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Obesogens, stem cells and the maternal programming
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Obesity and metabolic syndrome diseases have exploded into a global epidemic. Consumption of calorie-dense food and diminished physical
activity are the generally accepted causes for obesity. But, could environmental factors expose preexisting genetic differences or exacerbate the
root causes of diet and exercise? The environmental obesogen model proposes that chemical exposure during critical developmental stages
influences subsequent adipogenesis, lipid balance and obesity. Obesogens are chemicals that stimulate adipogenesis and fat storage or alter the
control of metabolism, appetite and satiety to promote weight gain. Tributyltin (TBT) is a high-affinity agonistic ligand for the retinoid X
receptor (RXR) and peroxisome proliferator activated receptor gamma (PPARg). RXR-PPARg signaling is a key component in adipogenesis
and the function of adipocytes; activation of this heterodimer increases adipose mass in rodents and humans. Thus, inappropriate activation of
RXR-PPARg can directly alter adipose tissue homeostasis. TBT exposure promoted adipocyte differentiation, modulated adipogenic genes and
increased adiposity in mice after in utero exposure. These results suggest that organotin exposure is a previously unappreciated risk factor for the
development of obesity and related disorders. Based on the observed effects of TBT on adipogenesis, we hypothesized that organotin exposure
during prenatal adipose tissue development would create an environment that led to more adipocytes. We observed that the multipotent
stromal cell compartment was altered by prenatal TBT exposure leading to an increased number of preadipocytes. This increase in the number
of preadipocytes could correspondingly increase the steady state number of adipocytes in the adult, which could favor the development of
obesity over time.
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It is well known that there is an obesity epidemic in recent
years and we commonly talk about this as a worldwide obesity
epidemic. While it is true that obesity is on the rise around
the world, the epidemic is probably most pronounced in the
United States among developed nations. Current statistics
show that 34% of US adults are clinically obese (i.e. a body
mass index, BMI . 30), about double the worldwide average,
and 68% are overweight (BMI . 25).1 The WHO estimates
that 700 million adults, about 10% of the world’s population
will be obese by 2015.2 The main problem with obesity is
that it costs a lot of money in added healthcare costs, pri-
marily due to its relationship with metabolic syndrome,
diabetes and cardiovascular disease. In 2005, the additional
costs ascribed to obesity were estimated at $75 billion; the
amount for 2009 was 147 billion. This number is fairly close
to the annual cost of implementing health care for all
Americans, so obesity is obviously a very significant problem.

If obesity is a significant problem, one might reasonably
ask how we get fat? Most doctors adopt the simplistic view
that obesity is the result of too many calories in v. too few

calories expended – what I call the ‘couch potato syndrome’.
More formally, this is called positive energy balance. One
classic example of positive energy balance would be sumo
wrestlers who are very large men that perform at a high
athletic level for a few years but who essentially eat their way
into retirement when they get too large to fight competitively
any longer.

While it is self-evident that one must consume more cal-
ories than are burned to gain weight, the situation is not as
simple as the checkbook analogy. Many other factors in
addition to positive energy balance have been associated with
obesity (reviewed in3,4). We know that elevated glucocorti-
coid levels are linked with obesity and metabolic syndrome.5,6

Inadequate sleep, thrifty genes,7 viruses, gut microbes and
single nucleotide polymorphisms in a variety of genes can all
contribute to obesity in subsets of the population. There
are a lot of data regarding prenatal nutrition, the in utero
experience and adult disease from the work of Barker and
colleagues.8–10 Maternal smoking is clearly associated with
obesity in the exposed offspring.11 Overall, many factors in
addition to excess calorie consumption contribute to obesity.

Interestingly, there was a paper published a few years ago
by Paula Baillie Hamilton where she postulated a role for
chemical toxins in obesity.12 She noted that the obesity epi-
demic roughly correlates with the increasing use of industrial
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chemicals after World War II. Sure enough, there is such a
correlation. However, it is important to keep in mind that
correlation is not causation and that many factors correlate
with obesity, for example, global warming, and the number of
dermatologists, climate scientists and SUVs on the road in the
United States, among others. It is hard to imagine how any
of these correlated factors might be involved in the obesity
epidemic.

However, we also know that many chemicals in the
environment have effects on the endocrine system, so perhaps
there is a kernel of truth to Dr Bailee Hamilton’s argument.13

We know that weight is under hormonal control.14 Appetite
and satiety are controlled by a set of peptide hormones that
control when we feel hungry, when we feel like we have had
enough to eat, etc. The thyroid hormone receptor controls
the basal metabolic rate, that is, how many calories it takes to
maintain bodily functions at rest. The development of fat
cells is also under hormonal control.15–17 The two key
nuclear hormone receptors involved in adipogenesis are RXR
and peroxisome proliferator activated receptor gamma
(PPARg). PPARg is considered the master regulator of fat
cell development. If you activate this receptor, cells that are
capable of becoming fat cells will differentiate into fat cells
and existing fat cells will store more fat reviewed in Tontonoz
and Spiegelman.18

Therefore, one of the questions that we have been studying
in my laboratory in recent years is whether disturbances in
endocrine signaling pathways are somehow involved in the
development of fat cells and in obesity. On the basis of the
data described below, we proposed the ‘obesogen hypoth-
esis’.19,20 That is, that there are molecules called obesogens
that inappropriately stimulate the development of fat cells,
the storage of fat into existing fat cells, alter metabolic set
points or the hormonal control of appetite and satiety leading
to increased body fat mass. Are there any existing data that
would support such a hypothesis?

We know from the work of Newbold et al.21 that exposure
to diethylstilbesterol in the perinatal period increases weight
at adulthood. Newbold has gone on to show that genistein
has a similar effect,22 Beverly Rubin and Ana Soto23 have
shown that bisphenol-A has a similar effect. We know that
there are pharmaceutical obesogens. Thiazolidinediones such
as Actos and Avandia that are used to treat type II diabetes
increase the number of fat cells at all ages in humans.24,25 We
know from Rick Stahlhut and Shanna Swann that urinary
phthalate levels in men correlate with waist diameter and
insulin resistance.26 Furthermore, there are a variety of cell
culture-based studies which show that chemicals such as
phthalates,27,28 bisphenol-A, alkyl phenols,13 and more
recently PFOA29 and organotins20,30–32 can all cause the
differentiation of fat cells. Taken together, these data indicate
that obesogens exist and are worth studying.

We have been working on a compound called tributyltin
(TBT), which is the most famous endocrine disrupter that
most people have never heard of. I say this because TBT is the

single example of an endocrine disrupter for which there is
absolutely no controversy about dose and effect. It is found at
parts per billion levels and exerts its effects at these levels. The
classic effect of TBT is to cause ‘imposex’ the masculinization
of female mollusks.33,34 TBT exposed mollusks grow an
absolutely gigantic penis which creates a geometric problem
for mating; therefore, the animals are sterile. We became
interested in TBT when it was shown that TBT could mas-
culinize genetically female Japanese flounder.35 We asked the
question, ‘Which hormone receptor signaling pathway might
be activated by TBT and therefore alter the sexual char-
acteristics of both vertebrates and invertebrates?’ We expected
to find an effect on one or more steroid signaling pathway.
Instead, we found that TBT activated two other nuclear
receptors: the 9-cis retinoic acid receptor, RXR and the per-
oxisome proliferator activated receptor gamma, PPARg. We
went on to show that TBT induced cultured 3T3-L1 cells to
differentiate into fat, and TBT caused weight gain and the
induction of adipogenic genes in mice.19 Some of these data
are summarized below, followed by our new data on obeso-
gens and stem cells.

Table 1 summarizes the effects of various organotins and
other compounds on RXR and PPARg in receptor activation
assay. For RXR, the putative natural ligand 9-cis-retinoic acid
and two very good synthetic rexinoids, AGN195203 and LG-
100268, have EC50 values in the low nanomolar range. TBT
and triphenyltin (TPT) are in the same range. On PPARg,
the thiazolidinedione, troglitazone, has an EC50 of about
1 mM and the organotins are actually much better. Clearly,
these compounds are very potent activators for both PPARg

and RXR; do they bind to either receptor? That is important
because the organotin structures do not look anything like the
known ligands for these receptors. Figure 1 shows the struc-
tures of two rexinoids, 9-cRA and LGD100268 and rosigli-
tazone (ROSI), which is another of the thiazolidinediones,
compared with TBT. It is obvious even to the untrained eye
that these structures are not particularly similar. Therefore,
we tested whether TBT binds to RXR and PPARg using
competitive ligand displacement studies. We found that TBT
binds with low nM affinity to both receptors and this has
been confirmed in other laboratories.20,30–32 It is clear that
TBT binds very well to both receptors as an agonistic ligand.
We next asked what effects it has in some standard adipogenic
models.

One very standard adipogenic model utilizes 3T3-L1 cells.
These are fibroblasts that can be induced to become adipo-
cytes if treated in just the right way. We found that both TBT
and RXR activators could induce 3T3-L1 cells to become
adipocytes, as revealed by Oil Red O staining (stains trigly-
cerides) and gene expression.20 This has also been shown by
other investigators,30–32 although there is some controversy
about the molecular mechanisms of TBT action.

Therefore, what happens when we expose animals to TBT?
We treated pregnant mice with TBT at day 16 of gestation and
then examined the effects of this exposure on fat accumulation
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at birth. We found that animals treated with vehicle control has
no discernable triglyceride staining in fat depots, but that TBT
treated animals were already storing fat in the liver, testis and
mammary adipose depots at birth.20 If we instead allow the
prenatally TBT-treated animals to develop, we find that by 10
weeks of age, the TBT-treated animals are smaller, but have
stored more fat; therefore, TBT treatment causes increased fat
deposition at the expense of overall body mass.20 By 6 months
and 9 months, the TBT-treated animals are larger still, up to
15% larger than control animals. Therefore, a single prenatal
exposure to TBT has altered the animals such that they are
predisposed to weight gain later in life, despite normal diet and
access to exercise.

The focus of our recent efforts has been to identify the
molecular mechanisms underlying this observed predisposi-
tion to weight gain. One can imagine several possibilities.
First, the prenatal TBT exposure has altered the hormonal
control of appetite and satiety causing the animals to eat
more. This is a plausible hypothesis, but we have not seen any
evidence to support it. Second, perhaps the TBT treatment
has altered the ability of fat cells to store and process lipids.
Third, is it possible that TBT treatment has altered the
number of preadipocytes or adipocytes? It turns out that this
last model is the one for which we find the most support.
There is a type of adult stem cell in the body that was pre-
viously called a mesenchymal stem cell and is now called a
‘multipotent stromal cell’ or MSC. MSCs can differentiate
into multiple lineages in the body, including fat, bone, car-
tilage and muscle. We know from the literature that the
PPARg agonist ROSI can induce MSCs to differentiate into
adipocytes.32 MSCs are found primarily in bone marrow and
adipose tissue and it is currently controversial whether non-
resident MSCs can home to adipose depots.

Our working hypothesis was that prenatal TBT treatment
was altering the MSC compartment such that it produces
more adipocytes. We first tested the ability of MSCs from
either bone marrow or white adipose tissue (WAT) to

differentiate into bone, cartilage or adipose tissue in culture.
We found that it was possible to isolate relatively pure
populations of mouse or human MSCs that expressed
appropriate molecular markers and could be induced to dif-
ferentiate into fat, bone or cartilage in vitro. We next asked the
question whether MSCs derived from WAT could be induced
to differentiate into adipocytes by TBT and whether TBT
exposure altered the potential of MSCs to become bone or
cartilage. We found that MSCs were quite responsive to adi-
pogenic induction in vitro and that treatment of MSCs with
TBT caused a substantial increase in the number of adipocytes.

We found that both mouse and human adipose derived
MSCs (ADSCs) responded strongly to adipogenic induction
and that this response was reflected in gene expression.36 TBT
or ROSI treatment decreased expression of the adipogenesis
inhibitor Pref-1 while increasing expression of both early
(aP2/Fabp4, PPARg) and late (leptin) adipocyte markers.
Interestingly, TBT or ROSI treatment inhibits the ability of a
bone differentiation cocktail to drive ADSCs toward the
osteoblastic lineage.36

While it appears obvious that ROSI and TBT act through
PPARg to induce adipogenesis, this had never been formally
tested. Therefore, we tested the ability of the PPARg

antagonists GW9662 and T0070907 to inhibit TBT or
ROSI-induced adipogenesis. As expected, both compounds
were able to inhibit the adipogenic effects of ROSI.36 In
accord with our model that TBT acts through PPARg, either
antagonist was able to block the adipogenic effects of
TBT. Addition of either ROSI or TBT to antagonist treated
cultures was able to rescue the adipogenesis inducing effects
of either compound, further confirming our results.36

Summarizing the in vitro effects, TBT induces adipogenesis
in MSCs and inhibits the ability of the same cells to be

Table 1. Activation of nuclear receptor ligand binding domain fusions
by candidate ligands

Ligand hRXRa hPPARg

LG268 2–5 NA
9-cis RA 15 NA
All-trans RA NA NA
Monobutyltin chloride NA NA
Dibutyltin chloride 3000 NA
Tributyltin chloride 3–8 20
Tetrabutyltin chloride 150 ND
Di(triphenyltin) oxide 2–10 20
Butyltin-tris (2-ethylhexanoate) NA ND
Troglitazone NA 1000

NA, not active; ND, not determined.
The values are EC50 in nM. Fig. 1. Molecular structures of high-affinity nuclear receptor

ligands. The structures of natural (9-cis RA) and synthetic
(LGD100268) RXR ligands are given, as is the structure of a
high-affinity synthetic ligand for PPARg (rosiglitazone, ROSI).
The structure of TBT is given for comparison.
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induced into bone cells.36 The next question was whether
prenatal exposure to TBT had any effect on the differentia-
tion potential of MSCs. We treated pregnant dams at E16.5
with a single oral dose of TBT, ROSI or vehicle and either
cross-fostered the pups to CD-1 foster mothers or left them
with their dams (Fig. 2). ADSC were harvested at 8 weeks and
tested for their ability to become adipocytes, osteocytes or
chondrocytes after appropriate induction in vitro. We found
that prenatal TBT or ROSI exposure increased the adipogenic
potential of the ADSCs and that additional in vitro treatment
with TBT or ROSI further induced adipogenesis and the
expression of adipogenic genes such as Fabp4 and leptin (Fig.
2).36 There was no effect noted on chondrogenesis; however,
prenatal TBT or ROSI exposure strongly inhibited calcium
deposition and the expression of osteoblast markers (e.g.

osteopontin and osteonectin) while simultaneously increasing
adipogenesis and the expression of adipogenic markers
(Fabp4, leptin; Fig. 2).36 Therefore, as with the in vitro
experiments, prenatal TBT or ROSI exposure altered the fate
of the ADSC compartment, biasing it to favor the adipogenic
lineage at the expense of the osteogenic lineage.

Of course, the next question is how has the MSC com-
partment been altered by prenatal TBT or ROSI exposure to
favor the production of adipocytes? Our hypothesis was that
prenatal obesogen exposure increased the number of pre-
adipocytes; therefore, we analyzed the ADSC population for
molecular markers of preadipocytes. Fabp4 is known to be
expressed on preadipocytes and macrophages and CD-68 is
expressed on macrophages but not preadipocytes. We asked
how many cells are Fabp41/CD-682 (i.e. preadipocytes) in
the ADSC population from animals treated prenatally with
vehicle. We found a 7–15% increase in the number of pre-
adipocytes from obesogen exposed mice compared with
controls and concluded that prenatal obesogen exposure
increases the number of preadipocytes in the MSC popula-
tion, an effect that could easily increase the number of fat cells
in an adult.36 This observation also explains why ASDCs are
inhibited from becoming bone – they are already enriched in
preadipocytes.

We next asked whether the expression of genes known to
be involved in specifying the adipocyte lineage was increased
in untreated ADSCs harvested from obesogen treated v.
control animals. We showed that Fabp4 and leptin mRNA
levels were increased significantly whereas PPARg mRNA was
increased but the increase did not reach statistical sig-
nificance.36 Using methylation sensitive restriction enzyme
digestion, we found that CpG islands in the Fabp4 promoter
were undermethylated in the prenatally TBT treated animals.
This suggests that prenatal exposure has caused an epigenetic
alteration in the MSC compartment that increases the frac-
tion of MSCs committed to the adipocyte lineage. Fabp4 is a
downstream gene in the hierarchy of adipogenesis; hence, we
are currently testing all of the genes known to be involved in
adipogenesis to determine which others may be epigenetically
altered in MSCs from animals treated prenatally with TBT.

Conclusions and prospects

In summary, our work and that in other laboratories has
shown that organotins such as TBT and TPT are very potent
activators and ligands for both RXR and PPARg. Organotins
bind and activate the receptors at low nanomolar levels – the
levels at which they are found in humans and wildlife.
Organotins drive adipocyte differentiation in mouse and
human cell cultures, both in the mouse 3T3-L1 cell line and
in human and mouse mesenchymal stem cells. Organotin
exposure during development induces adipogenesis in two
animal models: mouse and frog (Xenopus laevis). TBT induces
the expression of target genes that would be expected if
PPARg were being activated and we have shown in MSC

Fig. 2. Prenatal TBT exposure predisposes ASDCs to become
adipocytes at the expense of osteocytes. The top of the figure
shows the experimental design for prenatal exposure. At 8 weeks
of age, control or prenatally exposed animals were euthanized and
MSCs were harvested from white adipose tissue. These cells were
grown in culture and then induced to develop along the adipose
or bone differentiation pathways. In each case, further exposure to
TBT or ROSI or solvent controls was shown to increase
(adipogenesis) or inhibit (bone) differentiation. The degree of
adipogenic differentiation was assessed by Oil Red O staining, and
the degree of calcium deposition assayed by Alizarin Red staining.
Adapted from Kirchner et al.36
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cultures that PPARg activation is required for induction of
adipogenesis by TBT or ROSI. Therefore, we conclude that
induction of adipogenesis is a known, and previously unsus-
pected endocrine disrupting the effect of organotins such as
TBT. While the bulk of current data suggest that TBT is
acting through PPARg, TBT is know to affect the expression
of 11b-hydroxysteroid dehydrogenases, which in turn, alters
glucocorticoid levels. TBT inhibits the expression of CYP19,
which will alter estrogen levels and TBT is also a mitochondrial
stressor. Future studies will reveal to what extent these other
pathways may contribute to the adipogenic effects of TBT.

The main question arising from our work is whether
obesogen exposure is a contributing factor in human obesity
and, if so, how large is the contribution. Published studies
from our lab and from other laboratories shows that orga-
notin exposure increases weight and the expression of adi-
pogenic genes. Importantly, we know that pharmaceutical
obesogens that act through PPARg can increase the number
of fat cells and body weight in humans, therefore, it is highly
likely that chemicals targeting PPARg will have similar
effects. We know that prenatal obesogen exposure perma-
nently alters the adult phenotype such that exposed animals
become fat on normal chow and we have shown that prenatal
obesogen exposure recruits MSCs in WAT (and likely else-
where) to become adipocytes. Therefore, obesogen exposure
has the potential to increase adipogenesis in humans.

One very important question is whether and to what extent
humans are exposed to obesogens such as TBT. Unhappily,
we have very few data relating to organotin exposure. PVC
plastic are 3% by weight of organotins, most of which are
mono and dibutyltin which are inactive, or weak activators of
PPARg, respectively. TBT and TPT are still found as con-
taminants in seafood, particularly in cultured fish and shrimp,
in the low nanomolar range. Fenbutatin is still used in agri-
culture on a variety of fruits and nuts. There is a single study
in the United States that measured TBT in a small group of
people at an average of 27 nM,37 TPT was measured in
Europeans at an average of 0.5–2 nM.38 These are well within
the range required to activate PPARg.20 Therefore, it appears
reasonable to hypothesize that at least some of the population
is exposed to organotins at levels sufficient to activate high
affinity receptors. We need much more data on human
exposures to make any reasonable inferences about the degree
to which organotin exposure influences human obesity. This
work is really in its infancy and future studies will be very
informative. The list of chemicals known to act as obesogens
is large and growing. Credible data exist for bisphenol A,
phthalates, perfluorooctanoates, nicotine, fructose and orga-
nophosphate pesticides to name a few. We really need much
more data about how these chemicals act and the extent to
which humans are exposed and at what times during development
in order to fully understand how obesogens affect body weight
and obesity later in life.

In conclusion, it is becoming increasingly clear from our
work and from studies in other laboratories that the traditional

explanation for obesity – an imbalance in the caloric checkbook
– is inadequate and overly simplistic to explain the epidemic of
obesity, particularly in the very young (reviewed in3,4). Phar-
maceutical obesogens, obesogenic chemicals and obesogenic
foods exist and these can inappropriately alter development,
physiology, metabolism and behavior to favor the increased
storage of excess calories as fat. We know that prenatal exposure
to one class of obesogen, organotins, reprograms the exposed
animals to be fat. At least part of this process is the result of
epigenetic changes that alter the expression of adipogenic
genes.36 The overall conclusion is that it is high time that the
focus on treating obesity is shifted toward prevention from the
current focus of (typically unsuccessful) treatment. Once a
person becomes obese, it is extraordinarily difficult to make
them lean again. If it were a simple matter of balancing the
caloric checkbook, only few people would be obese.

Lastly, it is the environment that is making us fat? It is
probably premature to make such a provocative statement,
but the weight of the evidence suggests that environmental
exposures to obesogenic drugs and chemicals is a contributing
factor to obesity that has been largely ignored in the past.
Identifying the range of foods, drugs and chemicals that act as
obesogens and understanding their mode of action will
greatly illuminate our understanding of obesity. Establishing
safer replacements for obesogens to which we are currently
exposed will ultimately be required. In this respect, the bur-
geoning field of green chemistry offers great potential.39
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