Rev Endocr Metab Disord (2007) 8:161-171
DOI 10.1007/s11154-007-9049-x

Perturbed nuclear receptor signaling
by environmental obesogens as emerging factors

in the obesity crisis

Felix Griin - Bruce Blumberg

Published online: 27 July 2007
© Springer Science + Business Media, LLC 2007

Abstract The modern world is plagued with expanding
epidemics of diseases related to metabolic dysfunction. The
factors that are driving obesity, diabetes, cardiovascular
disease, hypertension, and dyslipidemias (collectively
termed metabolic syndrome) are usually ascribed to a
mismatch between the body’s homeostatic nutrient require-
ments and dietary excess, coupled with insufficient exer-
cise. The environmental obesogen hypothesis proposes that
exposure to a toxic chemical burden is superimposed on
these conditions to initiate or exacerbate the development
of obesity and its associated health consequences. Recent
studies have proposed a first set of candidate obesogens
(diethylstilbestrol, bisphenol A, phthalates and organotins
among others) that target nuclear hormone receptor signal-
ing pathways (sex steroid, RXR-PPARy and GR) with
relevance to adipocyte biology and the developmental
origins of health and disease (DOHaD). Perturbed nuclear
receptor signaling can alter adipocyte proliferation, differ-
entiation or modulate systemic homeostatic controls,
leading to long-term consequences that may be magnified
if disruption occurs during sensitive periods during fetal or
early childhood development.

Keywords Environmental obesogen - Metabolic syndrome -
Nuclear hormone receptors - RXR - PPARYy - Organotin -
Obesogen

F. Griin (P<) - B. Blumberg (D<)

Department of Developmental and Cell Biology,
University of California Irvine,

Irvine, CA, USA

e-mail: fgrun@uci.edu

e-mail: blumberg@uci.edu

Abbreviations
RXR retinoic X receptor

PPARYy peroxisome proliferatpr activated receptor
gamma

LXR liver X receptor

FXR farnesoid X receptor

GR glucocorticoid receptor

ER estrogen receptor

BPA bisphenol A

DES diethylstilbestrol

TBT tributyltin chloride

TPT triphenyltin chloride

EDC endocrine disrupting chemicals

TZD thiazolidinedione

1 Introduction

Chronic disruption of the body’s energy balance equation—
caloric intake versus expenditure—is the central driving
mechanism that promotes obesity. With the exception of
specific instances of obesity arising from genetic causes, a
multitude of biological and behavioral factors affect energy
balance. These factors interact with an individual’s genetic
heritage to expose the risk for, and modify the severity of
obesity. Hence, an explanation for the rapid advance in
worldwide obesity rates observed over the last decades has
been offered in terms of the body’s inability to adequately
compensate for modern lifestyle choices with its excessive
calories and inadequate physical activity. The “thrifty
genotype” hypothesis [1] first proposed to account for
modern day increases in disorders of metabolism, e.g. type
2 diabetes, summarizes the concept that genetic traits
established to weather unpredictable food supplies in our
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harsher evolutionary history are a poor fit for the modern
obesogenic environment. Rapid accumulation of energy
stores and other thrifty phenotypic adaptations were hedges
against the unknown.

But something else has changed in the modern world—
the chemical environment to which we are exposed has
been significantly altered compared to what existed prior to
World War 2. A large and ever increasing number of
synthetic chemical products permeate the diet and environ-
ment and human exposure to these is unavoidable. Whereas
humans have evolved over the years to tolerate and
metabolize natural products found in the diet, they may be
unable to handle the expanded and exotic repertoire of
functional groups on molecules not usually encountered in
nature. Exposure to these xenobiotic compounds raises
concerns that they may interfere with normal physiological
processes, for instance as endocrine disruptors targeting
those hormonal signaling pathways activated by small
lipophilic ligands [2, 3].

The “environmental obesogen” hypothesis proposes that
a subset of environmental pollutants disrupts normal
development or interferes with the body’s homeostatic
controls. Exposure to these obesogens initiates or exacer-
bates obesity through mis-regulation of critical pathways
involved in adipogenesis, lipid metabolism, or energy
balance. This review highlights recent findings that provide
supporting evidence for chemical exposure models as
contributing factors in the epidemic of obesity and
associated metabolic syndrome diseases. Emphasis is given
to ligand activators of nuclear receptors involved in adipose
biology, specifically the sex steroid, RXR-PPARy, and
glucocorticoid receptors, where the link between exposure
level and altered gene regulation is the most direct and
suspected to be causal. This does not preclude the existence
or relevance of other molecular targets, for instance those
modifying neuroendocrine functions or behavior. Rather,
we focus on research areas where the mechanistic under-
standing is sufficient to begin evaluating specific disease
indicators and epidemiological risk in relation to the levels
of exposure encountered in the environment.

2 Environment—gene interactions in the initiation
of obesity

The quality and quantity of nutrition is an environmental
variable on both daily and longer-term scales. Therefore,
adaptive mechanisms to accommodate this fluctuating
supply are essential to maintain homeostatic control over
the body’s energy requirements. Gastrointestinal, hormonal,
and metabolic signals from the major energy storage and
metabolic organs (adipose, liver, and muscle) are centrally
integrated in the brain through a mesh of feedback networks
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to effect compensatory changes on food intake, metabolic
efficiency, activity, and resource partitioning. Estimates of
the daily variability in caloric intake and expenditure are
respectively 25 % and 8 % [4]. This suggests that adaptive
responses in expenditure are less able to compensate for a
prolonged significant supply side surplus. Deposition and
mobilization of fat stores plays an integral role in the body’s
response to buffer against these challenges. Identifying the
factors that influence the normal range of this adaptive
response to modify fat storage in individuals is the focus of
intensive research. Of special interest to obesity research
are altered mechanisms that directly or indirectly impart
long-term changes on the overall metabolic set point
affecting adipose tissue biology. Such mechanisms include
epigenetic changes in regulation of key metabolic enzymes,
lesions in endocrine organs, and recruitment or differenti-
ation of cells into the adipocyte lineage, since these are
likely to misdirect the body’s regulatory efforts dispropor-
tionately compared to an initial triggering event. The
“developmental origins of health and disease” (DOHaD)
paradigm proposes that fetal and perinatal stages of
development represent periods of heightened sensitivity
for the establishment of persistent changes to the individ-
ual’s adaptive physiology. In the case of metabolic diseases,
integration of environmental signals such as maternal
nutritional status, stress, and xenobiotic exposure, are
misinterpreted and acted upon to program the body for a
worldview that is biologically out of synchrony with the
reality of a nutrient rich modern world.

Indeed considerable evidence illustrates that maternal
nutritional status via the fetal environment is a strong
prognostic risk indicator for adult onset metabolic diseases
[5-7]. Low birth weight as an measure of suboptimal fetal
development and subsequent early adipogenic catch-up
growth are associated with metabolic syndrome disease
states including type 2 diabetes, cardiovascular disease,
hypertension and dyslipidemias [8]. Chronic stress, whether
it is physical or psychological, can also elicit similar
responses. For example, studies with macaque monkeys
show that early life stress results in enhanced visceral fat
deposition and elevated incidences of metabolic syndrome
phenotypes [9, 10]. Might exposure to toxic chemical
agents lead to the same results if the insult intersects with
common metabolic regulatory or stress response pathways?

Prenatal maternal smoking represents the proof-of-
concept for an environmental toxic chemical insult that
promotes obesity following exposure during a sensitive
developmental window. Multiple studies showed that the
adjusted odds ratio for obesity is elevated between 1.5-2.0
in children born to mothers who smoked during pregnancy
and that the risk persists through adulthood [11-13].
Smoking before or after pregnancy does not carry the same
risk, indicating that exposure during fetal development is
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the critical component to elicit persistent changes. There-
fore, the existence of other toxicants that are able to trigger
or exacerbate obesity is a provocative and relevant question
to address.

3 Environmental obesogens and nuclear hormone
receptors

The term “environmental obesogen” can be considered as
an extension of endocrine disruptor research. Endocrine
disrupting chemicals (EDCs) are compounds present in the
environment that have the ability to mimic or block the
natural action of endogenous hormones in the body
(reviewed in [14, 15]). Irreversible changes in patterns of
gene expression (organizational effects) are expected to be
more common with developmental exposure, whereas
activational responses, that are largely reversible with
cessation of exposure, will likely predominate at post-
developmental stages. To date, most examples of EDCs
studied have acted through the nuclear hormone receptor
(NRs) superfamily, with the majority of the work focused
on aspects of dysfunctional estrogenic signaling in repro-
ductive functions. Members of the NR transcription factor
superfamily function as concentration dependent sensors of
cognate ligands to coordinate gene regulation of key
developmental and homeostatic hormone signaling path-
ways. A common feature of NR ligands is their small size
and lipophilicity. Not surprisingly, many EDCs share these
same characteristics. Examples can be found among
persistent organochlorine pollutants (DDT, PCBs), plasti-
cizers (phthalates), pharmaceutical and agrochemicals (at-
razine) and synthetic/natural hormones (diethylstilbesterol
(DES)/birth control pills) in effluent waste water [14]. The
overall conserved mechanism of action between NR
members has naturally extended the investigation of EDCs
beyond the effects on reproductive fitness via estrogenic,
anti-estrogenic, or anti-androgenic models to include
additional phenotypes. Receptors such as the peroxisome
proliferator activated receptors (PPARs), thyroid receptor
(TR), liver X receptor (LXR), farnesoid X receptor (FXR),
estrogen related receptors (ERRs), retinoid X receptors
(RXRs) and glucocorticoid receptor (GR) have come under
increased scrutiny as potential targets for mis-regulation in
metabolic conditions including obesity.

4 Perturbed estrogenic signaling in obesity

Androgens and estrogens are tightly regulated players in the
establishment and maintenance of normal adipose tissue
and its functions. As a result, the introduction of hormone
mimics is expected to profoundly alter the overall integra-

tion of regulatory mechanisms between the major organs.
Sex hormone signaling in adipose tissue is usually seen in
the context of its anti-adipogenic effects in adults. Sex
steroids, in conjunction with growth hormone, have general
fat mobilizing properties that are counteracted by the lipid
accumulating hormones cortisol and insulin. Disturbances
in this balance favoring the latter can account for increased
fat deposition in a multitude of physiological and clinical
conditions, including genetic disturbances (Cushing’s syn-
drome), polycystic ovary syndrome, GH-deficiency, meno-
pause, aging, alcoholism and depression [16]. Additional
complexity arises from the sexually dimorphic nature of
adipose distribution and depot specific responsiveness to
sex steroid signaling in humans [17, 18]. Although women
exhibit both a greater number and size of adipocytes with a
consequent higher percent of total body weight as fat
following puberty, this adipose mass is principally distrib-
uted as subcutaneous fat that carries a lower risk for health
complications. The accretion of abdominal fat in women,
the prominent risk factor for metabolic diseases, is
generally delayed until changes during menopause lower
estrogen levels and alter the estrogen—androgen ratio [19].
Estrogen hormone replacement therapy in postmenopausal
women, or ovariectomy in rodent models, can normalize
these adipose changes [20, 21]. Similar conclusions were
reached in developmental genetic models of impaired
estrogen receptor signaling. Thus, the FSH receptor
knockout (FORKO) [22], aromatase knockout (ArKO)
[23] and estrogen receptor alpha knockout (xERKO) [24]
mouse models all exhibit a substantial gain in overall
adiposity as a result of both increased adipocyte hypertro-
phy and hyperplasia. Major targets for the action of
estrogens in adipocytes include reduction in lipogenesis
via direct inhibition of adipocyte lipoprotein lipase expres-
sion [25] and altered sensitivity to hormone-sensitive lipase
[26]. Effects on hypothalamic signaling that centrally
regulate feeding and energy expenditure are well known
[19, 24]. Hepatic control over triglyceride and fatty acid
homeostasis is also implicated [22, 27]. It would seem from
these data that endocrine disrupting chemicals that act as
anti-estrogens would most likely exhibit obesogenic effects.
Nevertheless, there are examples of compounds with
estrogen receptor (ER) agonist activity that behave as
obesogens under specific conditions or when exposure
occurs during sensitive developmental windows.

4.1 Diethylstilbestrol (DES)

Between the 1940-1980s, the synthetic estrogen diethyl-
stilbestrol was prescribed to women for estrogen deficient
states as hormone replacement therapy and to an estimated
2-8 million pregnant women at risk of miscarriage.
Subsequent studies established the long-term endocrine
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disrupting consequences of DES exposure for multiple
generations. DES exposed mothers have an increased risk
of developing breast cancer, whereas DES daughters
display a high incidence of reproductive tract abnormalities,
cervical and vaginal neoplasias, infertility and autoimmune
disorders; DES sons also exhibit increased health risks. A
prenatal mouse exposure model recapitulates many of these
alterations [28]. Consistent with its estrogenic activity, DES
doses between 10100 pg kg ' day ' result in a depressed
birth weight that is subsequently maintained. Surprisingly
though, a dose of 1 ug kg ' day ' did not alter birth weight.
Rather it was associated with a significant rise in adult body
weight [29]. New data from Newbold et al. [30] now
demonstrate that high doses of DES (1 mg kg ' day™)
administered between postnatal day 1-5 (during the period
of adipocyte differentiation), cause an initial body weight
reduction, followed by a period of “catch-up” growth
around puberty and a sustained increase in adult body
weight. This increase was associated with a higher percent
body fat and preceded by elevated serum levels of
adipokines and triglycerides. Hence, it appears that the
pro- or anti-adipogenic effects of this estrogenic insult may
depend both on the time of exposure and on non-monotonic
aspects of the dose—response curve.

4.2 Bisphenol A (BPA)

Bisphenol A was also first identified in the 1940s as a
synthetic estrogen but it never found widespread use with
the advent of more potent agonists. Instead, the ubiquitous
presence of BPA in the environment results from its use as
the monomer in polycarbonate plastic and epoxy resins
used to line food cans. Surface damage leads to progressive
deterioration and leaching of BPA from these substrates.
Prenatal exposure of mice in range of 100 pg kg ' day ' to
1.2 mg kg ' day ' was found to increase postnatal growth
[31, 32]. In vitro studies also demonstrated the ability of
BPA to synergize with insulin to promote proliferation and
differentiation of 3T3-L1 preadipocytes [33]. Recent data
suggests that the ability to promote adipocyte differentia-
tion may be independent of the action of ER signaling.
GLUT4 mediated glucose uptake into 3T3-F442A cells is
enhanced by BPA but not blocked by ER antagonists [34].
In addition, triglyceride accumulation and adipocyte differ-
entiation marker expression could be blocked by an
inhibitor of phosphatidylinositol 3-kinase leading to down-
regulation of Akt kinase activity [35].

4.3 Phytoestrogens and weak estrogenic agonists
Plant derived phytoestrogens such as genistein and daidzein

found in soy products have significant estrogenic activity
and generally mimic estrogen action on adipogenesis and
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lipogenesis. Genistein reverses the increase in fat accumula-
tion observed in ovariectomized mice and postmenopausal
women given dietary supplementation [36-39]. This effect is
not observed in «ERKO animals, providing evidence that
the mode of action is receptor mediated. Nevertheless, a
small number of studies make contradictory observations
regarding its anti-adipogenic effects on bone marrow derived
cells [40, 41]. Dang et al. report that low doses of genistein
exerted the expected estrogenic activity and promoted
osteogenic differentiation of primary bone marrow derived
cells and the cell line KS483. High doses, however, favored
adipogenic differentiation through a proposed activation of
PPARY signaling [41]. A recent feeding study in mice also
highlights gender specific and dose-dependent differences.
Genistein given to males at nutritional doses promoted
increased epididymal and renal fat pad size whereas higher
doses in both sexes mimicked the decrease in adipose weight
observed with estradiol [42]. Although estrogens are
predicted to be anti-adipogenic, estrogenic alkylphenols that
lead to adipocyte proliferation in 3T3-L1 cells have also
been described [43]. On balance, adult exposure to environ-
mental estrogens appears likely to promote anti-adipogenic
effects with the caveat that in certain instances compound-
specific interaction with other non-estrogenic signaling
pathways or depot specific adipogenic effects may result.
In contrast, prenatal or early perinatal exposure to estrogenic
compounds is likely to be pro-adipogenic.

4.4 Organotins

Introduction of organotins into the environment began in
the 1960s with their widespread use to control marine
mollusks by inclusion as antifouling agents in ship paints.
The potent biocidal properties of organotins extended their
uses to the production of high value food crops and in
industrial processes that required anti-fungal agents. Organ-
otins are used extensively in the manufacture of polyolefin
plastics (PVC) as a heat stabilizer during polymerization
[44]. Research over the past 30 years has established the
profound endocrine disrupting properties of organotins in
multiple species. In vertebrates, hepatic-, neuro- and
immunocytotoxicity are prevalently described effects [45].
In female marine gastropod mollusks, a causal link has
been made between the incidence of imposex (the abnormal
induction of male sex characteristics) with consequent
reproductive failure and exposure to environmentally
relevant doses of tributyltin [46, 47]. Masculinization
effects of TBT exposure have also been described in two
fish species [48, 49].

Inhibition of aromatase, the key cytochrome P450
enzyme required for the conversion of androgens to
estrogens, has been proposed as one molecular target for
the action of organotins in both invertebrates and verte-
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brates [50-52]. Effective inhibition of aromatase by organ-
otins occurs in the micromolar range when measured in
vitro [50, 53]. Organotins such as tributyltin (TBT) and
triphenyltin (TPT) are therefore predicted to exhibit anti-
estrogenic activity by inhibiting the production of estradiol
and altering levels and ratios of sex steroids. Whether
organotins perturb aromatase function through direct
enzyme inhibition or, as more recently proposed through
transcriptional regulation via RXR-PPARy [54-56] (de-
scribed in detail in Section 5.2), a general adipogenic effect,
or depot specific remodeling may result. Indeed recent data
from the groups of Nishikawa, Inadera, and from our
laboratory confirm the ability of TBT to act as an
adipogenic agonist in both cell culture and in vivo models
[57-59]. In both Xenopus laevis and murine developmental
exposure experiments, low doses of TBT resulted in
respectively ectopic gonadal adipocyte formation or in-
creased epididymal fat mass with age [59]. As reviewed
next, a proposed anti-estrogenic action for tributyltins, e.g.
via aromatase inhibition, is not the only relevant molecular
mechanism that can account for these effects. Rather it may
be synergistic with potent activation of additional nuclear
receptor pathways involved in adipocyte differentiation that
are already stimulated at nanomolar levels of exposure.

5 Perturbed RXR-PPARY signaling in obesity

An understanding of the developmental factors controlling
adipocyte number and differentiation remains as yet
incompletely described. In vitro preadipocyte cell models
together with genetic data, however, have identified some
of the master regulators able to effectively regulate
preadipocyte proliferation and promote terminal adipocyte
differentiation [61]. Among these, the peroxisome prolifer-
ator-activated receptor gamma (PPARY) is crucial. Loss of
PPARYy function is incompatible with formation of differ-
entiated cells in the adipocyte lineage [62]. Acting as a
metabolic sensor for a variety of dietary and metabolic
small fatty acid ligands, PPARY integrates the homeostatic
control over energy, lipid and glucose metabolism. PPARy
forms functional transcription factor complexes with reti-
noid X receptors (RXR«x, 3, v). RXRs act as common
heterodimeric partners to a wider range of other nuclear
hormone receptors. Importantly, the RXR—PPARy complex
can be transcriptionally activated by both PPARy and
RXR-specific ligands. Such receptor heterodimers are said
to be permissive. Activation of PPARYy leads to feed-
forward changes in gene expression that favor adipocyte
differentiation and energy storage. Thus, PPARYy can aptly
be described as the ultimate “thrifty” gene [63]. Variations
in PPARy activity observed in natural allelic variants or
provoked by differential activation with receptor agonists or

antagonists illustrate a spectrum of metabolic consequences.
Constitutive activation seen in the PPARy Prol115GIn variant
promotes obesity and insulin resistance [64]; a hypomorphic
variant Prol2Ala lowers body mass, improves insulin
sensitivity and lipid profiles [65]. Similarly pharmacological
activation by PPARYy agonists, such as the thiazolidinedione
drugs used to treat diabetic hyperglycemia, improves insulin
sensitivity but promotes weight gain [66, 67]; partial agonists
lower glucose effectively but are less adipogenic [68, 69].
Hence, persistent activation of PPARYy signaling through
nutrient overload or endocrine disrupting agonists is pre-
dicted to be obesogenic.

5.1 Phthalates

Widespread introduction of phthalates started in the 1950s
with their use as plasticizing agents to soften polyvinyl
chloride products. In addition, numerous common house-
hold products contain a variety of phthalate components
and their ubiquitous presence in the population from
chronic exposure (75% of U.S. population has measurable
levels) has raised concern over their endocrine disrupting
properties. Certain phthalates are able to perturb testicular
steroid hormone synthesis and male reproductive system
development [70—72]. Measured phthalate concentrations in
urine and breast milk have been associated with genital
changes and altered reproductive hormone levels in boys
[73, 74]. Since androgen deprivation, as induced for
instance in prostate cancer therapy, can result in elevations
in total fat, serum glucose and a higher prevalence of
metabolic syndrome [75, 76], a recent study by Stahlhut
et al. [77] drawing a link between specific urinary phthalate
metabolites to increased waist circumference and insulin
resistance suggests an obesogenic outcome via an anti-
androgenic pathway. Prior data, however, also suggests that
this phenotype may be mediated through the ability of a
subset of phthalates to act as agonists of PPARs [78, 79].
Micromolar ligand activation of PPARy and associated
adipocyte differentiation of 3T3-L1 cells is observed with
phthalates including mono-ethyl-hexyl phthalate (MEHP)
and mono-benzyl phthalate (MBzP) among others. Recent
data describe the ability of MEHP to differentially recruit
PPARY coactivators and modulate a subset of PPARYy
inducible genes [80]. It is therefore reasonable to hypoth-
esize that phthalates, with their widespread contamination
of the general population, can be linked to persistent
unregulated stimulation of PPARy and induction of a
thrifty adipogenic response.

5.2 Organotins

As noted above, organotins such as tributyltin (TBT) can
produce potent masculinization effects in sensitive species.
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Although imposex in vertebrates has only been observed in
fish and not in mammals, the underlying endocrine
disrupting mechanisms may share common elements but
manifest themselves according to the limits imposed by
species-specific differences in physiology. Recent studies
have uncovered a novel molecular site of action that may
provide a coherent explanation for disparate low dose
effects across species and explain the ability of organotins
to act as environmental obesogens in vertebrates. An earlier
series of studies detected a convergent promoter-specific
transcriptional inhibition between TBT and synthetic RXR—
PPARY ligands on the regulation of human aromatase in a
granulosa cell line [54-56]. More recently, independent in
vitro and cell based nuclear receptor screens of high
priority environmental pollutants identified a group of
organotins, including TBT and TPT, as agonistic ligands
for the retinoid X receptors (RXRs), PPARy and a number
of additional permissive RXR-heterodimeric partners [57,
59]. Consistent with results for human cells, TBT and
RXR-PPARY ligands coordinately downregulated am-
phibian gonadal aromatase expression [59]. Furthermore,
the natural RXR ligand, 9-cis retinoic acid, induced
imposex in marine mollusks via its invertebrate homolog
[81]. Transcriptional mis-regulation by organotins via
inappropriate nuclear receptor activation may represent a
unifying principle for many of its low dose endocrine
disrupting and toxic effects. Mammalian receptor affinities
(Kgs) and transcriptional activation (EC50s) for tributyltin
(TBT) are in the range of 5-12 nM for RXRs and 10—
30 nM for PPARYy [59], making this dual agonist a potent
mediator for RXR—PPARY signaling at environmentally
relevant levels. In line with the known pharmacology of
these receptors, 3T3-L1 cells were efficiently differentiat-
ed into mature adipocytes by TBT and in vivo expression
patterns of key murine lipogenic RXR-PPARYy target
genes in liver and adipose showed coordinate responses.
Enhanced adipose lipid accumulation and hepatic steatosis
were also observed in mouse neonates following prenatal
exposure, suggesting over-stimulated lipogenesis. Altered
fatty acid metabolism and lipid accumulation in response
to TBT has recently been reported in ramshorn snails,
extending this phenotype to invertebrates [60]. At 2 months
of age, epididymal fat pad mass in males was greater but
neither sex was statistically different in total body weight
compared to controls [59]. Measurements beyond
6 months, however, suggest a trend towards greater body
weight in both sexes after neonatal TBT exposure (Griin
and Blumberg, unpublished data). These observations are
reminiscent of the findings described previously for other
endocrine disrupting agents, e.g. DES, where changes in
body weight and composition may not become exposed
until later life unless they meet discreet dose and exposure
windows.
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6 Perturbed glucocorticoid signaling in obesity

Stress has been described as a state of disharmony or
threatened homeostasis. Metabolic syndrome diseases can
equally be described as a state of deranged metabolic
homeostasis with obesity a result of the body’s efforts to
reestablish equilibrium over energy balance. Therefore, it is
not coincidental that stress, or the inability to adequately
respond to stress, plays a significant role in the develop-
ment of these disease states. Stressors (nutritional status,
pregnancy complications, psychosocial factors, toxic expo-
sure etc.) experienced during fetal development or early
childhood can result in long-term changes in central stress
response pathways. Epigenetic imprinting is one mecha-
nism that establishes permanent alterations. Effects on the
glucocorticoid receptor (GR) promoter and on GR sensitive
target genes have been documented in response to
behavioral stress or exogenous chemical exposure (dexa-
methasone, benz[a]pyrene) [84—87]. Without balanced GR
action on key enzymes of glucose, lipid, amino acid
metabolism, as well as adipokine and inflammatory factors,
the adaptive stress response inadequately compensates for
physiological changes. Changes in the hypothalamic—
pituitary—adrenal axis (HPA) that lead to over-stimulated
production, or perturbed metabolism of cortisol and
glucocorticoid receptor signaling have been implicated as
contributing factors in the development of obesity [88, 89].
In addition to systemic adrenal production, localized
control over glucocorticoid signaling can be influenced in
peripheral tissues by the inter-conversion between cortisol
(active) and cortisone (inactive) GR ligands, mediated
respectively by the activities of 113-hydroxysteroid dehy-
drogenase (11(3-HSD) types 1 and 2. The presence of
glucocorticoids in adipose tissues is deleterious. Thus,
transgenic overexpression of 113-HSDI increases cortisol
levels and results in visceral obesity, glucose intolerance
and insulin resistance [90]. It is reasonable to expect that
exposure to environmental chemicals that can directly
stimulate the HPA axis, activate GR, alter GR function, or
elevate the peripheral levels of endogenous GR ligands may
be contributing factors for metabolic complications. Indeed,
an extensive and chemically diverse group of compounds
have been reported that serve as examples of environmental
agents able to elevate or depress glucocorticoid signaling
(reviewed in [91]).

7 Localized perturbation through 11(3-HSD inhibition

In light of the candidate environmental obesogens already
discussed, a number of recent observations make synergis-
tic glucocorticoid disruption probable, especially for those
candidates like organotins with broad mechanisms of
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toxicity. Metabolic inactivation of active glucocorticoids is
essential to prevent renal hypertensive effects [92] and
placental clearance protects the fetus from elevated mater-
nal glucocorticoid levels that would otherwise result in
intrauterine growth retardation [93]. Specific downregula-
tion of placental 11(3-HSD2 function under conditions of
maternal nutrient deprivation provides a link between low
birth weight and metabolic syndrome. The organotin TBT
was recently shown to directly inhibit 113-HSD2 (the
inactivating enzyme), thereby providing a mechanism for
augmenting hypertensive effects and disrupting fetal glu-
cocorticoid status as seen with other 113-HSD inhibitors
[94]. These include licorice-derived glycyrrhizin, its syn-
thetic derivatives (sweeteners) [95, 96] and dithiocarbamate
chemicals. Dithiocarbamates are widely found in cosmetics,
pesticides, and rubber products. Inhibition of 11(3-HSD2 by
dithiocarbamates and organotins is reported to be mediated
through critical cysteine residues [94, 97]. Both 113-HSD
isoforms exhibit sensitivity to RXR-NR transcriptional
regulation, opening the possibility of further disruption by
organotin regulation of NR function. Placental type 2
expression is downregulated by RXR-PPARS activation
[98], whereas RXR-PPAR o, RXR-PPARY and RXR-LXR
heterodimers downregulate the type 1 isoform [99-101].
Tissue specific effects on both glucocorticoid clearance and
peripheral reactivation are predicted to follow exposure.

7.1 H-P—A Perturbation

Aside from modulation of peripheral 113-HSD activity in
specific organs such as placenta and adipose, environmental
obesogens might also target more central aspects of the
stress response mediated by the H-P—A axis via transcrip-
tional misregulation of NR sensitive target genes in neural
tissues or through site specific toxicity that create lesions
and permanently alter integrative functions. Given the
potent ligand agonist properties of certain organotins, e.g.
TBT, transcriptional effects as a result of inappropriate
activation of RXR-heterodimers can be reasonably pro-
posed. In addition other organotin species with shorter alkyl
chains, e.g. trimethyl (TMT) and triethyltin (TET), may
exert their influence through yet a different mechanism.
These species are poor transcriptional activators of RXR
and its heterodimers [59]. They are highly neurotoxic,
however, creating lesions primarily in pyramidal neurons of
the hippocampus that may impact glucocorticoid dependent
feedback on the HPA axis. Adrenalectomy exacerbated,
whereas glucocorticoid supplementation protected against
this loss [102]. Taken together, these results strongly
suggest that at least some of the endocrine disrupting
actions of organotins are mediated by altered glucocorticoid
homeostasis that is known to impact the initiation and
progression of obesity and its metabolic sequelae.

8 Conclusions

It seems clear that a chemical origin for the obesity
epidemic as first postulated by Baillie-Hamilton [103] has
sufficient merit to warrant more intensive investigation.
Only in this way can we determine the overall significance
of xenobiotic exposure as a contributing risk factor for
obesity in addition to the well-known dietary and lifestyle
considerations. Sufficient examples exist of pharmaceuti-
cals (thiazolidinediones, atypical anti-psychotics, antihis-
tamines, antidepressants, anticonvulsants) that result in
progressive, undesirable body weight gain with pharmaco-
logical administration. Therefore, obesity as a consequence
of exposure to mixtures of environmental pollutants with
obesogenic properties is not unexpected a priori. Further-
more, considering that organotins and phthalates came into
wide use in the 1960s, it can also be predicted that obesity
as a result of exposure to these chemicals would become
manifest in the 1980s and afterward. This corresponds
closely to the rise in the epidemic of obesity and metabolic
syndrome diseases. The difficulty in determining the
validity of this hypothesis rests in the uncertainty of
extrapolations of biological effects to low dose or intermit-
tent exposure where observable metrics are apparent only
after long periods and in the presence of multiple
confounding parameters. What is necessary to address
these issues is the identification of specific obesogenic
compounds with clear-cut molecular targets, a mechanistic
understanding of their action, and corroborating data from
relevant animal models and human studies. In this context,
epidemiological data can be evaluated properly for expo-
sure risk and clinical health significance.

Much progress has been made toward meeting these
criteria. The examples cited above (e.g. DES, BPA,
phthalates, organotins, dithiocarbamates) reflect those can-
didates where experimental data has provided a mechanistic
basis of action and detrimental effects from environmental
exposure are relevant to a large percentage of the
population. Figure 1 provides a brief schematic summary
for their possible molecular sites of action. Frequently,
candidate environmental obesogens exhibit pleiotropic
effects on multiple organ systems. This is not unexpected
if they function either as direct agonists or disrupt
endogenous ligand levels of nuclear receptors that are
ubiquitously involved in regulating metabolic homeostasis.
As highlighted for organotins the ability to efficiently
activate RXRs or significantly disrupt other NR pathways
broadens the potential to disrupt metabolic regulation
beyond just adipose tissues. Besides its role in adipo-
genesis, RXR-PPARY signaling is central also to transcrip-
tional regulation in muscle, liver and macrophages that
impact disposition of glucose and triglycerides and regulate
inflammatory cytokines. Furthermore, RXR acts as the
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Fig. 1 Environmental obesogens and NR pathways. The schematic
depicts a limited set of candidate obesogens and potential molecular
targets in the initiation and progression of obesity. Maternal smoking
during pregnancy establishes a long term propensity for increased risk
of metabolic syndrome most likely through altered programming of
neuroendocrine functions. Above micromolar levels, pollutant organo-
tins e.g. TBT (red circles), exhibit general cytotoxicity resulting in
apoptosis; certain short chain organotins e.g. TMT (orange triangles)
can evoke specific lesions through selective neurotoxicity in a subset
of hippocampal neurons that interact with central H-P—A regulation.
Micromolar levels of TBT also targets intracellular enzymes relevant
to metabolism of NR steroidal ligands e.g. glucocorticoid inactivation
is potentially perturbed via inhibition of 11{3-hydroxysteroid dehydro-
genase type 2; likewise inhibition of cytochrome P450s, such as
aromatase, is expected to result in altered ratios of estrogens (E) and
androgens (7) with effects on developmental programming and fat
mobilization. Under some circumstances developmental exposure to
the synthetic estrogen receptor agonist DES (green squares) or other

heterodimeric partner for an extensive set of nuclear
receptors relevant to metabolic regulation, including thyroid
hormone receptor (TR), vitamin D receptor, steroid and
xenobiotic receptor (SXR/PXR), farnesoid X receptor
(FXR) and liver X receptor (LXR). These heterodimers
are involved in many aspects of energy regulation, steroid
metabolism, cholesterol and lipid homeostasis (reviewed in
[82, 83]). Hence, heterodimeric NR combinations sensitive
to permissive transactivation by RXR-specific ligands, e.g.
TBT, are molecular targets that warrant further investiga-
tion, not just in adipogenesis, but also for involvement in a
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environmental estrogenic compounds disturb body weight gain and fat
distribution. At nanomolar levels, the organotin TBT is a potent dual
agonist for retinoid X receptors (RXRs) and a number of permissive
heterodimeric partners, including PPARy; phthalates (blue hexagons)
target PPARy at micromolar levels. RXR—PPARY signaling effectively
promotes preadipocyte differentiation, affects glucose and triglyceride
disposition and impacts a wide variety of key adipogenic genes in
multiple target organs. Additional activation of permissive RXR-
heterodimer combinations by TBT or secondary effects on classical
NR steroidal ligands via modulation of RXR-heterodimer sensitive
targets e.g. 113-HSD and aromatase, broadens the potential for
synergistic metabolic misregulation and promotion of obesogenic
phenotypes. Overall, exposure to environmental obesogens, especially
during development or early-life, is envisioned to magnify long-term
effects on metabolic homeostasis through mechanisms such as altered
fetal programming of neuroendocrine pathways (H-P-A axis),
hormonal imprinting of key metabolic enzymes and recruitment or
excessive proliferation of cells in the adipose lineage

wider variety of metabolic disease states, e.g. hypertension,
diabetes, artherosclerosis and non-alcoholic steatohepatitis.

The discovery of novel obesogens will no doubt
accelerate with the continued improvement in knowledge
about adipose biology and mechanisms of obesity. A better
understanding of the factors required to establish adipocyte
proliferation, differentiation, and depot specific differences
during development will be particularly valuable. A recent
published study has begun to address this deficiency by
identifying several developmental genes strongly predictive
of adipose depot specificity and body adiposity [104]. The
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bias towards activators of nuclear receptors is in part
historical, but also reflective of the fact that these
intracellular mediators are activated by high affinity
endogenous ligands with ECs, values in the range between
nanomolar to micromolar. Pharmacological activation by
environmental hormone mimics necessitates similar affini-
ties or persistent exposure to increase the probability for
disruption from dilute non-point source contamination,
where the total sustained dose received is likely limited to
levels below milligram per kilogram body weight. With
worldwide production values for phthalates, bisphenol A
and organotins climbing to exceed 100,000 tons/year,
however, the introduction of large quantities of potential
rogue hormone receptor activators entering the environment
should not ignored.
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