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Abstract
There is increasing experimental and epidemiological evidence that fetal programming of genetic
systems is a contributing factor in the recent increase in adult obesity and other components of
metabolic syndrome. In particular, there is evidence that epigenetic changes associated with the
use of manmade chemicals may interact with other factors that influence fetal and postnatal
growth in contributing to the current obesity epidemic. The focus of this review is on the
developmental effects of estrogenic endocrine disrupting chemicals (EDCs), and more specifically
on effects of exposure to the estrogenic EDC bisphenol A (BPA), on adipocytes and their function,
and the ultimate impact on adult obesity; BPA exposure also results in impaired reproductive
capacity. We discuss the interaction of EDCs with other factors that impact growth during fetal
and neonatal life, such as placental blood flow and nutrient transport to fetuses, and how these
influence fetal growth and abnormalities in homeostatic control systems required to maintain
normal body weight throughout life.
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1. The importance of life stage
1.1 Effects of exposure to estrogens in adulthood on adipose tissue

Estrogens and other sex hormones regulate the functioning of tissues in addition to those
involved in reproduction in adults. The effects that occur when a hormone is present often
do not occur after the hormone is withdrawn. These are termed “activational” effects. The
typical view is that increased plasma concentrations of estrogens are associated with a
reduction in food intake and body weight in adults, and that the loss of ovarian estrogen
secretion related to menopause in women results in weight gain [1]. However, evidence is
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accumulating that during critical periods in development, estrogenic chemicals can have
unexpected effects on the differentiation of adipocytes as well as on postnatal growth [2,3].
The hypothesis that “programming” of obesity is related to exposure to environmental
estrogens during critical periods in organogenesis [4] may seem counter-intuitive. There is
considerable experimental evidence that in adult mice the most potent endogenous estrogen,
estradiol-17β, acts via estrogen receptor α (ERα) to have an inhibitory effect on adipocyte
number and lipogenesis, and removal of endogenous estrogens by ovariectomy or via a
genetic mutation in the gene controlling the enzyme aromatase (CYP19), causes impaired
glucose tolerance and insulin resistance in addition to increased fat mass [5–8]. Estrogens
have central effects on food consumption and energy expenditure that also contribute to their
overall inhibitory effects on adipose deposition in adults; these effects occur as a result of
the interaction between hormones such as leptin produced by adipocytes with estrogens, and
the interaction between these hormones also impacts reproductive processes [1]. However, a
maxim in developmental biology and pediatric medicine is that it is inappropriate to use
effects in adults to predict effects during development.

1. 2 The developmental origin of health and disease (DOHaD) hypothesis: Body weight and
metabolic diseases

Estrogens and other hormones can cause permanent changes, termed “organizational”
effects, by programming gene expression when exposure occurs during the time in
development when cells are differentiating, referred to as “critical periods.” There is an
extensive literature providing support for this going back over 50 years. In addition to
epigenetic changes impacting gene expression, there are numerous mechanisms by which
environmental endocrine disrupting chemicals (EDCs) can disrupt the development and
subsequent functioning of tissues. For example, chemicals can disrupt the interaction
between different cell types, such as mesenchyme and epithelium, during critical periods in
the organization of tissues [9].

Considerable research is currently being directed at elucidating the mechanisms by which
genes are programmed during cell differentiation under the influence of hormones such as
estradiol, as well as estrogenic EDCs and other EDCs that operate through other
mechanisms. The mechanisms that determine which genes in a cell can be transcribed, as
well as the level at which transcription occurs, involve epigenetic modifications of DNA as
well as the associated histone proteins [10,11]. There is now strong evidence indicating that
estrogenic EDCs can program gene activity via epigenetic changes during critical periods in
development, with long-term consequences that impact the health status of the individual
throughout the remainder of life. One finding that serves to demonstrate this in a well
characterized system is the change in both coat color and obesity in mice with a methylation
sensitive promoter that is differentially methylated by genistein (increased methylation) and
bisphenol A (BPA; decreased methylation). This finding revealed that two different
estrogenic EDCs (genistein and BPA) can have opposite effects on epigenetic mechanisms
and subsequent phenotype. Decreased methylation status caused by BPA predicted an adult
phenotype of yellow coat color, diabetes, tumors and obesity [12].

The focus of this review will primarily be on developmental effects of the estrogenic EDC,
BPA. The hypothesis that obesity and co-morbidities, such as impaired reproductive
capacity, is related to events that occur during early development is known as the
“developmental origin of health and disease” hypothesis, which has led to creation of a
society and a journal devoted to studying this issue (Journal of Developmental Origin of
Health and Disease; DOHaD) [4,13]. The incidence of metabolic syndrome, which includes
obesity, type II diabetes, heart disease and hypertension, has increased dramatically over the
last few decades in the USA and many other regions of the world [14,15]. The DOHaD
hypothesis proposes that metabolic syndrome is related to factors that influence growth in
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utero as well as during postnatal development [16]. There is evidence that developmental
exposure to elevated levels of estrogens is a factor in the development of metabolic
syndrome and also results in abnormal development of the reproductive system; we have
referred to these outcomes as being part of the “fetal estrogenization syndrome” [17].

There is increasing experimental and epidemiological evidence that fetal programming of
genetic systems is a contributing factor in adult obesity [18]. This has led to the hypothesis
that epigenetic changes associated with the increased use of manmade chemicals, such as
chemicals used in the manufacture of plastic products, may interact with other factors that
influence fetal and postnatal growth in contributing to the current obesity epidemic
[4,19,20]. The hypothesis that epigenetic mechanisms are involved in the etiology of obesity
relates to the general issue of developmental plasticity. The hypothesis is that individuals are
adapted to function within a restricted range of potential responses throughout life as a
consequence of their underlying genetic potential being acted on by environmental factors
during the time in tissue differentiation when genetic programming occurs [21]. Thus, a
fetus that develops in a uterine environment in which there is reduced placental blood flow
and nutrient transport is thought to develop a “thrifty phenotype”, such that the mechanisms
mediating weight homeostasis are permanently programmed for a lifetime of
undernourishment. For example, when intrauterine growth restricted (IUGR) rats are
subsequently exposed to a highly palatable diet (to mimic the modern fast food diet with
excessive calories), these individuals are unable to regulate their body weight, resulting in
weight gain [22]. The question being posed here is whether during fetal and neonatal life,
environmental chemicals are playing a role in programming a phenotype that is prone to
obesity regardless of postnatal nutritional factors or whether there is an interaction between
environmental chemicals and both prenatal and postnatal nutritional factors? Our view is
that the latter case (interactive effects) is the most likely scenario, and our ongoing research
supports this prediction.

Restriction of placental blood flow is one cause of reduced fetal growth, and light-at-term
human babies are at higher risk for subsequent obesity, type 2 diabetes and hypertension
[23]. There is now convincing evidence in support of the hypothesis that during fetal life
environmental factors that influence fetal growth interact with factors that increase the rate
of postnatal growth, resulting in obesity and type 2 diabetes. The interaction between
prenatal and postnatal factors is supported by findings that the best predictor of insulin
resistance in 8-year-old children is the combination of being light at birth associated with a
high postnatal growth velocity. The phenomenon of restricted intrauterine growth followed
by accelerated postnatal growth shown in Figure 1 is referred to as “centile crossing” [15].
Recent evidence suggests that the age at which the rapid body weight increase occurs during
postnatal life is a critical factor in the eventual health status of a person [13].

2. Adipocytes
2.1 Production and response to hormones in adipocytes

Fat tissue is now recognized to produce hormones that are critical for regulating metabolism
and other processes. Leptin is produced by fat cells and impacts body weight via effects on
the hypothalamus, and also impacts reproductive processes via effects on gonadotropin
releasing hormone (GnRH) [1,24]. Adiponectin is produced by adipocytes and plays a role
in regulating glucose uptake into cells [25]. Interestingly, leptin and adiponectin are also
produced by the human placenta [26]. While adipocytes produce these hormones, other
hormones are major regulators of adipose tissue and are critical for adipocyte development
and function [27]. An extensive array of hormones and growth factors modulate adipocyte
development and activity, including growth hormone, thyroid hormone, catecholamines,
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glucagon, insulin and insulin-like growth factors, and glucocorticoids, as well as estradiol
and thus chemicals (natural and synthetic) with estrogenic activity [17,28,29].

In abdominal fat, mitochondrial glycerol-3-phosphate acyltransferase (GPAT) catalyzes the
initial step in glycerolipid synthesis [30]. Mice deficient in diglyceride acyltransferase
(DGAT1) are resistant to diet-induced obesity and have increased insulin and leptin
sensitivity [31]. The presence of the enzyme aromatase in adipocytes provides a source of
intracellular estradiol via aromatization of testosterone. Aromatase activity in a variety of
tissues is influenced by glucocorticoids, androgens, prostaglandins and estrogens, including
the estrogenic chemical bisphenol A (BPA) [32–36], and the factors that impact intracellular
estradiol levels in differentiating adipocytes are the subject of ongoing investigations [37].
In aromatase knockout mice, an increase in adipocyte volume and number was observed,
suggesting a role for estrogen in the regulation of adipocyte proliferation and incorporation
of lipids [8,38].

Lipoprotein lipase (LPL) is a key enzyme in regulating lipids. Adipose tissue with a lower
level of endothelial LPL will not uptake lipid as rapidly. LPL is subject to regulation by
estrogens [38]. Estradiol was reported to markedly decrease the amounts of lipoprotein
lipase mRNA as well as triglyceride accumulation in 3T3-L1 adipocytes [39].

In humans, C/EBPα mRNA levels in adipocyte tissue are elevated in those with an obese
relative to lean phenotype [40]. PPARγ, which is expressed in adult adipocytes, and C/EBP
are both regulators of lipogenesis, and PPARγ activators result in increased fat deposition
[41–43]. Although obesity typically involves adipocyte hypertrophy, adipocyte hyperplasia
is also seen in certain types of human and rodent obesity [44,45]. A critical question to
consider when postulating potential developmental effects on adipocyte number and
subsequent function is whether such effects would be permanent or transitory and reversible
once the stimulus inducing the change in adipocyte is removed.

2.2 The differentiation of adipose tissue
In humans, differentiation of preadipocytes into adipocytes begins prior to birth, but the
majority of preadipocytes differentiate postnatally. Adipocyte number increases markedly
between birth and 18 months of age, then continues to increase more slowly throughout
early childhood [46]. The developmental sequence by which the adipocyte phenotype arises
from mesenchymal stem cells is still being actively studied, although preadipocytes appear
to differentiate from mesenchymal stem cells associated with blood vessels. Mesenchymal
stem cells become committed to an adipogenic lineage and give rise to preadipocytes that
express PPARγ, which can remain undifferentiated and quiescent, proliferate but remain
undifferentiated, or differentiate as a postmitotic adipocyte [47]. Importantly, estrogens can
block PPARγ ligand-induced differentiation into adipocytes [48].

While preadipocytes in mice do not begin to differentiate into adipocytes prior to birth [49],
mouse preadipocytes develop from mesenchymal cells and proliferate during fetal life, and,
as discussed further below, express estrogen receptors [2]. Mouse preadipocytes continue to
proliferate rapidly at birth, but the majority then enters the differentiation pathway
neonatally to give rise to post-mitotic adipocytes. By approximately 3 weeks of age, the
basic adult number of adipocytes has been established in most mouse strains [45]. A
preadipocyte population still remains in adults and can give rise to new adipocytes at any
time during life in both mice and humans [50].

The genes critical for inducing adipocyte differentiation, as well as their temporal sequence
of expression during adipocyte differentiation are being actively investigated [27,51]. Of
central interest as a critical regulator of adipocyte differentiation is PPARγ [27,52]. There is
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evidence that CCAAT/enhancer-binding protein β (C/EBPβ) initially stimulates PPARγ,
which together with C/EBPs plays a critical role in adipocyte differentiation from the
preadipocyte to the fully functional, postmitotic adipocyte [41,52]. The transcription factor
cAMP response element-binding protein (CREB) plays an important role in regulating these
genes [43].

Estrogens are known to play an important role in regulating adipose deposition, and
estrogens regulate key developmental events in adipogenesis [8]. Thus, while the factors
regulating whether preadipocytes proliferate or differentiate are not well understood,
estrogens appear to be a factor involved in their development. Adipose tissue expresses both
ERα and ERβ. ERα is expressed in adipocytes, preadipocytes and stromal vascular cells,
indicating that almost all cells in adipose tissue are potentially estrogen responsive [53,54].
Estrogens appear to play a crucial role in establishment of adult adipocyte number, although
effects of estrogens on adipose tissue are complex, and may vary in adipocytes located in
different parts of the body.

A number of studies have shown that estradiol increases adipogenesis using mouse 3T3-L1
fibroblasts that can differentiate into preadipocytes and eventually adipocytes, as well as
human or rat preadipocytes in vitro [55–57]. Estradiol treatment of cultured preadipocytes
induces increased release of mitogenic substances into the media [58]. However, these
effects occur at supra-physiological doses of estradiol, and the relevance of these findings to
in vivo effects of estradiol and low doses of environmental estrogens is thus of concern. The
concern is based on the fact that low and high doses of hormones can result in opposite
effects [59,60]. In this regard, it is interesting that, as discussed further below, in rats
developmental exposure to a low dose of BPA, which has estrogenic activity, reduces
adipocyte number but increases adipocyte volume, associated with an increase in body
weight [29]). It is thus likely that developmental exposure to EDCs such as BPA influence
adipocyte differentiation and adult body weight homeostasis via different molecular
signaling systems than some other classes of EDCs, such as organotins [47].

In adults estrogens tend to preferentially promote differentiation of mesenchymal stem cells
into osteoblasts over adipocytes [61]. While the precise role of estrogens during
development on mesenchymal stem cells is not established, there is evidence that exposure
to exogenous estrogens program fetal bone. Pharmacological doses of DES given pre- and
postnatally to mice decreased femur length in adulthood [62–64]. As mentioned above and
discussed further below, exposure to low versus high doses of estrogenic EDCs during
development can have qualitatively different effects. This was recently observed for
developmental programming of bone where exposure to low doses of DES (0.1 µg/kg),
ethinylestradiol or BPA (10 µg/kg) increased femur length in adulthood [65], which was the
opposite effect of that seen at higher pharmacologic doses. For example, developmental
exposure to ethinylestradiol showed an inverted U dose response on femur length in mice,
that is, low doses of 0.01 and 0.1 µg/kg increased femur length, while 1.0 µg/kg did not alter
femur length relative to controls [65]. Since developmental exposure to BPA resulted in
fewer (but larger) fat cells and increased bone length in adult mice, exposure to
xenoestrogens like BPA may favor differentiation of mesenchymal stem cells into bone
versus adipocytes during development as well as in adulthood, although a more detailed
analysis is required to examine this hypothesis.

In summary, the fetal/neonatal period is a time in the mouse when changes in circulating
estrogens (either exogenous or endogenous) could result in changes in adipose tissue
function during later life, and changes in the methylation pattern of genes is one potential
mechanism. This prediction is consistent with evidence from other systems that exposure to
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sex hormones and estrogenic EDCs during fetal and neonatal life can have latent effects on
the functioning of tissues after birth [17,66,67].

3. Endocrine disrupting chemicals (EDCs): A paradigm shift in the study of
environmental chemicals

A meeting held in 1991 [68] brought to the attention of the scientific community and the
public that chemicals present in household products, such as building materials, plastics,
cleaning fluids, cosmetics and pesticides, previously considered safe by regulatory agencies,
could interfere with endocrine signaling systems in the body. This discovery [69] has led
over the last two decades to an extensive amount of research on endocrine disrupting
chemicals or EDCs. Labeling a chemical as an “endocrine disruptor” involves using the term
to very broadly cover disruption of the synthesis and transport of all chemical messengers
(autocrine, paracrine, endocrine, neurotransmitters), as well as their intracellular signaling
pathways and receptor systems that regulate cell function and intercellular communication.
Importantly, the effects of EDCs occur at doses far below those that had been examined in
traditional toxicological studies that focused on acute toxic effects of chemicals in adults.
This has led to a new term, “low-dose range”, being used to describe doses below those used
in traditional toxicological studies or doses that are within the range of typical human
exposure [60,70].

A paradigm shift in the approach to studying environmental chemicals has occurred as a
result of the diversity of backgrounds of scientists who have chosen to examine the effects
of EDCs, which when combined include studies of virtually every organ system. This has
resulted in the application of information from virtually every field of biology to what was
once a field that used prescribed approaches dating back to predictions about dose-response
relationships initially formulated in the 16th century [59]. The result is that the core
assumptions used in toxicological risk assessments have been shown to be invalid for EDCs
[59,71]. As identified by Thomas Kuhn, the process of a paradigm shift in science is always
a painful process for those who do not want to give up the firmly held beliefs that have
governed their careers. One example of a central assumption in toxicology and chemical risk
assessments is the 16th century proclamation that “the dose makes the poison”, which has
led toxicologists to assume that testing very high doses of chemicals predicts effects at very
low doses, based on the belief all dose-response relationships are monotonic [59]. However,
non-monotonic dose-response curves are commonly observed in endocrinology, due to a
variety of mechanisms, and have been observed for hormones, hormonally active drugs and
environmental chemicals when tested at a wide range of doses [59,72,73]. Briefly, many of
the effects that occur in response to low doses of hormones do not occur at much higher
doses, and in many cases, opposite effects of low and high doses are observed. Thus, the
dose used in both in vitro and in vivo experiments has to be taken into account in assessing
the physiological relevance of the results.

The assumption that all dose-response relationships are monotonic, and other outdated
assumptions in toxicology, are being challenged by the Endocrine Society and other
scientific and medical societies (representing the fields of endocrinology, reproduction,
genetics, and developmental biology) that are seeking a seat at the decision-making table
regarding assessing the hazards of chemicals classified as endocrine disruptors [74,75].
Traditional toxicological testing involved examination of a narrow range of very high doses
based on a dose that was found to be acutely toxic [71]. However, the disruption of
endocrine signaling systems by low doses of EDCs is the issue that is central to the
discussion regarding the potential for EDCs to disrupt metabolic processes and lead
eventually to obesity at the relatively low internal doses encountered on a daily basis based
on biomonitoring studies.
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Of the different types of environmental chemicals that disrupt cell signaling, the most well
known are those categorized as estrogenic EDCs. However, as we learn more about these
chemicals, it is being discovered that similar to endogenous hormones, they often have the
capacity to interact with multiple receptor systems as a function of dose [70]. Virtually all
estrogenic EDCs have the capacity to bind to classical nuclear estrogen receptors (both the
alpha and beta forms) and initiate or inhibit transcription of estrogen-responsive genes, but
typically the gene-response profile is not identical to the response caused by an equal dose
of estradiol [73]. In addition, specific responses caused by estrogenic EDCs and estradiol
may vary between tissues in the same species. Estrogenic EDCs are thus categorized as
selective estrogen receptor modulators (SERMs) [70,76]. In addition to classical estrogen
receptors, estrogenic EDCs can bind to non-classical estrogen receptors associated with the
cell membrane. The doses of estrogenic EDCs required to activate intracellular enzyme
pathways that can rapidly change cell function as well as initiate transcription are much
lower than doses of the same chemicals required to initiate transcription via binding to
nuclear estrogen receptors; these rapid-response systems greatly amplify extracellular
signals [77].

3.1 Endocrine disrupting chemicals and obesity: The obesogen hypothesis
In recent years the focus on obesity has involved the “big two” factors thought to be
primarily responsible for the dramatic increase in obesity over the last two decades: reduced
physical activity and over-consumption of high calorie “junk” food associated with food
marketing practices [20]. However, it seems likely that environmental factors are also
involved, since changes in nutrition and exercise do not explain the epidemic of obesity over
the last few decades. While a positive energy balance can increase body weight, this
simplistic view does not take into account that fetal programming events due to
environmental stressors (including EDCs) can alter body weight homeostasis via effects on
neuroendocrine, pancreatic, gut, adipocyte and other components of this complex integrated
system [4]. The concept that EDCs can have obesogenic activity is beginning to stimulate
interest in the research community [47]. However, despite efforts of physicians in the
pediatrics community [78–80], there remains little attention to this issue in the general
medical community, possibly due to the virtual absence of information about environmental
medicine in the curriculum of most medical schools.

Although there are a large number of in vitro and experimental animal studies concerning
the role of BPA and other “obesogens” in obesity and other co-morbidities associated with
metabolic syndrome, only a few epidemiologic studies have examined the possible role of
environmental endocrine disruptors, such as phthalates, that are used in a wide variety of
products, and BPA in the human obesity epidemic [81–84]. Data from studies with
experimental animals, as well as cell culture studies, indicate that more studies of EDCs and
metabolic diseases in humans are needed, particularly those that focus on developmental
effects [66,79,85].

3.2 Bisphenol A (BPA) and obesity
BPA (CAS #80-05-7) is one of the highest volume chemicals in worldwide production, with
production capacity estimated at 10-billion pounds per year in 2011 for use in manufacturing
polycarbonate plastic, the resin that lines metal cans, and as an additive in many other types
of plastic [86]. All human fetuses that have been examined have measurable blood levels of
BPA [87–90], and mean or median levels found in humans are higher than levels in fetal and
neonatal mice in response to maternal doses that increase postnatal growth [90–93].

There are markedly different views regarding the potency of BPA, which varies in relation
to estradiol as a function of both nuclear receptor subtype, ERα or ERβ [70], and the co-
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regulatory proteins that complex with these receptors and alter responses, resulting in an
uncoupling of affinity for the receptor from potency in terms of specific responses [94]. In
addition, BPA and estradiol are generally equally potent as activators of receptors associated
with the cell membrane that initiate rapid signaling cascades at concentrations as low as 0.01
pM [77]. As indicated above, similar to other xenoestrogens, BPA is considered to be a
SERM, since it has a variety of unique effects relative to estradiol [70,73,95].

Exposure during gestation and lactation to BPA has been shown to result in a wide range of
effects observed during postnatal life in mice, rats and other vertebrate and invertebrate
species, including disruption of all organs in the male and female reproductive system as
well as neuroendocrine effects [96,97]. We initially reported [91], and other studies have
confirmed that exposure to low doses of BPA during the perinatal period of development
results in an increase in body weight [29,98–104]. It is thus not surprising that neonatal
exposure to a low dose (1 µg/kg/day) of the estrogenic drug diethylstilbestrol (DES) also
stimulated a subsequent increase in body weight and an increase in body fat in mice
[66,105]. Interestingly, exposure to BPA just prior to puberty [106,107] has also been found
to increase body weight. In addition to effects on abdominal fat (in rodents the gonadal and
renal fat pads), prenatal exposure to a low dose of BPA (0.25 µg/kg/day) via the use of a
continuous release pump resulted in advancement of differentiation of the adipocytes in the
mammary gland in fetal female mice [108]. The earliest reported exposure to BPA that
impacts subsequent growth is administration of a very low concentration of BPA (1 nM or
0.23 ng/ml) during the first two days after in vitro fertilization [109], which accelerated the
rate of cell division of the fertilized oocyte. In a subsequent study, after implantation of
embryos exposed in vitro for two days to 1 nM BPA into an untreated female mouse, the
BPA exposure prior to the blastocyst stage led to accelerated postnatal growth of the
offspring [110].

There are a number of genes that are likely to be involved in the control of effects of
estrogenic chemicals such as BPA on adipocyte differentiation and subsequent function. The
genes critical for inducing adipocyte differentiation, as well as their temporal sequence of
expression during adipocyte differentiation are being actively investigated [27,51]. We have
preliminary evidence that expression of a number of genes is permanently altered as a result
of differential fetal growth, based on comparisons of intrauterine growth restricted (IUGR)
and macrosomic male mice (macrosomia describes a newborn with an excessive birth
weight, and we classified male mice as IUGR or macrosomic if they were at the bottom and
top 5% for body weight at birth); expression of some of the same genes that differed in adult
adipocytes based on body weight at birth were also permanently altered in adipocytes due to
developmental exposure to BPA [29].

We are examining the expression of a number of genes that are implicated in adipocyte
differentiation, function and obesity, such as PPAR, C/EBP, LPL, GLUT4, Cyp19
(aromatase), GPAT and DGAT. In rats, developmental exposure to approximately 70-µg/kg/
day BPA resulted in up-regulation of a number of genes in abdominal adipocytes in
adulthood, including PPAR, C/EBP and LPL [29]. In mouse 3T3-L1 cells BPA increased
lipoprotein lipase (LPL) activity and triacylglycerol accumulation; BPA resulted in the
presence of larger lipid droplets in the differentiated cells [111]. Insulin and BPA interacted
synergistically to further accelerate these processes. BPA also stimulated an increase in the
glucose transporter GLUT4 and glucose uptake into 3T3-F442A adipocytes in cell culture
[112]. In a separate study up-regulation of GLUT4 increased basal and insulin-induced
glucose uptake into adipocytes [113], however these in vitro effects required doses
considerably higher than concentrations found in human tissues [90].
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Aspects of metabolic disease are influenced by adult exposure to BPA. Low doses of BPA
stimulated rapid secretion of insulin in mouse pancreatic β cells in primary culture through a
non-classical, non-genomic estrogen-response system, and the magnitude of the response
was the same at equal doses of BPA and estradiol. In contrast, prolonged exposure to a low
oral dose of BPA (10 µg/kg/day) resulted in stimulation of insulin secretion in adult mice
that was mediated by the classical nuclear estrogen receptors; the prolonged hypersecretion
of insulin was followed by insulin resistance [114]. In a subsequent study [115] these
investigators reported that mice exposed to a low dose of BPA (10 µg/kg/day) during fetal
life were heavier at birth relative to controls, and at 6 months of age, males prenatally
exposed to BPA displayed glucose intolerance, insulin resistance and altered insulin release
from pancreatic cells compared with control mice. Pregnant mice exposed to this same dose
of BPA displayed glucose intolerance relative to untreated controls, and at a higher dose
(100 µg/kg/day) a trend toward altered insulin sensitivity. Furthermore, 4 months after
delivery, the mice treated during pregnancy with BPA were heavier than control unexposed
pregnant mice and had decreased insulin sensitivity and glucose intolerance. As mentioned
previously, this interesting finding stands in contrast to the typical assumption that exposure
to chemicals such as BPA in adulthood alter metabolic systems during the time of exposure
(activational effects), but that the consequences of exposure are not permanent. This
observation in mice suggests that BPA exposure during pregnancy in women could also
affect body weight and glucose metabolism later in life. Consistent with the prediction that
fetuses are more sensitive to environmental chemicals than adults, the permanent effects of
BPA on offspring’s metabolic systems occurred at a dose 10-fold lower than the dose
required to cause subsequent effects in the adult mother [115].

An interesting comparison is the finding that subcutaneous (sc) injection of pregnant CD-1
(ICR) mice with low doses of BPA (2 and 20 µg/kg/day) and DES (0.02, 0.2 and 2 µg/kg/
day) accelerated puberty (a common finding), but reduced body weight at puberty in the
female offspring [116]. In contrast, a similar prenatal BPA dose (2.4 µg/kg/day) fed to
pregnant CF-1 mice both accelerated puberty and increased body weight at puberty in
female offspring [91]. An important difference, aside from the route of administration, is
that in the Howdeshell study, fetuses were delivered by cesarean section and raised by
untreated foster mothers. In a separate study, Palanza and colleagues reported a decrease in
maternal nursing behavior in CD-1 mouse mothers fed 10 µg/kg/day BPA during the last
five days of pregnancy [117]; similar disruption of nursing behavior has also been reported
in rats exposed to a low dose of BPA throughout pregnancy and lactation [118].

3.3 Controversies regarding low-dose studies showing effects of BPA
There are a number of controversies regarding reports of research in laboratory animals of
effects of low doses of BPA on diseases that are increasing in frequency in humans
[96,119,120]. The assumption that using sc injection of a dose of BPA that was thousands of
time below the presumed “no effect dose” would lead to extremely high internal doses
relative to oral administration [discussed in [93,121]], has been used to declare studies that
did not use oral bolus administration as essentially meaningless. Importantly, there is no
argument that in adults, orally absorbed BPA is subject to greater first pass metabolism in
the liver relative to BPA administered by non-oral routes [122]. However, the argument that
studies are of no value if they used a very low dose of BPA that was administered by a non-
oral route is flawed for two reasons: first, in adult rodents, the difference in serum
unconjugated BPA based on route of administration is primarily in the maximum value
reached after a bolus administration, while the average exposure over the 24 hr after
administration (in particular between 12 – 24 hr after administration) does not differ based
on route of administration [122]. Thus, the average internal concentration of BPA over the
24 hr after administration via oral or sc route is actually not very different, which
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dramatically contradicts assumptions made by the European Food Safety Agency [123].
Second, in newborn rodents, route of administration is even less of a factor than the
relatively small effect it has in adults [93], and the same adverse outcome has been observed
in male rats in terms of adult prostate disease as a result of neonatal exposure to the same
low 10 µg/kg/day dose of BPA as a result of oral or sc administration [124]. Finally, an
important recent observation is that pharmacokinetics of BPA does not differ between mice,
rhesus monkeys and humans [121].

A major controversy has been that regulatory agencies in the USA and Europe have focused
on a very narrow set of BPA studies that followed regulatory guidelines and used “good
laboratory practices (GLP)” protocols. However, this name does not imply “good science”,
since GLP was instituted as a result of fraud in record keeping by commercial chemical
testing laboratories [125]. Thus, lack of use of GLP protocols, which greatly increase the
cost of the research, has been identified by scientists [125,126], and science review boards in
the USA [127] and in Europe [128], as an inappropriate basis for rejecting studies for
inclusion in assessing the health hazards of BPA.

While a large number of studies (reviewed above) have reported an increase in body weight
as a result of exposure during development to low doses of BPA, not all studies involving
developmental exposure to BPA have reported an increase in body weight. In fact, in our
initial study in which CF-1 male mice were exposed via feeding the pregnant mother 2 or 20
µg/kg/day BPA, male offspring exposed to the 2 µg/kg/day dose of BPA were slightly (9%),
but significantly, lighter than controls in adulthood [129]. Other studies have also reported
that developmental exposure to low doses of BPA decreased subsequent body weight in
mice [116] and rats [130]. Some studies have reported no significant effect of BPA exposure
during development on body weight, for example [131–133]. Finally, an interesting feature
of the literature on the effects of developmental exposure to BPA on obesity and other
aspects of metabolic disease is that significant effects are often observed on either males or
females, but there is not consistency between studies regarding which sex is most affected
[29,115]. What is interesting about this issue is that a consistent finding regarding the effects
of low doses of BPA on neurobehavioral development is that the effects in rats and mice of
BPA are different in males and females [134]. A similar gender difference in the association
between maternal BPA levels during pregnancy and subsequent behavior in children has
been reported [135,136].

How can all of these different results be reconciled? First, body fat, not body weight, needs
to be examined in rodents if one wants to draw conclusions about BPA influencing obesity.
The rodent does not have the extensive amount of subcutaneous fat found in humans,
particularly women, although there are subcutaneous adipocytes that contribute to an
increase in body weight in mice on a high fat diet [137]. We have found that even dramatic
differences in abdominal body fat (associated with the kidneys and gonads) in mice result in
a very small percent change in body weight [17].

Second, since estrogens function at extremely low concentrations, investigators should be
concerned about background levels of estrogenic chemical contamination in control animals.
For example, contamination can occur through water. In order to avoid this in our
laboratory, we have a reverse osmosis system, copper pipes and a series of carbon filters that
we use to provide water to mice in glass bottles. Using a very sensitive assay (HPLC with
CoulArray detection; limit of detection = 2 parts per trillion) we do not detect any BPA in
water provided to our mice. Another source of contamination to be considered is BPA
exposure due to the use of polycarbonate bottles and animal cages; we use polypropylene
cages that do not contain BPA [138]. Polycarbonate bottles and cages are known to leach
amounts of BPA that can interfere with finding effects of low doses of BPA [138–140].
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Investigators who are examining effects of low doses of BPA during development on
subsequent obesity (for example a study that examined 0.25 µg/kg/day BPA) need to be
aware of the potential for contamination due to housing animals in polycarbonate cages and
providing water in polycarbonate bottles [141].

Third, the issue of the appropriate feed to use in studies involving EDCs such as BPA is
complicated, and in some cases findings have been quite unexpected. One prediction that
seemed reasonable was that it would be best to avoid the use of soy-containing feed in
studies involving estrogenic EDCs, since the phytoestrogen content is known to be highly
variable from batch to batch of the same feed [142]; this was the subject of a NIEHS
meeting on variability in estrogenic activity in feeds used experimental animal research
[143].

The potential effects on EDC experiments of components of feed, such as soy
phytoestrogens or casein, animal fat vs. vegetable fat, etc. are complex. For example, the
complete absence of phytoestrogens in the diet of mice has the surprising effect of resulting
in gross adult obesity and other aspects of metabolic syndrome, as well as adverse effects on
reproductive organs [17,144]. The surprising finding here is that in laboratory rodents there
is an important role for phytoestrogens in preventing obesity as well as preventing abnormal
development of the reproductive organs, which may be the consequence of selection over
thousands of generations for mice that could withstand high levels of phytoestrogens in the
soy-based feeds typically used by commercial breeding facilities because it is the least
expensive feed. Since the amount of phytoestrogens in soy-based feed can vary dramatically
while the amount of protein is held constant, controlling the amount of phytoestrogens in
soy-based feed is required for consistency of results in rodent studies, while completely
eliminating phytoestrogens from the feed, which might seem to be a reasonable solution,
could actually dramatically interfere with the ability to study environmental factors involved
in obesity in rodent models [17,143]

Given the strange effects that various feeds have on both the endocrine and metabolic
control systems involved in regulating body fat, glucose homeostasis and reproductive
processes in experimental animals [17,29,145], it is not difficult to imagine that differences
in feed (even though the feed used might have the same name) due to batch-to-batch
variation, could contribute to variability in outcome of studies examining the effects of
EDCs on obesity [143]. To make matters worse, variability in phytoestrogen content of feed
has a greater effect on some strains of laboratory animals than it does on other strains [146].
An issue that is clearly of great interest, but at this time remains controversial, is the
interaction between BPA and the nutritional components of feed in terms of specific
outcomes associated with obesity and other aspects of metabolic disease.

4. The adult phenotype due to intrauterine growth restriction (IUGR) is
similar to developmental exposure to BPA

There is extensive epidemiological evidence showing that babies with intrauterine growth
restriction (IUGR) who then experience a rapid “catch-up” growth spurt during childhood
are at high risk for adult obesity and type 2 diabetes (as well as other aspects of metabolic
syndrome), consistent with the DOHaD hypothesis [4,18]. Thus, fetal growth rate interacts
with childhood-adolescence growth rate in terms of whether IUGR leads to adult obesity and
other metabolic diseases (Figure 1). We have developed a novel crowded uterine horn
mouse model that results in siblings that range from growth restricted to macrosomic due to
differences in placental blood flow based on location in the crowded uterus (Figure 2).
Importantly, the IUGR mice experience a rapid period of catch-up growth: IUGR mice
experience about a 90% increase in body weight, while macrosomic males have about a 30%
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increase in body weight during the first week after weaning (Coe et al. in preparation). Adult
IUGR male mice show marked similarities to IUGR humans in terms of glucose intolerance
and elevated insulin as well as an increase in total abdominal fat weight [147]. Importantly,
while both IUGR and macrosomic males remained significantly heavier than male mice with
a median body weight at birth, we have found significant differences in adipocyte gene
expression and number in adult male gonadal fat (Coe et al. in preparation). There is thus a
markedly different etiology of obesity in these two overweight sub-populations of mice
relating to differences in both fetal and post-weaning growth.

As noted above, there are some interesting parallels between the effect of perinatal exposure
to BPA and the consequence of a mouse pup being IUGR; BPA-exposed developing mouse
pups appear to have traits similar to those of IUGR pups. This is interesting in that a recent
occupational study from China reported data suggesting that maternal exposure to BPA was
related to IUGR [148]. In addition, there are similarities in gonadal adipocyte gene
expression in comparisons of IUGR vs. macrosomic animals and BPA-exposed vs. control
animals; similar to IUGR, BPA elevates PPAR, C/EBP and LPL in abdominal adipocytes
[29].

It is interesting that different EDCs identified as obesogens can lead to adult obesity with
underlying differences in phenotype. For example, developmental exposure to a low dose of
BPA results in an increase in adult body weight associated with a decrease in abdominal
adipocyte number, but an increase in adipocyte size (hypertrophy) [29]; we have similar
findings in male CD-1 mice (Coe et al. in preparation). The effects of BPA are similar to the
effect of developmental exposure to nicotine [149], but different from effects of organotins,
which result in obesity characterized by adipocyte hyperplasia [47].

5. Conclusions
At this time there is limited human data relating obesity with environmental chemicals, and
specifically environmental chemicals that are estrogenic or otherwise disrupt estrogen
homeostasis. However, there has been an increase in experimental animal research relating
environmental chemical exposure to obesity, insulin and glucose dysregulation, and type 2
diabetes. Findings from these studies have led to an increased awareness that energy
expenditure and components of diet, while important, likely do not explain the rate of
increase in obesity that has been documented over the last two decades [4,19,20]. While the
contribution of environmental chemicals to the obesity epidemic remains a largely
unexamined issue, the dramatic increase in the incidence of obesity has occurred in parallel
with a dramatic increase in the use of plastic and other products containing EDCs [for
example personal care products that contain phthalates [84]]. Plastics also contain other
EDCs in addition to BPA. The animal experiments showing a relationship between
accelerated postnatal growth, altered insulin secretion and glucose sensitivity due to
developmental exposure to daily doses of BPA within the range of human exposure provide
a strong argument for further research into the possibility that developmental exposure to
BPA as well as other EDCs are contributing to the development of obesity later in life.

➢ Estrogenic EDC exposure may lead to obesity via genetic programming.

➢ Estrogens and EDCs directly regulate adipocyte function.

➢ Developmental EDC exposure influences adult body weight and metabolism.

➢ Effects of EDCs on body weight and on glucose homeostasis are seen at low
doses.
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Abbreviations

BPA bisphenol A

Cyp19 aromatase

DGAT1 diglyceride acyltransferase

DOHaD developmental origin of health and disease

ERα estrogen receptor α

ERβ estrogen receptor β

C/EBP CCAAT/enhancer-binding protein

C/EBPβ CCAAT/enhancer-binding protein β

GLP good laboratory practices

GLUT4 glucose transporter type 4

GnRH gonadotropin releasing hormone

GPAT glycerol-3-phosphate acyltransferase

HPLC high performance liquid chromatography

IUGR intrauterine growth restriction

LPL lipoprotein lipase

PPARγ peroxisome proliferator-activated receptor gamma

SERMs selective estrogen receptor modulators
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Figure 1.
Schematic depicting the consequence of intrauterine growth restriction (IUGR) and
macrosomia on postnatal growth. There are two trajectories for fetuses that experience
IUGR; one sub-group may remain underweight throughout life, while another sub-group
may experience overgrowth and obesity in adulthood. The IUGR fetuses differ from normal
body weight at birth babies in their response to nutrients, and the postnatal growth trajectory
of the different sub-groups of IUGR fetuses depends on factors during postnatal life, as
predicted by the “thrifty phenotype” hypothesis. Research indicates that the mechanisms
underlying obesity in macrosomic and IUGR individuals are different.
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Figure 2.
Blood flow (indicated by arrows) into the loop uterine artery is bi-directional from both the
ovarian (O) and cervical (C) ends of the uterine horn, which leads to greater placental blood
flow at the ends relative to the middle (M) of each uterine horn. The data shown are
placental blood flow measurements taken from a hemi-ovariectomized pregnant female
CD-1 mouse on gestation day 18; the female was injected with radiolabelled microspheres to
measure blood flow [150]. Removing the left ovary prior to pregnancy results in double the
number of oocytes being ovulated from the remaining right ovary and crowding in the right
uterine horn, which is separate from the left uterine horn in mice and rats.
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