Increase of anteroventral
periventricular kisspeptin neurons and generation of E2-
induced LH-surge system in male rats exposed perinatally
to environmental dose of bisphenol-A. Endocrinology.
2011;152:1562–1571.

1154. Patisaul HB, Todd KL, Mickens JA, Adewale HB. Impact
of neonatal exposure to the ER� agonist CD-1, bisphe-
nol-A or phytoestrogens on hypothalamic kisspeptin fi-
ber density in male and female rats. Neurotoxicology.
2009;30:350–357.

1155. Losa-Ward SM, Todd KL, McCaffrey KA, Tsutsui K,
Patisaul HB. Disrupted organization of RFamide path-
ways in the hypothalamus is associated with advanced
puberty in female rats neonatally exposed to bisphenol A.
Biol Reprod. 2012;87:28.

1156. Abi Salloum B, Steckler TL, Herkimer C, Lee JS, Padma-
nabhan V. Developmental programming: impact of pre-
natal exposure to bisphenol-A and methoxychlor on ste-
roid feedbacks in sheep. Toxicol Appl Pharmacol. 2013;
268:300–308.

1157. Dickerson SM, Cunningham SL, Gore AC. Prenatal PCBs
disrupt early neuroendocrine development of the rat hy-
pothalamus. Toxicol Appl Pharmacol. 2011;252:36–46.

1158. Bellingham M, Fowler PA, Amezaga MR, et al. Exposure
to a complex cocktail of environmental endocrine-dis-
rupting compounds disturbs the kisspeptin/GPR54 sys-

E144 Gore et al Second Scientific Statement on EDCs Endocrine Reviews

D
ow

nloaded from
 https://academ

ic.oup.com
/edrv/article/36/6/E1/2354691 by guest on 19 April 2023



tem in ovine hypothalamus and pituitary gland. Environ
Health Perspect. 2009;117:1556–1562.

1159. Harvey PW, Everett DJ, Springall CJ. Adrenal toxicology:
a strategy for assessment of functional toxicity to the ad-
renal cortex and steroidogenesis. J Appl Toxicol. 2007;
27:103–115.

1160. Hotchkiss MG, Best DS, Cooper RL, Laws SC. Atrazine
does not induce pica behavior at doses that increase hy-
pothalamic-pituitary-adrenal axis activation and cause
conditioned taste avoidance. Neurotoxicol Teratol.
2012;34:295–302.

1161. Riffle BW, Klinefelter GR, Cooper RL, et al. Novel mo-
lecular events associated with altered steroidogenesis in-
duced by exposure to atrazine in the intact and castrate
male rat. Reprod Toxicol. 2014;47:59–69.

1162. Jašarevic E, Sieli PT, Twellman EE, et al. Disruption of
adult expression of sexually selected traits by develop-
mental exposure to bisphenol A. Proc Natl Acad Sci USA.
2011;108:11715–11720.

1163. Meserve LA, Murray BA, Landis JA. Influence of mater-
nal ingestion of Aroclor 1254 (PCB) or FireMaster BP-6
(PBB) on unstimulated and stimulated corticosterone lev-
els in young rats. Bull Environ Contam Toxicol. 1992;
48:715–720.

1164. Reilly MP, Weeks CD, Topper VY, Thompson LM,
Crews D, Gore AC. The effects of prenatal PCBs on adult
social behavior in rats. Horm Behav. 2015;73:47–55.

1165. Zimmer KE, Gutleb AC, Lyche JL, et al. Altered stress-
induced cortisol levels in goats exposed to polychlori-
nated biphenyls (PCB 126 and PCB 153) during fetal and
postnatal development. J Toxicol Environ Health A.
2009;72:164–172.

1166. Weaver IC, Cervoni N, Champagne FA, et al. Epigenetic
programming by maternal behavior. Nat Neurosci. 2004;
7:847–854.

1167. Cameron NM, Shahrokh D, Del Corpo A, et al. Epige-
netic programming of phenotypic variations in reproduc-
tive strategies in the rat through maternal care. J Neu-
roendocrinol. 2008;20:795–801.

1168. Donaldson ZR, Young LJ. Oxytocin, vasopressin, and
the neurogenetics of sociality. Science. 2008;322:900–
904.

1169. 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:e25448.

1170. Sullivan AW, Beach EC, Stetzik LA, et al. A novel
model for neuroendocrine toxicology: neurobehav-
ioral effects of BPA exposure in a prosocial species, the
prairie vole (Microtus ochrogaster). Endocrinology.
2014;155:3867–3881.

1171. Patisaul HB, Sullivan AW, Radford ME, et al. Anxiogenic
effects of developmental bisphenol A exposure are asso-
ciated with gene expression changes in the juvenile rat
amygdala and mitigated by soy. PLoS One. 2012;7:
e43890.

1172. Kodavanti PR, Curras-Collazo MC. Neuroendocrine ac-
tions of organohalogens: thyroid hormones, arginine va-
sopressin, and neuroplasticity. Front Neuroendocrinol.
2010;31:479–496.

1173. Kreiss K. Studies on populations exposed to polychlori-

nated biphenyls. Environ Health Perspect. 1985;60:193–
199.

1174. Kreiss K, Zack MM, Kimbrough RD, Needham LL,
Smrek AL, Jones BT. Association of blood pressure and
polychlorinated biphenyl levels. JAMA. 1981;245:2505–
2509.

1175. Shah A, Coburn CG, Watson-Siriboe A, et al. Altered
cardiovascular reactivity and osmoregulation during hy-
perosmotic stress in adult rats developmentally exposed
to polybrominated diphenyl ethers (PBDEs). Toxicol
Appl Pharmacol. 2011;256:103–113.

1176. Engell MD, Godwin J, Young LJ, Vandenbergh JG. Peri-
natal exposure to endocrine disrupting compounds alters
behavior and brain in the female pine vole. Neurotoxicol
Teratol. 2006;28:103–110.

1177. Tait S, Ricceri L, Venerosi A, Maranghi F, Mantovani A,
Calamandrei G. Long-term effects on hypothalamic neu-
ropeptides after developmental exposure to chlorpyrifos
in mice. Environ Health Perspect. 2009;117:112–116.

1178. Venerosi A, Ricceri L, Tait S, Calamandrei G. Sex dimor-
phic behaviors as markers of neuroendocrine disruption
by environmental chemicals: the case of chlorpyrifos.
Neurotoxicology. 2012;33:1420–1426.

1179. Landrigan PJ. What causes autism? Exploring the envi-
ronmental contribution. Curr Opin Pediatr. 2010;22:
219–225.

1180. Landrigan PJ, Lambertini L, Birnbaum LS. A research
strategy to discover the environmental causes of autism
and neurodevelopmental disabilities. Environ Health
Perspect. 2012;120:a258–a260.

1181. Jacobson JL, Jacobson SW. Intellectual impairment in
children exposed to polychlorinated biphenyls in utero.
N Engl J Med. 1996;335:783–789.

1182. Patandin S, Lanting CI, Mulder PG, Boersma ER, Sauer
PJ, Weisglas-Kuperus N. Effects of environmental expo-
sure to polychlorinated biphenyls and dioxins on cogni-
tive abilities in Dutch children at 42 months of age. J Pe-
diatr. 1999;134:33–41.

1183. Darvill T, Lonky E, Reihman J, Stewart P, Pagano J. Pre-
natal exposure to PCBs and infant performance on the
Fagan test of infant intelligence. Neurotoxicology. 2000;
21:1029–1038.

1184. Koopman-Esseboom C, Weisglas-Kuperus N, de Ridder
MA, Van der Paauw CG, Tuinstra LG, Sauer PJ. Effects
of polychlorinated biphenyl/dioxin exposure and feeding
type on infants’ mental and psychomotor development.
Pediatrics. 1996;97:700–706.

1185. Bellanger M, Demeneix B, Grandjean P, Zoeller RT,
Trasande L. Neurobehavioral deficits, diseases, and as-
sociated costs of exposure to endocrine-disrupting chem-
icals in the European Union. J Clin Endocrinol Metab.
2015;100:1256–1266.

1186. Harley KG, Gunier RB, Kogut K, et al. Prenatal and early
childhood bisphenol A concentrations and behavior in
school-aged children. Environ Res. 2013;126:43–50.

1187. Braun JM, Kalkbrenner AE, Calafat AM, et al. Impact of
early-life bisphenol A exposure on behavior and execu-
tive function in children. Pediatrics. 2011;128:873–882.

1188. Kim Y, Ha EH, Kim EJ, et al. Prenatal exposure to
phthalates and infant development at 6 months: prospec-
tive Mothers and Children’s Environmental Health

doi: 10.1210/er.2015-1010 press.endocrine.org/journal/edrv E145

D
ow

nloaded from
 https://academ

ic.oup.com
/edrv/article/36/6/E1/2354691 by guest on 19 April 2023



(MOCEH) study. Environ Health Perspect. 2011;119:
1495–1500.

1189. Swan SH, Liu F, Hines M, et al. Prenatal phthalate ex-
posure and reduced masculine play in boys. Int J Androl.
2010;33:259–269.

1190. Engel SM, Miodovnik A, Canfield RL, et al. Prenatal
phthalate exposure is associated with childhood behavior
and executive functioning. Environ Health Perspect.
2010;118:565–571.

1191. Chen A, Yolton K, Rauch SA, et al. Prenatal polybromi-
nated diphenyl ether exposures and neurodevelopment in
U.S. children through 5 years of age: the HOME study.
Environ Health Perspect. 2014;122:856–862.

1192. Fitzgerald EF, Shrestha S, Gomez MI, et al. Polybromin-
ated diphenyl ethers (PBDEs), polychlorinated biphenyls
(PCBs) andneuropsychological statusamongolderadults
in New York. Neurotoxicology. 2012;33:8–15.

1193. Boucher O, Burden MJ, Muckle G, et al. Response inhi-
bition and error monitoring during a visual go/no-go task
in Inuit children exposed to lead, polychlorinated biphe-
nyls, and methylmercury. Environ Health Perspect.
2012;120:608–615.

1194. Rauh V, Arunajadai S, Horton M, et al. Seven-year neu-
rodevelopmental scores and prenatal exposure to chlor-
pyrifos, a common agricultural pesticide. Environ Health
Perspect. 2011;119:1196–1201.

1195. Bouchard MF, Chevrier J, Harley KG, et al. Prenatal ex-
posure to organophosphate pesticides and IQ in 7-year-
old children. Environ Health Perspect. 2011;119:1189–
1195.

1196. Engel SM, Wetmur J, Chen J, et al. Prenatal exposure to
organophosphates, paraoxonase 1, and cognitive devel-
opment in childhood. Environ Health Perspect. 2011;
119:1182–1188.

1197. Shelton JF, Geraghty EM, Tancredi DJ, et al. Neurode-
velopmental disorders and prenatal residential proximity
to agricultural pesticides: the CHARGE Study. Environ
Health Perspect. 2014;122:1103–1109.

1198. Braun JM, Kalkbrenner AE, Just AC, et al. Gestational
exposure to endocrine-disrupting chemicals and recipro-
cal social, repetitive, and stereotypic behaviors in 4- and
5-year-old children: the HOME Study. Environ Health
Perspect. 2014;122:513–520.

1199. Jones BA, Shimell JJ, Watson NV. Pre- and postnatal
bisphenol A treatment results in persistent deficits in the
sexual behavior of male rats, but not female rats, in adult-
hood. Horm Behav. 2011;59:246–251.

1200. Ferguson SA, Law CD, Kissling GE. Developmental treat-
ment with ethinyl estradiol, but not bisphenol A, causes
alterations in sexually dimorphic behaviors in male and
female Sprague Dawley rats. Toxicol Sci. 2014;140:374–
392.

1201. Monje L, Varayoud J, Muñoz-de-Toro M, Luque EH,
Ramos JG. Neonatal exposure to bisphenol A alters es-
trogen-dependent mechanisms governing sexual behav-
ior in the adult female rat. Reprod Toxicol. 2009;28:435–
442.

1202. Decatanzaro D, Berger RG, Guzzo AC, Thorpe JB, Khan
A. Perturbation of male sexual behavior in mice (Mus
musculus) within a discrete range of perinatal bisphe-

nol-A doses in the context of a high- or low-phytoestro-
gen diet. Food Chem Toxicol. 2013;55:164–171.

1203. Steinberg RM, Juenger TE, Gore AC. The effects of pre-
natal PCBs on adult female paced mating reproductive
behaviors in rats. Horm Behav. 2007;51:364–372.

1204. Cummings JA, Clemens LG, Nunez AA. Exposure to PCB
77 affects partner preference but not sexual behavior in
the female rat. Physiol Behav. 2008;95:471–475.

1205. Faass O, Schlumpf M, Reolon S, et al. Female sexual
behavior, estrous cycle and gene expression in sexually
dimorphic brain regions after pre- and postnatal expo-
sure to endocrine active UV filters. Neurotoxicology.
2009;30:249–260.

1206. Tian YH, Baek JH, Lee SY, Jang CG. Prenatal and post-
natal exposure to bisphenol A induces anxiolytic behav-
iors and cognitive deficits in mice. Synapse. 2010;64:
432–439.

1207. Wang C, Niu R, Zhu Y, et al. Changes in memory and
synaptic plasticity induced in male rats after maternal
exposure to bisphenol A. Toxicology. 2014;322:51–60.

1208. Kuwahara R, Kawaguchi S, Kohara Y, Cui H, Yamashita
K. Perinatal exposure to low-dose bisphenol A impairs
spatial learning and memory in male rats. J Pharmacol
Sci. 2013;123:132–139.

1209. Fan Y, Ding S, Ye X, et al. Does preconception paternal
exposure to a physiologically relevant level of bisphenol
A alter spatial memory in an adult rat? Horm Behav.
2013;64:598–604.

1210. Stump DG, Beck MJ, Radovsky A, et al. Developmental
neurotoxicity study of dietary bisphenol A in Sprague-
Dawley rats. Toxicol Sci. 2010;115:167–182.

1211. Sadowski RN, Park P, Neese SL, Ferguson DC, Schantz
SL, Juraska JM. Effects of perinatal bisphenol A exposure
during early development on radial arm maze behavior in
adult male and female rats. Neurotoxicol Teratol. 2014;
42:17–24.

1212. Williams SA, Jasarevic E, Vandas GM, et al. Effects of
developmental bisphenol A exposure on reproductive-
related behaviors in California mice (Peromyscus califor-
nicus): a monogamous animal model. PLoS One. 2013;
8:e55698.

1213. Xu X, Dong F, Yang Y, Wang Y, Wang R, Shen X. Sex-
specific effects of long-term exposure to bisphenol-A on
anxiety- and depression-like behaviors in adult mice.
Chemosphere. 2015;120:258–266.

1214. Matsuda S, Matsuzawa D, Ishii D, et al. Effects of peri-
natal exposure to low dose of bisphenol A on anxiety like
behavior and dopamine metabolites in brain. Prog Neu-
ropsychopharmacol Biol Psychiatry. 2012;39:273–279.

1215. Xu X, Hong X, Xie L, et al. Gestational and lactational
exposure to bisphenol-A affects anxiety- and depression-
like behaviors in mice. Horm Behav. 2012;62:480–490.

1216. Jašarevic E, Williams SA, Vandas GM, et al. Sex and
dose-dependent effects of developmental exposure to bi-
sphenol A on anxiety and spatial learning in deer mice
(Peromyscus maniculatus bairdii) offspring. Horm Be-
hav. 2013;63:180–189.

1217. Jones BA, Watson NV. Perinatal BPA exposure demas-
culinizes males in measures of affect but has no effect on
water maze learning in adulthood. Horm Behav. 2012;
61:605–610.

E146 Gore et al Second Scientific Statement on EDCs Endocrine Reviews

D
ow

nloaded from
 https://academ

ic.oup.com
/edrv/article/36/6/E1/2354691 by guest on 19 April 2023



1218. Negishi T, Nakagami A, Kawasaki K, et al. Altered social
interactions in male juvenile cynomolgus monkeys pre-
natally exposed to bisphenol A. Neurotoxicol Teratol.
2014;44:46–52.

1219. Belloni V, Dessì-Fulgheri F, Zaccaroni M, et al. Early
exposure to low doses of atrazine affects behavior in
juvenile and adult CD1 mice. Toxicology. 2011;279:
19 –26.

1220. Piedrafita B, Erceg S, Cauli O, Felipo V. Developmental
exposure to polychlorinated biphenyls or methylmer-
cury, but not to its combination, impairs the glutamate-
nitric oxide-cyclic GMP pathway and learning in
3-month-old rats. Neuroscience. 2008;154:1408–1416.

1221. Elnar AA, Diesel B, Desor F, et al. Neurodevelopmental
and behavioral toxicity via lactational exposure to the
sum of six indicator non-dioxin-like-polychlorinated bi-
phenyls (�6NDL-PCBs) in mice. Toxicology. 2012;299:
44–54.

1222. Jolous-Jamshidi B, Cromwell HC, McFarland AM,
Meserve LA. Perinatal exposure to polychlorinated bi-
phenyls alters social behaviors in rats. Toxicol Lett. 2010;
199:136–143.

1223. Carbone S, Ponzo OJ, Gobetto N, et al. Antiandrogenic
effect of perinatal exposure to the endocrine disruptor
di-(2-ethylhexyl) phthalate increases anxiety-like behav-
ior in male rats during sexual maturation. Horm Behav.
2013;63:692–699.

1224. Lin Z, Dodd CA, Xiao S, Krishna S, Ye X, Filipov NM.
Gestational and lactational exposure to atrazine via the
drinking water causes specific behavioral deficits and se-
lectively alters monoaminergic systems in C57BL/6
mouse dams, juvenile and adult offspring. Toxicol Sci.
2014;141:90–102.

1225. Anway MD, Rekow SS, Skinner MK. Comparative anti-
androgenic actions of vinclozolin and flutamide on trans-
generational adult onset disease and spermatogenesis.
Reprod Toxicol. 2008;26:100–106.

1226. Nilsson EE, Anway MD, Stanfield J, Skinner MK. Trans-
generational epigenetic effects of the endocrine disruptor
vinclozolin on pregnancies and female adult onset dis-
ease. Reproduction. 2008;135:713–721.

1227. Guerrero-Bosagna C, Savenkova M, Haque MM,
Nilsson E, Skinner MK. Environmentally induced epige-
netic transgenerational inheritance of altered Sertoli cell
transcriptome and epigenome: molecular etiology of male
infertility. PLoS One. 2013;8:e59922.

1228. Tracey R, Manikkam M, Guerrero-Bosagna C, Skinner
MK. Hydrocarbons (jet fuel JP-8) induce epigenetic trans-
generational inheritance of obesity, reproductive disease
and sperm epimutations. Reprod Toxicol. 2013;36:104–
116.

1229. Schneider S, Kaufmann W, Buesen R, van Ravenzwaay B.
Vinclozolin–the lack of a transgenerational effect after
oral maternal exposure during organogenesis. Reprod
Toxicol. 2008;25:352–360.

1230. Stouder C, Paoloni-Giacobino A. Transgenerational ef-
fects of the endocrine disruptor vinclozolin on the meth-
ylation pattern of imprinted genes in the mouse sperm.
Reproduction. 2010;139:373–379.

1231. Skinner MK, Anway MD, Savenkova MI, Gore AC,
Crews D. Transgenerational epigenetic programming of

the brain transcriptome and anxiety behavior. PLoS One.
2008;3:e3745.

1232. Dietert J, Dietert R. The sum of our parts. The Scientist.
2015;29:45–49.

1233. vom Saal FS. Variation in phenotype due to random in-
trauterine positioning of male and female fetuses in ro-
dents. J Reprod Fertil. 1981;62:633–650.

1234. de Medeiros CB, Rees SL, Llinas M, Fleming AS, Crews
D. Deconstructing early life experiences: distinguishing
the contributions of prenatal and postnatal factors to
adult male sexual behavior in the rat. Psychol Sci. 2010;
21:1494–1501.

1235. Vom Saal FS, VandeVoort CA, Taylor JA, Welshons WV,
Toutain PL, Hunt PA. Bisphenol A (BPA) pharmacokinetics
with daily oral bolus or continuous exposure via silastic cap-
sules in pregnant rhesus monkeys: relevance for human expo-
sures. Reprod Toxicol. 2014;45:105–116.

1236. Saffarini CM, McDonnell-Clark EV, Amin A, Huse SM,
Boekelheide K. Developmental exposure to estrogen al-
ters differentiation and epigenetic programming in a hu-
man fetal prostate xenograft model. PLoS One. 2015;
10:e0122290.

1237. Kalfa N, Paris F, Soyer-Gobillard MO, Daures JP, Sultan
C. Prevalence of hypospadias in grandsons of women ex-
posed to diethylstilbestrol during pregnancy: a multigen-
erational national cohort study. Fertil Steril. 2011;95:
2574–2577.

1238. Eladak S, Grisin T, Moison D, et al. A new chapter in the
bisphenol A story: bisphenol S and bisphenol F are not
safe alternatives to this compound. Fertil Steril. 2015;
103:11–21.

1239. Viñas R, Watson CS. Bisphenol S disrupts estradiol-in-
duced nongenomic signaling in a rat pituitary cell line:
effects on cell functions. Environ Health Perspect. 2013;
121:352–358.

1240. Crews D, Gore AC. Transgenerational epigenetics: cur-
rent controversies and debates. In: Tollefsbol T, ed.
Transgenerational Epigenetics. Waltham, MA: Elsevier;
2014:371–390.

1241. Stotland NE, Sutton P, Trowbridge J, et al. Counseling
patients on preventing prenatal environmental expo-
sures–a mixed-methods study of obstetricians. PLoS
One. 2014;9:e98771.

1242. Schug TT, Abagyan R, Blumberg B, et al. Designing en-
docrine disruption out of the next generation of chemi-
cals. Green Chem. 2013;15:181–198.

1243. Lamb JC 4th, Boffetta P, Foster WG, et al. Critical com-
ments on the WHO-UNEP State of the Science of Endo-
crine Disrupting Chemicals - 2012. Regul Toxicol Phar-
macol. 2014;69:22–40.

1244. Bergman Å, Becher G, Blumberg B, et al. Manufacturing
doubt about endocrine disrupter science - A rebuttal of
industry-sponsored critical comments on the UNEP/
WHO report “State of the Science of Endocrine Dis-
rupting Chemicals 2012” [published online July 31,
2015]. Regul Toxicol Pharmacol. doi:10.1016/
j.yrtph.2015.07.026.

1245. Fredslund SO, Bonefeld-Jørgensen EC. Breast cancer in
the Arctic–changes over the past decades. Int J Circum-
polar Health. 2012;71:19155.

1246. Kuiper GG, Lemmen JG, Carlsson B, et al. Interaction of

doi: 10.1210/er.2015-1010 press.endocrine.org/journal/edrv E147

D
ow

nloaded from
 https://academ

ic.oup.com
/edrv/article/36/6/E1/2354691 by guest on 19 April 2023



estrogenic chemicals and phytoestrogens with estrogen
receptor �. Endocrinology. 1998;139:4252–4263.

1247. Matsushima A, Kakuta Y, Teramoto T, et al. Structural
evidence for endocrine disruptor bisphenol A binding to
human nuclear receptor ERR �. J Biochem. 2007;142:
517–524.

1248. Lee HJ, Chattopadhyay S, Gong EY, Ahn RS, Lee K.
Antiandrogenic effects of bisphenol A and nonylphenol
on the function of androgen receptor. Toxicol Sci. 2003;
75:40–46.

1249. Ashby J, Odum J. Gene expression changes in the imma-
ture rat uterus: effects of uterotrophic and sub-utero-
trophic doses of bisphenol A. Toxicol Sci. 2004;82:458–
467.

1250. Sui Y, Ai N, Park SH, et al. Bisphenol A and its analogues
activate human pregnane X receptor. Environ Health
Perspect. 2012;120:399–405.

1251. Viñas R, Watson CS. Mixtures of xenoestrogens disrupt
estradiol-induced non-genomic signaling and down-
stream functions in pituitary cells. Environ Health. 2013;
12:26.

1252. Greathouse KL, Bredfeldt T, Everitt JI, et al. Environ-
mental estrogens differentially engage the histone meth-
yltransferase EZH2 to increase risk of uterine tumorigen-
esis. Mol Cancer Res. 2012;10:546–557.

1253. Ge LC, Chen ZJ, Liu HY, et al. Involvement of activating
ERK1/2 through G protein coupled receptor 30 and es-
trogen receptor �/� in low doses of bisphenol A promot-
ing growth of Sertoli TM4 cells. Toxicol Lett. 2014;226:
81–89.

1254. Sheng ZG, Zhu BZ. Low concentrations of bisphenol A
induce mouse spermatogonial cell proliferation by G pro-
tein-coupled receptor 30 and estrogen receptor-�. Envi-
ron Health Perspect. 2011;119:1775–1780.

1255. Dong S, Terasaka S, Kiyama R. Bisphenol A induces a
rapid activation of Erk1/2 through GPR30 in human
breast cancer cells. Environ Pollut. 2011;159:212–218.

1256. Liang Q, Gao X, Chen Y, Hong K, Wang HS. Cellular
mechanism of the nonmonotonic dose response of bis-
phenol A in rat cardiac myocytes. Environ Health Per-
spect. 2014;122:601–608.

1257. Tanabe N, Kimoto T, Kawato S. Rapid Ca(2�) signaling
induced by bisphenol A in cultured rat hippocampal neu-
rons. Neuro Endocrinol Lett. 2006;27:97–104.

1258. Vandenberg LN, Maffini MV, Schaeberle CM, et al. Peri-
natal exposure to the xenoestrogen bisphenol-A induces
mammary intraductal hyperplasias in adult CD-1 mice.
Reprod Toxicol. 2008;26:210–219.

1259. Wadia PR, Cabaton NJ, Borrero MD, et al. Low-dose
BPA exposure alters the mesenchymal and epithelial tran-
scriptomes of the mouse fetal mammary gland. PLoS
One. 2013;8:e63902.

1260. Moral R, Wang R, Russo IH, Lamartiniere CA, Pereira J,
Russo J. Effect of prenatal exposure to the endocrine dis-
ruptor bisphenol A on mammary gland morphology and
gene expression signature. J Endocrinol. 2008;196:101–
112.

1261. Klotz DM, Beckman BS, Hill SM, McLachlan JA, Walters
MR, Arnold SF. Identification of environmental chemi-
cals with estrogenic activity using a combination of in

vitro assays. Environ Health Perspect. 1996;104:1084–
1089.

1262. Kelce WR, Stone CR, Laws SC, Gray LE, Kemppainen JA,
Wilson EM. Persistent DDT metabolite p,p’-DDE is a
potent androgen receptor antagonist. Nature. 1995;375:
581–585.

1263. Korach KS, Metzler M, McLachlan JA. Estrogenic activ-
ity in vivo and in vitro of some diethylstilbestrol metab-
olites and analogs. Proc Natl Acad Sci USA. 1978;75:
468–471.

1264. Fang H, Tong W, Branham WS, et al. Study of 202 nat-
ural, synthetic, and environmental chemicals for binding
to the androgen receptor. Chem Res Toxicol. 2003;16:
1338–1358.

1265. Tremblay GB, Kunath T, Bergeron D, et al. Diethylstil-
bestrol regulates trophoblast stem cell differentiation as a
ligand of orphan nuclear receptor ERR �. Genes Dev.
2001;15:833–838.

1266. Li X, Zhang S, Safe S. Activation of kinase pathways in
MCF-7 cells by 17�-estradiol and structurally diverse es-
trogenic compounds. J Steroid Biochem Mol Biol. 2006;
98:122–132.

1267. Bulayeva NN, Watson CS. Xenoestrogen-induced
ERK-1 and ERK-2 activation via multiple membrane-ini-
tiated signaling pathways. Environ Health Perspect.
2004;112:1481–1487.

1268. Bromer JG, Wu J, Zhou Y, Taylor HS. Hypermethylation
of homeobox A10 by in utero diethylstilbestrol exposure:
an epigenetic mechanism for altered developmental pro-
gramming. Endocrinology. 2009;150:3376–3382.

1269. Li S, Washburn KA, Moore R, et al. Developmental ex-
posure to diethylstilbestrol elicits demethylation of estro-
gen-responsive lactoferrin gene in mouse uterus. Cancer
Res. 1997;57:4356–4359.

1270. Ohtake F, Takeyama K, Matsumoto T, et al. Modulation
of oestrogen receptor signalling by association with the
activated dioxin receptor. Nature. 2003;423:545–550.

1271. Kester MH, Bulduk S, Tibboel D, et al. Potent inhibition
of estrogen sulfotransferase by hydroxylated PCB metab-
olites: a novel pathway explaining the estrogenic activity
of PCBs. Endocrinology. 2000;141:1897–1900.

1272. Heneweer M, van den Berg M, de Geest MC, de Jong PC,
Bergman A, Sanderson JT. Inhibition of aromatase ac-
tivity by methyl sulfonyl PCB metabolites in primary cul-
ture of human mammary fibroblasts. Toxicol Appl Phar-
macol. 2005;202:50–58.

1273. You SH, Gauger KJ, Bansal R, Zoeller RT. 4-Hydroxy-
PCB106actsasadirectthyroidhormonereceptoragonistinrat
GH3 cells. Mol Cell Endocrinol. 2006;257–258:26–34.

1274. Maloney EK, Waxman DJ. Trans-activation of PPAR�
and PPAR� by structurally diverse environmental chem-
icals. Toxicol Appl Pharmacol. 1999;161:209–218.

1275. Pylkkänen L, Mäkelä S, Valve E, Härkönen P, Toikkanen
S, Santti R. Prostatic dysplasia associated with increased
expression of C-MYC in neonatally estrogenized mice.
J Urol. 1993;149:1593–1601.

1276. Fenton SE, Reed C, Newbold RR. Perinatal environmen-
tal exposures affect mammary development, function,
and cancer risk in adulthood. Annu Rev Pharmacol Toxi-
col. 2012;52:455–479.

1277. Newbold RR, Padilla-Banks E, Jefferson WN. Environ-

E148 Gore et al Second Scientific Statement on EDCs Endocrine Reviews

D
ow

nloaded from
 https://academ

ic.oup.com
/edrv/article/36/6/E1/2354691 by guest on 19 April 2023



mental estrogens and obesity. Mol Cell Endocrinol. 2009;
304:84–89.

1278. Hao CJ, Cheng XJ, Xia HF, Ma X. The endocrine dis-
ruptor diethylstilbestrol induces adipocyte differentia-
tion and promotes obesity in mice. Toxicol Appl Phar-
macol. 2012;263:102–110.

1279. Wahlang B, Falkner KC, Gregory B, et al. Polychlori-
nated biphenyl 153 is a diet-dependent obesogen that
worsens nonalcoholic fatty liver disease in male
C57BL6/J mice. J Nutr Biochem. 2013;24:1587–1595.

1280. Zuo Z, Chen S, Wu T, et al. Tributyltin causes obesity and
hepatic steatosis in male mice. Environ Toxicol. 2011;
26:79–85.

1281. Ishida T, Kan-o S, Mutoh J, et al. 2,3,7,8-Tetrachlorod-
ibenzo-p-dioxin-induced change in intestinal function
and pathology: evidence for the involvement of arylhy-
drocarbon receptor-mediated alteration of glucose trans-
portation. Toxicol Appl Pharmacol. 2005;205:89–97.

1282. Weber LW, Lebofsky M, Stahl BU, Gorski JR, Muzi G,
Rozman K. Reduced activities of key enzymes of gluco-
neogenesis as possible cause of acute toxicity of 2,3,7,8-
tetrachlorodibenzo-p-dioxin (TCDD) in rats. Toxicol-
ogy. 1991;66:133–144.

1283. Pocock VJ, Sales GD, Wilson CA, Milligan SR. Effects of
perinatal octylphenol on ultrasound vocalization, behav-
ior and reproductive physiology in rats. Physiol Behav.
2002;76:645–653.

1284. Fisher JS, Turner KJ, Brown D, Sharpe RM. Effect of neo-
natal exposure to estrogenic compounds on development of
theexcurrentductsof the rat testis throughpuberty toadult-
hood. Environ Health Perspect. 1999;107:397–405.

1285. de Jager C, Bornman MS, Oosthuizen JM. The effect of
p-nonylphenol on the fertility potential of male rats after
gestational, lactational and direct exposure. Andrologia.
1999;31:107–113.

1286. Wolf C Jr, Lambright C, Mann P, et al. Administration of
potentially antiandrogenic pesticides (procymidone, linu-
ron, iprodione, chlozolinate, p,p’-DDE, and ketocona-
zole) and toxic substances (dibutyl- and diethylhexyl
phthalate, PCB 169, and ethane dimethane sulphonate)
during sexual differentiation produces diverse profiles of
reproductive malformations in the male rat. Toxicol Ind
Health. 1999;15:94–118.

1287. You L, Casanova M, Archibeque-Engle S, Sar M, Fan LQ,
Heck HA. Impaired male sexual development in perinatal
Sprague-Dawley and Long-Evans hooded rats exposed in
utero and lactationally to p,p’-DDE. Toxicol Sci. 1998;
45:162–173.

1288. Gray LE Jr, Ostby J, Cooper RL, Kelce WR. The estro-
genic and antiandrogenic pesticide methoxychlor alters
the reproductive tract and behavior without affecting pi-
tuitary size or LH and prolactin secretion in male rats.
Toxicol Ind Health. 1999;15:37–47.

1289. GuilletteLJJr,GrossTS,MassonGR,MatterJM,PercivalHF,
Woodward AR. Developmental abnormalities of the gonad
and abnormal sex hormone concentrations in juvenile alliga-
tors from contaminated and control lakes in Florida. Environ
Health Perspect. 1994;102:680–688.

1290. McLachlan JA, Dixon RL. Toxicologic comparisons of
experimental and clinical exposure to diethylstilbestrol
during gestation. Adv Sex Horm Res. 1977;3:309–336.

1291. Lewis RW, Brooks N, Milburn GM, et al. The effects of
the phytoestrogen genistein on the postnatal development
of the rat. Toxicol Sci. 2003;71:74–83.

1292. McKinnell C, Atanassova N, Williams K, et al. Suppres-
sion of androgen action and the induction of gross ab-
normalities of the reproductive tract in male rats treated
neonatally with diethylstilbestrol. J Androl. 2001;22:
323–338.

1293. Rivas A, Fisher JS, McKinnell C, Atanassova N, Sharpe
RM. Induction of reproductive tract developmental ab-
normalities in the male rat by lowering androgen pro-
duction or action in combination with a low dose of
diethylstilbestrol: evidence for importance of the an-
drogen-estrogen balance. Endocrinology. 2002;143:
4797– 4808.

1294. Yamamoto M, Shirai M, Sugita K, et al. Effects of maternal
exposure to diethylstilbestrol on the development of the re-
productive system and thyroid function in male and female
rat offspring. J Toxicol Sci. 2003;28:385–394.

1295. Faber KA, Basham K, Hughes CL Jr. The effect of neo-
natal exposure to DES and o,p’-DDT on pituitary respon-
siveness to GnRH in adult castrated rats. Reprod Toxicol.
1991;5:363–369.

1296. Gray LE Jr, Ostby JS, Kelce WR. Developmental effects of
an environmental antiandrogen: the fungicide vinclozolin
alters sex differentiation of the male rat. Toxicol Appl
Pharmacol. 1994;129:46–52.

1297. Hellwig J, van Ravenzwaay B, Mayer M, Gembardt C. Pre-
and postnatal oral toxicity of vinclozolin in Wistar and Long-
Evans rats. Regul Toxicol Pharmacol. 2000;32:42–50.

1298. Elzeinova F, Novakova V, Buckiova D, Kubatova A,
Peknicova J. Effect of low dose of vinclozolin on repro-
ductive tract development and sperm parameters in CD1
outbred mice. Reprod Toxicol. 2008;26:231–238.

1299. Vinggaard AM, Joergensen EC, Larsen JC. Rapid and
sensitive reporter gene assays for detection of antiandro-
genic and estrogenic effects of environmental chemicals.
Toxicol Appl Pharmacol. 1999;155:150–160.

1300. Ostby J, Kelce WR, Lambright C, Wolf CJ, Mann P, Gray
LE Jr. The fungicide procymidone alters sexual differen-
tiation in the male rat by acting as an androgen-receptor
antagonist in vivo and in vitro. Toxicol Ind Health. 1999;
15:80–93.

1301. Colbert NK, Pelletier NC, Cote JM, et al. Perinatal ex-
posure to low levels of the environmental antiandrogen
vinclozolin alters sex-differentiated social play and sexual
behaviors in the rat. Environ Health Perspect. 2005;113:
700–707.

1302. Mably TA, Bjerke DL, Moore RW, Gendron-Fitzpatrick
A, Peterson RE. In utero and lactational exposure of male
rats to 2,3,7,8-tetrachlorodibenzo-p-dioxin. 3. Effects on
spermatogenesis and reproductive capability. Toxicol
Appl Pharmacol. 1992;114:118–126.

1303. Ohsako S, Miyabara Y, Nishimura N, et al. Maternal
exposure to a low dose of 2,3,7,8-tetrachlorodibenzo-p-
dioxin (TCDD) suppressed the development of reproduc-
tive organs of male rats: dose-dependent increase of
mRNA levels of 5�-reductase type 2 in contrast to de-
crease of androgen receptor in the pubertal ventral pros-
tate. Toxicol Sci. 2001;60:132–143.

1304. Simanainen U, Haavisto T, Tuomisto JT, et al. Pattern of

doi: 10.1210/er.2015-1010 press.endocrine.org/journal/edrv E149

D
ow

nloaded from
 https://academ

ic.oup.com
/edrv/article/36/6/E1/2354691 by guest on 19 April 2023



male reproductive system effects after in utero and lac-
tational 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD)
exposure in three differentially TCDD-sensitive rat lines.
Toxicol Sci. 2004;80:101–108.

1305. McIntyre BS, Barlow NJ, Foster PM.Androgen-mediated
development in male rat offspring exposed to flutamide in
utero: permanence and correlation of early postnatal
changes in anogenital distance and nipple retention with
malformations in androgen-dependent tissues. Toxicol
Sci. 2001;62:236–249.

1306. Durrer S, Ehnes C, Fuetsch M, Maerkel K, Schlumpf M,
Lichtensteiger W. Estrogen sensitivity of target genes and
expression of nuclear receptor co-regulators in rat pros-
tate after pre- and postnatal exposure to the ultraviolet
filter 4-methylbenzylidene camphor. Environ Health Per-
spect. 2007;115(suppl 1):42–50.

1307. Faqi AS, Dalsenter PR, Merker HJ, Chahoud I. Effects on
developmental landmarks and reproductive capability of
3,3�,4,4�-tetrachlorobiphenyl and 3,3�,4,4�,5-pentachlo-
robiphenyl in offspring of rats exposed during pregnancy.
Hum Exp Toxicol. 1998;17:365–372.

1308. Kuriyama SN, Chahoud I. In utero exposure to low-dose
2,3�,4,4�,5-pentachlorobiphenyl (PCB 118) impairs male
fertility and alters neurobehavior in rat offspring. Toxi-
cology. 2004;202:185–197.

1309. Barlow NJ, McIntyre BS, Foster PM. Male reproductive
tract lesions at 6, 12, and 18 months of age following in
utero exposure to di(n-butyl) phthalate. Toxicol Pathol.
2004;32:79–90.

1310. Borch J, Ladefoged O, Hass U, Vinggaard AM. Steroid-
ogenesis in fetal male rats is reduced by DEHP and DINP,
but endocrine effects of DEHP are not modulated by
DEHA in fetal, prepubertal and adult male rats. Reprod
Toxicol. 2004;18:53–61.

1311. Gray LE Jr, Ostby J, Furr J, Price M, Veeramachaneni
DN, Parks L. Perinatal exposure to the phthalates DEHP,
BBP, and DINP, but not DEP, DMP, or DOTP, alters
sexual differentiation of the male rat. Toxicol Sci. 2000;
58:350–365.

1312. Mylchreest E, Sar M, Cattley RC, Foster PM. Disruption
of androgen-regulated male reproductive development
by di(n-butyl) phthalate during late gestation in rats is

different from flutamide. Toxicol Appl Pharmacol. 1999;
156:81–95.

1313. Mylchreest E, Wallace DG, Cattley RC, Foster PM. Dose-
dependent alterations in androgen-regulated male repro-
ductive development in rats exposed to di(n-butyl) phtha-
late during late gestation. Toxicol Sci. 2000;55:143–151.

1314. Parks LG, Ostby JS, Lambright CR, et al. The plasticizer
diethylhexyl phthalate induces malformations by de-
creasing fetal testosterone synthesis during sexual differ-
entiation in the male rat. Toxicol Sci. 2000;58:339–349.

1315. AndradeAJ,GrandeSW,TalsnessCE,GroteK,Chahoud
I. A dose-response study following in utero and lacta-
tional exposure to di-(2-ethylhexyl)-phthalate (DEHP):
non-monotonic dose-response and low dose effects on rat
brain aromatase activity. Toxicology. 2006;227:185–
192.

1316. Adeeko A, Li D, Forsyth DS, et al. Effects of in utero
tributyltin chloride exposure in the rat on pregnancy out-
come. Toxicol Sci. 2003;74:407–415.

1317. Kishta O, Adeeko A, Li D, et al. In utero exposure to
tributyltin chloride differentially alters male and female
fetal gonad morphology and gene expression profiles in
the Sprague-Dawley rat. Reprod Toxicol. 2007;23:1–11.

1318. Toppari J, Adamsson A, Boas M, et al. Endocrine Dis-
rupters and Child Health. Possible Developmental Early
Effects of Endocrine Disrupters on Child Health. Ge-
neva, Switzerland: World Health Organization; 2012.

1319. PrinsGS,HoSM.Early-lifeestrogensandprostatecancerinan
animal model. J Dev Orig Health Dis. 2010;1:365–370.

1320. Calderon-Gierszal E, Kajdacsy-Balla A, Li G, Huang K,
van Breemen RB, Prins GS. Directed differentiation of
human embryonic stem cells (hESC) to prostate: novel
models that verify bisphenol A effects on human prostate
development. In: Proceedings from The Endocrine Soci-
ety’s 96th Annual Meeting and Expo; June 21–24, 2014;
Chicago, IL. Abstract OR18-6.

1321. Arai Y, Mori T, Suzuki Y, Bern HA. Long-term effects of
perinatal exposure to sex steroids and diethylstilbestrol
on the reproductive system of male mammals. Int Rev
Cytol. 1983;84:235–268.

1322. Gilbert ME, Rovet J, Chen Z, Koibuchi N. Developmen-
tal thyroid hormone disruption: prevalence, environmen-
tal contaminants and neurodevelopmental consequences.
Neurotoxicology. 2012;33:842–852.

E150 Gore et al Second Scientific Statement on EDCs Endocrine Reviews

D
ow

nloaded from
 https://academ

ic.oup.com
/edrv/article/36/6/E1/2354691 by guest on 19 April 2023


