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The environmental obesogen hypothesis proposes that pre- and postnatal exposure to environ-
mental chemicals contributes to adipogenesis and the development of obesity. Tributyltin (TBT) is
an agonist of both retinoid X receptor (RXR) and peroxisome proliferator-activated receptor vy
(PPARY). Activation of these receptors can elevate adipose mass in adult mice exposed to the
chemical in utero. Here we show that TBT sensitizes human and mouse multipotent stromal stem
cells derived from white adipose tissue [adipose-derived stromal stem cells (ADSCs)] to undergo
adipogenesis. In vitro exposure to TBT, or the PPARYy activator rosiglitazone increases adipogen-
esis, cellular lipid content, and expression of adipogenic genes. The adipogenic effects of TBT and
rosiglitazone were blocked by the addition of PPARy antagonists, suggesting that activation of
PPARy mediates the effect of both compounds on adipogenesis. ADSCs from mice exposed to TBT
in utero showed increased adipogenic capacity and reduced osteogenic capacity with enhanced
lipid accumulation in response to adipogenic induction. ADSCs retrieved from animals exposed to
TBT in utero showed increased expression of PPARy target genes such as the early adipogenic
differentiation gene marker fatty acid-binding protein 4 and hypomethylation of the promoter/
enhancer region of the fatty acid-binding protein 4 locus. Hence, TBT alters the stem cell com-
partment by sensitizing multipotent stromal stem cells to differentiate into adipocytes, an effect
that could likely increase adipose mass over time. (Molecular Endocrinology 24: 526-539, 2010)

single risk factor is rarely responsible for the devel-
Aopment of most chronic diseases. The major factors
driving obesity are most often ascribed to genetics (1) and
behavioral factors such as smoking (2), excessive con-
sumption of alcohol (3) and food (4), stress (5), and sed-
entary lifestyle (6). Infectious agents may also contribute
to obesity and type 2 diabetes (7, 8). Childhood and adult
obesity are among the cardiovascular risks that are con-
sidered to be programmed by early life experiences. Per-
haps counter intuitively, babies subjected to either nutri-
tional deprivation or to an environment overly rich in
nutrients appear to be at risk for later development of
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obesity and diabetes (9). The retrospective cohort studies of
David Barker and colleagues (10) during the late 1980s es-
tablished the principle that the incidence of certain adult
metabolic abnormalities may be linked to i1 utero develop-
ment. This concept is often referred to as the “developmen-
tal origins of health and disease” (DoHAD) paradigm.
The biological mechanisms underlying the develop-
mental origins of metabolic diseases remain poorly un-
derstood. Extensive human epidemiological studies and
data from animal models indicate that maternal nutrition,
and other environmental stimuli during critical periods of
prenatal and postnatal mammalian development, influ-

Abbreviations: ADSCs, Adipose-derived stromal stem cells; ADIPOQ, adiponectin; ALP,
alkaline phosphatase; a-MEM, a-MEM without nucleosides; BMSCs, bone marrow-de-
rived stem cells; CMC, carboxymethyl cellulose; COL, collagen; DMSO, dimethylsulfoxide;
DoHAD, Developmental Origins of Health And Disease; E16.5, embryonic d 16.5; Fabp4,
fatty acid-binding protein 4 (aka aP2); LEP, leptin; MDII, isobutylmethylxanthine, dexa-
methasone, insulin, indomethacin adipogenic cocktail; MSC, multipotent stromal cell/
mesenchymal stem cell; PPARy, peroxisome proliferator-activated receptor v; Pref-1, adi-
pocyte differentiation-associated Protein; ROSI, rosiglitazone; RXR, retinoid X receptor;
OPN, osteopontin; TBT, tributyltin; TTNPB, 4-(E-2-[5,6,7,8-tetrahydro-5,5,8,8-tetram-
ethyl-2-naphthalenyl]-1-propenyl) benzoic acid.
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ence developmental pathways and thereby induce perma-
nent changes in metabolism and susceptibility to chronic
disease (11-14). Emerging evidence suggests that alter-
ations in epigenetic marking of the genome in utero can
influence gene expression, and therefore, phenotype (15).
Extensive covalent modifications to DNA and histone pro-
teins occur from the earliest stages of mammalian develop-
ment. Because these modifications influence lineage-spe-
cific patterns of gene expression, they represent a
plausible mechanism through which environmental fac-
tors can perturb normal development or homeostasis. Al-
tered mitochondrial function (13), increased DNA meth-
ylation, and histone deacetylation are the most studied
epigenetic mechanisms shown to silence gene expression.
DNA methylation controls the activity of mammalian
promoter regions and might also be involved in the loss of
stem cell pluripotency and in cellular specification (16).
Interestingly, epigenetic modifications of peroxisome
proliferator-activated receptors (PPARs) might be in-
volved in the fetal adaptations to maternal diet and in the
programming of subsequent metabolic abnormalities in
later life (17). Recent evidence also supports an important
role for environmental factors in obesity that could be
programmed in utero. Among these is the exposure to
endocrine-disrupting chemicals (18-20). As obesity and
related metabolic syndrome disorders reach epidemic lev-
els worldwide, the study of how environmental chemicals
impact the etiology of obesity, particularly via maternal
exposure, is timely and important.

The widespread use of organotin compounds, such as
tributyltin (TBT), in agriculture and industry has led to
the release of significant amounts of these compounds
into the environment. Human exposure to non-point
sources of organotins occurs through seafood dietary
sources stemming from use of TBT as an antifouling agent
on boat hulls and from organotin use as fungicides on
food crops. Additional exposure comes from organotin
use as fungicides on timber products, as well as from
leaching of organotin-stabilized polyvinyl chloride from
water pipes, food wrap, and other plastics (21, 22). TBT
is best known as an endocrine disrupter that decreases
aromatase activity, thereby increasing testosterone levels
and causing imposex in female gastropod mollusks (23).
TBT exposure can also transform females into males in
some fish species (24, 25) but has not been reported to
alter sex ratio in mammals (26).

The environmental obesogen model proposes that
chemical exposure during critical stages in development
can influence subsequent adipogenesis, lipid balance, and
obesity (18, 20, 21). Obesogens can be functionally de-
fined as chemicals that inappropriately alter lipid ho-
meostasis and fat storage, metabolic setpoints, energy
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balance, or the regulation of appetite and satiety to pro-
mote fat accumulation and obesity (18,19,21). TBT is an
obesogen because it induces adipogenesis in cell culture
models and increases adipose mass i vivo in two verte-
brate model organisms, frogs and mice (19). TBT is an
agonistic ligand with nanomolar affinity for both the ret-
inoid X receptors (RXRs) and peroxisome proliferator-
activated receptor y (PPARvy). TBT promotes adipogene-
sis in the murine 3T3-L1 preadipocyte model, and
perturbs key regulators of adipogenesis and lipogenic
pathways in vivo (19). Moreover, in utero exposure to
TBT led to strikingly elevated lipid accumulation in adi-
pose depots, liver, and testis of neonatal mice and resulted
in increased epididymal adipose mass in adults (19).
Thus, prenatal exposure to TBT causes changes that lead
to fat accumulation in adults, despite access to normal
diet and exercise. Because TBT is clearly an obesogen, it is
important to define the mechanisms underlying the effects
of prenatal exposure on adult physiology.

The onset of obesity involves extensive remodeling of
adipose tissue at the cellular level and is dependent on the
coordinated interplay between adipocyte hypertrophy
(increase of cell size) and hyperplasia (increase of cell
number). Until recently it was believed that the size of the
adipocyte progenitor pool is established during develop-
ment (27). In this view, initial pool size remains a domi-
nant determining factor for adipogenesis, although re-
cruitment of additional adipocyte progenitors, increased
preadipocyte proliferation, and enhanced differentiation
in adults may also be involved. In an as yet unknown
manner, the fate of pluripotent stem cells is further re-
stricted to multipotent mesenchymal stem cells, now
called “multipotent stromal stem cells” (MSCs) during
embryonic development of adipose tissue (27, 28). MSCs
are plastic-adherent fibroblasts found in several tissues,
including the bone marrow and fat, which have the ability
to differentiate into multiple specialized cell types in vitro
and in vivo. These include (but are not limited to) osteo-
blasts, chondrocytes, adipocytes, myocytes, and neurons
(29). MSCs have emerged as a model to study adipogen-
esis because they exhibit gene expression profiles during
differentiation comparable to that of other iz vitro mod-
els, such as 3T3-L1 cells (30). The antidiabetic agent ros-
iglitazone (ROSI) is a highly specific agonist of PPARy
that is known to induce adipogenesis in a variety of cell
culture models, including MSCs (31). It is believed that
ROSI induces MSCs to differentiate into adipocytes
through the modulation of PPARy activity (although this
has not been formally proven) and that PPARy controls
the lineage allocation of bone marrow MSCs between
adipocytes and osteoblasts (32). Therefore, PPARy ago-
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FIG. 1. Experimental design and characterization of mADSCs. A, Study of the effect
of prenatal TBT exposure. The effect of fetal and neonatal exposure to TBT was
observed in C57BL/6J mice exposed to the chemical in utero. Pregnant females were
dosed by gavage feeding with 0.1 mg/kg TBT, 1 mg/kg ROSI, or 0.5% CMC vehicle
at E16.5. At 8 wk of age, mice were killed to isolate ADSCs from n = 5 pooled
WAT. Subsequent treatment with nuclear receptor agonists is described in Figs. 2
and 5. B, Gene expression profile of mADSCs for multilineage progenitors and
surface markers. The presence or absence of surface markers or transcripts specific
to adipogenic, osteogenic chondrogenic lineages was detected by real-time RT-PCR
in undifferentiated mADSCs, with the expression of each target gene normalized to
B-actin. A gene was considered not expressed in the cell preparation if its mean Ct
value exceeded 38. The symbol (+/—) was assigned to genes the expression of
which was low (mean Ct value exceeding 32), but consistently detectable. C,
Multilineage assays. ADSCs were differentiated into adipose (A), bone (B), and
cartilage (C) throughout the experiments (up to passage 6). The expression level of
specific lineage markers was assayed by real-time PCR as previously described.
Adipogenic (LEP, ADIPQ), osteogenic (OST), and chondrogenic (ACAN) markers that
were not significantly expressed in undifferentiated cells, were detectable in induced
mADSCs. Data were expressed as average fold change in expression =+ Sem in
differentiated relative to undifferentiated ADSCs. Asterisks represent significant
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early life alters the balance of progenitor types
in the stem cell compartment to favor the pro-
duction of adipocytes. Our results provide a
potential explanation for the obesogenic prop-
erties of TBT and illustrate more generally
how prenatal exposure to xenobiotic com-
pounds could affect adipogenesis and obesity.

Results

Characterization of the stem cell models

The effect of TBT exposure on adipogenic
capacities was first assayed iz vitro using hu-
man and mouse MSCs retrieved from white
adipose tissue (WAT) not previously exposed
to the chemical. The use of a mouse model also
allowed the investigation of the effect of TBT
exposure during fetal and early life, ex vivo, by
harvesting the same cells in young adults after
they were exposed to TBT in utero, as summa-
rized in Fig. 1A.

The gene expression profiles of the adherent cell
population we isolated from C57BL6/] WAT were
consistent with expectations for an MSC-
enriched population (Fig. 1B). mADSCs ex-
pressed high levels of MSC surface markers
(CD90, CD105, and Scal), whereas hemato-
poietic surface markers (CD19,CD31, CD79a,
c-kit) were virtually absent. Exceptions were
CD34, which is found in our mADSC prep-
aration, as others observed in mouse stem cell

differences (***, P < 0.001). ACAN, Aggrecan; OST, osteocalcin.

nists such as TBT and similar organotins could pro-
foundly impact the stem cell compartment.

Prenatal and early postnatal events, such as maternal
nutrition, drug, and chemical exposure, are received, re-
membered, and then manifested in health consequences
later in life. Based on the observed effects of TBT on
adipogenesis, we hypothesized that organotin exposure
during prenatal adipose tissue development changes the
potency of the MSC progenitor pool to favor adipocytes.
In support of this theory, we show here that TBT sensi-
tizes multipotent stem cells derived from both human (h)
adipose-derived stem cells (ADSCs) and mouse (m)
ADSCs white adipose tissue to undergo adipogenesis in
vitro. Using a mouse model we found that prenatal TBT
exposure modifies the stem cell compartment to favor the
production of adipocytes. TBT exposure is associated
with changes in DNA methylation in the MSC popula-
tion, and prenatal TBT exposure increased expression of
adipocyte-specific genes. Thus, TBT exposure during

models (33), and CD68, a macrophage marker
that was also expressed. Markers for early
differentiation into adipocytes [PPARy2 and fatty acid-
binding protein 4 (Fabp4) also known as aP2], osteo-
blasts [alkaline phosphatase (ALP) and osteopontin
(OPN)] and chondrocytes [type II collagen (COL II);
and type X collagen (COL X)] were low but detectable.
Markers for late stages of adipogenesis [leptin (LEP);
and adiponectin (ADIPOQ)], osteogenesis osteocalcin,
and chondrogenesis (aggrecan) were virtually absent.
To verify that the mADSCs maintained their multipo-
tent nature, cells were differentiated into cartilage, adi-
pose, and bone regularly throughout the experiments.
When exposed for 14-21 d to the appropriate induction
media, all cell types showed the ability to differentiate
into adipocytes, osteocytes, or chondrocytes as indicated
by intracellular lipid accumulation (Oil Red O), extracel-
lular matrix calcification (Alizarin Red), or proteo- and
glucosamino-glycan staining (toluidine blue O), respec-
tively (Fig. 1C). The capacity of the MSCs to differentiate
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into various lineages was also assessed by analyzing
mRNA for a panel of molecular markers. During the early
stages of adipocyte development (2 d), the PPARy target
gene Fabp4 is induced in preadipocytes (34, 35), whereas
adipocyte differentiation-associated protein (Pref-1), an
inhibitor of adipocyte differentiation, is decreased (36) (Fig.
1C). Late events (14 d) include the synthesis of adipocyte-
secreted products such as LEP and ADIPOQ (37) that we
were able to detect at high levels in differentiated cells
(data not shown). Differentiation into osteoblasts on the
other hand, involved an early increase in ALP gene ex-
pression and an intermediate increase in OPN (Fig. 1C),
followed by a late increase in OSC gene expression (data
not shown) (38, 39). Differentiation along the chondro-
genic lineage is revealed by early increases in collagen
molecules (COL IT and COL X) (Fig. 1C) and late aggre-
can expression (data not shown) (40). Therefore, we con-
clude that the cell populations employed in the following
experiments are representative of the multipotent stem
cell types found in mouse adipose tissue.

hADSCs were characterized by the provider (Invitro-
gen, Carlsbad, CA) using flow cytometry. Passage 1 hAD-
SCs were positive for CD29, CD44, CD73, CD90, CD105,
and CD166 (>95%) and negative for CD14, CD31, CDS535,
and Lin1 (<2%). hADSCs have at least bipotential differ-
entiation capacities and as with mADSCs, we verified that
these cells retained their ability to differentiation into osteo-
blasts throughout the experiments (data not shown).

In vitro exposure to TBT enhances differentiation
of human and mouse MSCs into adipocytes

MSCs from male or female mice had a similar capacity to
form adipocytes (data not shown). Consequently, all data
presented were obtained using female mice. When adipo-
genic differentiation was induced in mADSCs by treatment
with standard adipocyte induction cocktail (isobutyl-
methylxanthine, dexamethasone, insulin, indometha-
cin; MDII) and dimethylsulfoxide (DMSQO) vehicle, cells
with lipid droplets covered approximately 20% of the
dish surface (Fig. 2A). About 30% of the cells contained
lipid droplets (although the number and size of droplets
were variable). Lipid accumulation was increased in the
cells exposed to adipogenesis cocktail supplemented with
50 nM TBT or 50 nm of the PPARy agonist ROSI, and the
surface covered with lipid reached 55% (65-75% of the
total number of cells contain lipids) (Fig. 2A). At 5 nm,
TBT failed to increase lipid accumulation or the number of
cells containing lipids, showing the dose dependency of
the effect. The RXR-selective agonist AGN195203 (AGN)
at 50 nM did not significantly increase lipid accumulation or
the number of cells with lipids, suggesting a less pro-
nounced effect on adipogenesis by RXR activation, com-
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FIG. 2. In vitro effect of TBT exposure on ADSCs adipogenic and
proliferative capacities. A, Adipogenesis was induced in mADSCs by
the addition of an adipogenic cocktail for 14 d in the absence (DMSO)
or presence of nuclear receptor agonists 50 nm TTNPB (RAR, negative
control), 50 nm AGN (RXR), 500 nm ROSI (PPARY), or two doses of TBT
(5 and 50 nm) (n = 3 wells per treatment). Undifferentiated cells were
kept in basic MSCs expansion media, able to prevent differentiation, as
a negative control (untreated cells). Lipid accumulation was stained by
Oil Red O and quantified with Image J software. The number of cells
with lipid droplets was also visually counted. B, Proliferative capacities
of mADSCs were assayed by CyQuant cell counting of culture in
regular expansion media, with 400 cells as a starting quantity. Media
was supplemented with DMSO, adipogenic cocktail, 50 nm TTNPB, 50
nM AGN, 10, 100, or 500 nm ROSI, or 5, 50, or 100 nm TBT (n = 3
wells per treatment and time point, n = 3 pictures per well). C,
Adipogenic capacities of hADSCs were performed as described for
hADSCs. Mouse cells were isolated as described in Fig. 1. All data were
expressed as average fold change in n = 9 replicates + sem (n = 3
wells per treatment in triplicates) relative to vehicle (DMSO) controls.
Asterisks show significant differences (*, P < 0.05; **, P < 0.01;

**% P < 0.001). D, Proliferative capacities of hADSCs harvested from
mice not prenatally exposed to RXR and/or PPARy ligands.

pared with the PPARy activation by ROSI. As expected,
the retinoic acid receptor activator, 4-(E-2-[5,6,7,8-tetra-
hydro-5,5,8,8-tetramethyl-2-naphthalenyl]-1-propenyl)
benzoic acid (TTNPB), which is known to inhibit adipo-
genesis in 3T3-L1 cells (19), did not increase adipogenic
capacity (Fig. 2A) and was used as a negative control in all
experiments. Both TBT and ROSI at 50 nM were able to
induce a modest amount of adipocyte differentiation
(~20%), even in the absence of the adipogenic induction
cocktail (data not shown), consistent with our observa-
tions in 3T3-L1 cells (19). A proliferation assay was per-
formed to determine whether the cells were proliferating
or instead terminally differentiating. The results showed
that cells treated with MDII, which is known to induce
differentiation, proliferated less (Fig. 2B). Both ROST and
TBT alone reduced proliferation in a dose-dependant
manner, suggesting that PPARy activation by these chem-
icals inhibits proliferation and favors adipogenic differ-
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FIG. 3. In vitro effect of TBT exposure on adipogenic markers in
differentiated ADSCs. Gene expression profile of adipogenesis-induced
hADSCs (panels A and B) and mADSCs (panels C and D) was assayed
by real-time RT-PCR (1. Early adipogenesis markers: Pref-1, Fapb4, and
PPARY2 (panels A and C); 2. Late adipogenesis markers: ADIPOQ and
LEP, panels B and D). Expression was normalized to B-actin and
expressed as average fold change in expression + sem (n = 3 wells per
treatment in triplicates) relative to vehicle (DMSO) controls.

entiation of the mADSCs. All assays were repeated in the
human model using MSCs derived from WAT. The re-
sults observed in hADSCs on adipogenic capacities (Fig.
2C) and proliferative capacities (Fig. 2D) were virtually
the same.

After exposure to the standard adipogenesis induction
cocktail MDII, expression of all adipogenesis markers
changed dramatically compared with unexposed cells
(Fig. 1, B and C). Measurement of mRNA levels by quan-
titative real time RT-PCR (QPCR) at the end of the 14-
day induction/differentiation period revealed a gene ex-
pression profile consistent with enhanced adipogenesis in
the mADSCs exposed to TBT in vitro (Fig. 3, A and B).
The early adipogenesis markers Fapb4 and PPARYy (~2-
fold), and the late marker LEP (~4-fold) were signifi-
cantly increased, whereas the adipogenesis inhibitor
Pref-1 was decreased (~2.5-fold) when MDII was supple-
mented with 50 nm ROSI or TBT (Fig. 3, A and B). As
previously observed, hADSCs responded to TBT and
ROSI exposure in vitro (41); however, we also found that
hADSCs were more affected by AGN than were
mADSC:s. In contrast to mADSCs, hADSCs showed sig-
nificant inhibition of Pref-1 (Fig. 3C) and activation of
LEP (Fig. 3D) mRNA levels when exposed to AGN. This
suggests that RXR homodimers play a larger role in hu-
man adipocyte differentiation than in mouse, or that the
human RXR:PPAR<y heterodimer is more sensitive to
AGN than is the corresponding mouse heterodimer. At 5
nM, TBT significantly inhibited Pref-1 expression in
hADSCs, suggesting that even this low dose could push
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FIG. 4. Effect of the PPARy2 agonist ROSI, and the PPARy2
antagonist T0070907 on the TBT-induced increase of the adipogenic
abilities of mADSCs in vitro. Mouse cells were isolated as described in
Fig. 1. All pictures are representative of n = 9 replicates = sem (n = 3
wells per treatment in triplicate) relative to vehicle (DMSO) controls.
Asterisks show significant differences (*, P < 0.05; **, P < 0.01;

**% P < 0.001). Lipid accumulation was stained by Oil Red O and
quantified with Image J software. A, Adipogenesis was induced in
mADSCs by the addition of an adipogenic cocktail for 14 d with 100
nM ROSI (upper row) or 50 nm TBT (lower row) in the presence of
DMSO, 10, 100, or 1000 nm T0O070907 (PPARy antagonist). B,
Adipogenesis was induced in mADSCs by the addition of an
adipogenic cocktail with 0 or 100 nm T0070907 for 14 d in the
presence of DMSO, 100 nm TBT, or 1000 nm ROSI. C, Adipogenesis
was induced in mADSCs by the addition of an adipogenic cocktail for
14 d with three doses of ROSI (0, 10, and 100 nm) in combination with
three doses of TBT (0, 10, 50 nm). Data were expressed as average fold
change in n = 9 replicates *+ sem (n = 3 wells per treatment in
triplicate) relative to vehicle (DMSO) controls.

the cells toward an adipocyte fate and might produce
mature adipocytes if the experiment had been maintained
longer. No other difference was noted between the mouse
and human models.

Overall, treatment with TBT or ROSI favored entry
into the adipogenic pathway in both human and mouse
ADSC models and induced a 25% increase in lipid accu-
mulation in the number of cells containing lipid, com-
pared with the MDII/DMSO control baseline. These cells
also exhibited a gene expression profile consistent with
increased adipogenesis. Thus, iz vitro exposure to TBT
inhibits proliferation and induces adipogenic differentia-
tion in these multipotent stem cells.

In the presence of 100 nm ROSI or 50 nm TBT, adipo-
genic differentiation of mADSCs was dramatically re-
duced by the addition of the potent PPARy antagonist
T0070907 at concentrations as low as 100 nm. This sug-
gests that PPARy activation is required for the TBT-in-
duced increase in adipogenic capacities (Fig. 4A). After
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exposure to the standard adipogenesis induction cocktail
MDII alone, T0070907 was also able to limit lipid accu-
mulation in mADSCs (Fig. 4B). Under these conditions,
the addition of 1000 nm ROSI restored the increase in
lipid accumulation, whereas 100 nm TBT did not. This is
not unexpected because doses of TBT of 200 nm or higher
are toxic and the K, of TBT for PPARy (20 nm) is similar
to that of TO070907 (40 nm). Thus, it is possible achieve
a significant enough molar excess of ROSI to antagonist
(10-fold) to reverse the inhibitory effect; however, it is not
possible to achieve this for TBT due to toxicity. Similar
observations were obtained with hADSCs (Supplemental
Fig. 1 published on The Endocrine Society’s Journals On-
line web site at http://mend.endojournals.org). We next
asked whether TBT and ROSI could act synergistically to
induce lipid accumulation in mADSCs (Fig. 4C). The ad-
dition of 10 nm TBT or 10 nm ROSI alone did not cause an
increase in lipid accumulation; adding both chemicals at
this concentration significantly induced adipogenesis in
ADSCs (Fig. 4C). Taken together, the synergistic induc-
tion of adipogenesis by TBT and ROSI, and the inhibition
of adipogenesis by the PPARy antagonist, indicates that
induction of adipogenic differentiation by TBT in ADSCs
is PPARy mediated.

Prenatal exposure to TBT promotes adipogenic
and osteogenic differentiation in mouse ASDCs

To ascertain the lowest dose able to induce an acute
(24 h) response of hepatic PPARy target genes for use in
subsequent iz vivo experiments, adult females were dosed
by gavage feeding with TBT followed by analysis of he-
patic gene expression (Supplemental Fig. 2). The results
indicate that 0.1 mg/kg was the lowest TBT dose that
reliably induced the expression of fatty acid synthase,
fatty acid transport protein, acetyl-CoA-carboxylase, and
sterol response element-binding protein 1c. Similar re-
sults were obtained when TBT was administered by ip
injection and when males were dosed (Supplemental Fig.
3). Therefore, 0.1 mg/kg TBT was adopted for all in vivo
experiments.

To observe the effects of TBT exposure on the off-
spring, pregnant females were dosed by gavage feeding
with TBT at 0.1 mg/kg, ROSI at 1 mg/kg, or carboxyl-
methyl cellulose (CMC) vehicle at 0.5% at embryonic d
16.5 (E16.5). Stromal cells were isolated from WAT of
8-wk-old mice that had been exposed in utero to PPARy
agonists or CMC control. Treatment of mADSCs with
adipogenesis cocktail revealed that cells derived from pre-
natally TBT- or ROSI-exposed animals exhibited an in-
crease in their adipogenic differentiation capacities. Pre-
natal TBT or ROSI treatment led to a 2-fold increase in
the total lipid accumulation (from 20% to 40%) com-
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pared with CMC-exposed controls without the addition
of ligands to the assay (Fig. SA). Consistent with the in
vitro assays shown above (Figs. 2 and 3) an additional in
vitro exposure of these cells to 50 nm TBT or 500 nm
ROSI further increased lipid accumulation above DMSO
control baselines. Addition of TBT to cells derived from
prenatally ROSI or TBT-treated mice caused a 1.8-fold
increase in lipid accumulation and led to very high levels
of lipids (~70% of total area) of CMC-exposed mice,
compared with the DMSO control (Fig. SA). As would be
predicted by these observations, we found that expression
of Fapb4 (Fig. 5B) and LEP (Fig. 5C) was increased more
than 2-fold in TBT- and ROSI-exposed mice compared
with CMC. Additional exposure to TBT or ROSI in vitro
caused a significant further increase in Fapb4 mRNA lev-
els, whereas only additional TBT exposure elicited a sig-
nificant additional increase in LEP mRNA levels.

When bone differentiation was induced by the osteo-
genic cocktail in mADSCs derived from CMC-treated an-
imals, 80% of the extracellular matrix surface was calci-
fied (Fig. 6A). Prenatal ROSI or TBT treatment decreased
the osteogenic capacity of these cells 2-fold and 2.8-fold,
respectively. In accord with these results, expression of
mRNA encoding the bone marker OPN was reduced by
2-fold in ROSI- or TBT-exposed mice (Fig. 6B). Supple-
mentation with TBT in vitro caused a >3.5-fold decrease
in bone differentiation and OPN gene expression in
CMC-exposed animals, but had little to no additional
effect on osteogenic and adipogenic capacities of ROSI-
and TBT-exposed mice (Fig. 6, A and B). In contrast,
when ADSCs treated with osteogenic cocktail were sup-
plemented with TBT in vitro, spontaneous adipogenic
differentiation was observed in prenatally ROSI- and
TBT-exposed mice, with lipid accumulation covering 5
and 25% of the mADSCs surface, respectively (Fig. 6A).
Expression of the adipogenesis marker aP2 was also dra-
matically increased in these groups, with a 600- and 750-
fold increase of aP2 mRNA levels in ROSI- and TBT-
exposed mice, respectively. This suggests that TBT exposure
facilitates adipogenic differentiation to the detriment of os-
teogenic differentiation in mADSCs.

Prenatal TBT exposure modifies the molecular
signature of the stem cell compartment to
favor adipogenesis

The data presented above suggest that prenatal expo-
sure to the PPARYy activators TBT or ROSI biased the
stem cell compartment toward the adipocyte lineage. To
test this hypothesis, we analyzed expression of a panel of
molecular markers in undifferentiated ADSCs derived
from prenatally treated animals. Alterations in gene ex-
pression should reflect TBT-induced changes in the na-
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FIG. 5. Effect of TBT prenatal exposure on adipogenic capacities of mADSCs. TBT
and ROSI exposure in utero was performed as described in Fig. 1. mADSCs harvested
from exposed animals was additionally treated in vitro with 50 nm TBT, 500 nm ROSI
[PPARYy agonist]), or a DMSO vehicle control, in the presence of an adipogenic
induction cocktail (n = 3 wells per treatment in triplicates) for 14 d. Undifferentiated
cells were kept in basic MSCs expansion media, able to prevent differentiation, as a
negative control (untreated cells). A, Lipid accumulation was stained by Oil Red O
and quantified by Image J software. Mice in utero treatments are presented from left
to right (CMC, TBT, and ROSI). Additional in vitro TBT and ROSI treatments of ADSCs
are presented from the bottom up. B, Gene expression profile of adipogenesis-
induced mADSCs was assayed by real-time RT-PCR as previously described (early
adipogenesis markers: Pref-1 and Fapb4; late adipogenesis marker: LEP), using cells
treated with cocktail only (+DMSO vehicle control) as a reference group. Asterisks

show significant effects of in utero (black bars) and in vitro treatments.

ture of the MSC population. We found that TBT exposure
caused an increase in Fapb4 and PPARy mRNA (Figs. 6B
and 7A). Tchoukalova et al. (42) defined a precursor cell
committed to the adipogenic lineage as an Fapb4-positive
cell (preadipocyte). Macrophages also express Fapb4, to-
gether with a surface marker not found on preadipocytes
(CD68). Because expression of CD68 is unchanged after
TBT exposure, this suggests the increase in Fapb4 expres-
sion is not due to an increase in the number of macro-
phages. Moreover, because both the amount of lipid ac-
cumulation and the number of cells containing lipid is
increased in ADSCs derived from in utero TBT-exposed
mice (Fig. 5), itis likely that the number of cells expressing
Fapb4 is increased. This was confirmed by flow cytom-
etry. We found that before any induction of differentia-
tion, the number of preadipocytes was increased by ap-
proximately 6% in the undifferentiated cells derived from
animals exposed to TBT and ROSI, respectively, com-
pared with the CMC control (Fig. 7B). These data support
a model wherein prenatal TBT exposure enriched the

Acil, whereas one potential methylation site
exists in PPARy2 that could alter digestion by
Acll (Fig. 8A). DNA was prepared from
ADSCs derived from prenatally TBT- or
CMC-treated animals, digested with Acil or
Acll, and subjected to real-time PCR analysis.
Comparison of the Ct values from the three
potentially methylated regions (aP-Met1, aP-
Met2, and aP-Met3) with those from a region
not expected to be cut by Acil (uncut in Fig.
8A), showed that Acil digestion of template
was 2-fold increased when the ADSCs were
derived from in utero TBT-exposed animals,
compared with the CMC-exposed control
(Fig. 8B). This suggests that one mechanism underlying
the overexpression of Fapb4 in mADSCs derived from
TBT-exposed animals involves an undermethylation of its
promoter/enhancer region. Digestion of the PPAR~y2 pro-
moter/enhancer region by Acll was unaffected by prenatal
TBT exposure (Fig. 8B), which is consistent with the ob-
servation that expression of PPARy2 mRNA was not in-
creased by prenatal TBT exposure (Fig. 7A).

Discussion

The results presented above demonstrate that in utero
exposure to TBT enhances the capacity of a population of
stem cells in adult mouse WAT to form adipocytes. Most
mechanistic studies to date have employed the murine
3T3-L1 cell model, a population of fibroblasts already
committed to the adipogenic pathway (43). Due to their
ability to differentiate into many different cell types, mul-
tipotent stem cells have recently become a popular model
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FIG. 6. Effect of TBT prenatal exposure on osteogenic capacities of
mADSCs. TBT and ROSI exposure in utero was performed as described
in Fig. 1. mADSCs harvested from exposed animals were additionally
treated in vitro with 50 nm TBT or a DMSO vehicle control, in the
presence of an osteogenic induction cocktail (n = 3 wells per
treatment in triplicate) for 21 d. Undifferentiated cells were kept in
basic MSC expansion media (which did not allow differentiation), as a
negative control (untreated cells). A, Calcium accumulation was
stained by Alizarin Red S and quantified by Image J software. Mice in
utero treatments are presented from left to right (CMC, TBT, and
ROSI). Additional in vitro TBT treatment of ADSCs are presented on
lower rows, with calcium accumulation (Ost, left panel) and lipid
accumulation (Adi, right panel), performed as previously described. B,
Gene expression profile of osteogenesis-induced mADSCs was assayed
by real-time RT-PCR as previously described (adipogenesis markers:
Fapb4; osteogenesis marker: OPN), using cells treated with cocktail
only (+DMSO vehicle control) as a reference group. Asterisks show
significant effects of in utero (black bars) and in vitro treatments. Ost,
Osteocalcin; Adi, adipocyte.

with which to study differentiation processes, including
adipogenesis. We chose the MSC model because it is more
relevant to the fate of adipose tissue, in vivo. Adipose
tissue originates from the differentiation of pluripotent
stem cells of mesodermal origin into more restricted
multipotent stem cells, and then to adipocyte progeni-
tors during embryonic and early neonatal developmental
(27). The molecular signatures of hADSCs, as well as the
mADSCs isolated for this study, were consistent with an
MSC-enriched population (44). Moreover, we showed
that ADSCs retained their multipotency throughout the
course of the experiments. Adipogenic capacities were
assayed by the appearance of lipid droplets but also by the
modification of the transcriptional signature of the cells
undergoing differentiation. We observed that in both hu-
man and mouse models, increased lipid accumulation in
ADSCs was always concomitant with an increase in the
expression of mRNAs encoding the early adipogenic
markers PPARy and Fapb4, the late marker LEP, and a
decrease in adipogenesis inhibitor Pref-1.
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FIG. 7. Effect of prenatal TBT exposure on the gene expression profile
of undifferentiated mADSCs. TBT exposure in utero was performed as
described in Fig. 1. A, Undifferentiated mADSCs were cultured, and
gene expression levels of marcrophage surface and adipogenic markers
were assayed by real-time RT-PCR with the expression of each target
gene normalized to B-actin. Data were expressed as average fold
change in expression =+ sem (n = 3 per treatment in triplicates) relative
to CMC controls. B, Flow cytometry. Undifferentiated mADSCs were
cultured, and the number of CD68- and Fabp4-postive cells were
counted. The upper panel is a frequency histogram displaying the
Fabp4 relative fluorescence plotted against the total number or events
(maximum number of cells) from untreated mADSCs harvested from
animals in utero exposed to CMC (red) or TBT (green). The two lower
panels are the density plots for the same population of cells, with the
x- and y-axis representing the CD68 and Fabp4 fluorescence,
respectively, and the cell count height on a density gradient. Particle
counts are shown by dot density. The Fabp4-positive but CD68-
negative cells, thought to be preadipocytes, appear in the boxed upper
left quadrant of the histogram.

Carfi’ et al. (45) showed a significant increase in the num-
ber of adipocytes, and a decrease in the number of hema-
topoietic markers, in TBT-treated human bone marrow-
derived MSCs (BMSCs). Our results using mouse and
human stromal stem cell populations derived from WAT
in vitro support this observation (Fig. 2). It is still unclear
whether hyperplastic growth in vivo is due to differenti-
ation of resident MSCs within the adipose tissues or from
BMSCs outside of the adipose tissues through mobiliza-
tion, circulation, and recruitment. Crossno et al. (46) of-
fered the first direct evidence that nonresident progenitor
cells contribute to the adipocyte population of adipose
tissues. Their conclusions were questioned by similar
studies of Koh er al. (47). These authors proposed that
circulating BMSCs failed to differentiate in adipose tis-
sues and attributed Crossno’s observations to inadequate
discrimination of adipocytes from neighboring macro-
phages. Our study does not address this controversy but
extends these studies by showing that TBT alters the fate
of resident MSCs in WAT by diverting them toward an
adipocyte lineage.
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FIG. 8. Effect of prenatal TBT exposure on the methylation status of
Fapb4 promoter/enhancer region. A, Fapb4 and PPARy2 promoter/
enhancer regions. Schematic representation of the CpG islands, which
spans —1500 to + 100 with respect to the transcription initiation site
(right angle arrow at +1) and restriction map (arrows). The closed box
represents the location of Exon1, and the vertical bars represent the
location of CpG sites. Horizontal bars represent the fragments (Met1,
Met2, and Met3) spanning the restriction sites and the uncut control
amplified by real-time RT-PCR. B, Occurrence of methylation in Fapb4
and PPARy2 promoter/enhancer regions. Genomic DNA extracted from
undifferentiated mADSCs harvested from TBT- or CMC-exposed mice
was digested by the methylation-sensitive enzyme Acil. Uncut
fragments corresponding to potentially methylated were detected by
real-time RT-PCR with the expression of each target normalized to a
region without restriction sites (uncut). Data are presented as
previously described.

Significantly, we provide the first evidence that TBT
predisposes MSCs to become adipocytes in mice exposed
to TBT in utero. By favoring the entry of a significant part
of the stem cell compartment into an adipogenic lineage,
early TBT exposure could lead to the observed increase in
adipose depot size in TBT-exposed animals. In this study,
pregnant dams were given approximately 2.5 ug of TBT
in a single dose by gavage feeding (0.1 mg/kg), which was
found to acutely activate PPARy target genes. TBT is
routinely measured in wildlife and human blood and tis-
sue samples in the range of 3-100 nm (48 -50). In random
human serum samples, TBT reached an average concen-
tration (~27 nMm) that is sufficient to activate high-affinity
receptors such as RXR and PPARYy (for which the ECg, is
~20 nMm) (19). Daily intakes of TBT oxide determined in
Japan fluctuated between 1-7 ug/d (51). Therefore, the
induction of adipogenic capacities we observed in vitro
and ex vivo occurred at concentrations comparable to
those encountered in humans, iz vivo. Although it is im-
portant to note that specific aspects of metabolism and
pharmacogenetics can differ significantly between mice
and humans, we are unaware of any species-specific dif-
ferences in activation of PPARy by ligands. By extrapo-
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lation, our findings suggest that a significant fraction of
the general population could be exposed to this com-
pound at obesogenic concentrations.

How could TBT affect the differentiation of stem cells
into adipocytes? Differentiation from a stem cell to a ma-
ture adipocyte involves several events (28, 52). The first
phase, determination, corresponds to the commitment of
a multipotent stem cell to the adipocyte lineage. These
preadipocytes then undergo growth arrest and mitotic
clonal expansion. During terminal differentiation, prea-
dipocytes acquire the characteristics of mature adipo-
cytes. The conversion of nonadipogenic fibroblasts into adi-
pocytes in response to the ectopic expression of PPARy
requires exposure of the cells to an exogenous ligand,
whereas differentiation of preadipocytes occurs without the
addition of such a ligand (although there may be an as yet
unidentified endogenous ligand) (53). However, the re-
cent findings of Walkey and Spiegelman’s (54) suggest
that the binding and activation of PPARy by agonist li-
gands may not always be required for adipocyte differen-
tiation under physiological conditions. We showed that
TBT has the ability to reduce proliferation of ADSCs, and
to cause ADSC differentiation into adipocytes in culture.
TBT leads to an increase in the number of ADSCs predis-
posed toward an adipocyte lineage at the expense of the
osteogenic lineage in vivo, in prenatally exposed animals.
The reciprocal relationship between adipocyte and osteo-
cyte commitment and differentiation is well documented
and is thought to involve a shift in the flow of mesenchy-
mal precursor cells from osteoblastic to adipogenic lin-
eages, an effect mediated by PPARy (32). Our study con-
firms that such a shift between the two lineages occurs
and that, as a PPARy agonist, TBT is able to counteract
osteogenesis and induce a preferential differentiation into
adipocytes in both human and mouse ADSCs. The induc-
tion of adipogenic capacity by TBT in MSCs is likely to be
mediated by activation of PPAR"y because similar results
were obtained when the cells or animals were exposed to
the strong PPARy activator ROSI, and because TBT and
ROSI have synergic effects on the adipocyte differentia-
tion in cultured ADSCs. More importantly, the effects of
both ROSI and TBT are blocked by the addition of a
PPARYy antagonist. The stronger activity of TBT is ex-
plainable by its action as a ligand for both RXR and
PPAR'Y, which could cause additive or synergic effects
(55). This interpretation is supported by the observation
that the RXR ligand AGN, which can activate the RXR
half of the permissive RXR-PPARy heterodimer, can also
lead to similar adipogenic effects (albeit more weakly).

Our data demonstrate that the ADSC compartment con-
tains more cells the differentiation of which into adipocytes
is facilitated by prenatal TBT or ROSI exposure. It is well
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known that adipogenic and osteogenic progenitor cells are
closely related (56). We cannot currently distinguish
whether the larger population of adipogenic cells found in
mADSCs from TBT- or ROSI-treated animals correspond
to lineage-restricted preadipocytes (monopotential pro-
genitors) or whether they are multipotential progenitors
that retain plasticity or transdifferentiation capacity sim-
ilar to mADSCs in untreated animals (56-58). Thus, the
increased number of adipocyte that can be produced from
ADSCs derived from prenatally TBT- or ROSI-exposed
animals may reflect 1) more already committed adipocyte
precursors, 2) changes in the balance in commitment
choices of MSCs between osteoprogenitors and adipocyte
progenitors, or 3) conversion of cells that would have
become osteocyte progenitors into adipocyte progenitors.
Post et al. (59) recently demonstrated the presence of in-
dependent preosteoblastic and preadipocytic cell popula-
tions in mouse BMSCs. This suggests that the MSC com-
partment could contain subpopulations of cells that are
already committed to adipogenic, osteogenic, or other
differentiation pathways. TBT exposure iz vitro caused a
dramatic decrease in osteogenic capacity together with a
concomitant increase in spontaneous adipogenic differen-
tiation in the stromal progenitor compartment (Fig. SA).
ADSCs exhibit a preadipocyte molecular signature with
an increase in PPARy and Fapb4 mRNA levels (Fig. 5B).
Tchoukalova et al. (42) recently defined a preadipocyte as
an Fapb4-positive cell, and we showed that TBT exposure
caused a 2-fold increase in Fapb4 mRNA levels (Figs. 3
and 5). Using flow cytometry, we found that before any
differentiation was induced, there was a significant in-
crease in the number of cells expressing Fabp4 after pre-
natal TBT exposure (Fig. 7). This suggests that TBT ex-
posure increased the number of preadipocytes in the stem
cell compartment and/or committed at least a part of the
ADSCs to an adipogenic lineage.

The rate at which obesity has increased suggests that
environmental and behavioral influences, more than ge-
netic changes, have fueled the epidemic. Epidemiological
and experimental studies have recently highlighted the
relationship between the periconceptual, fetal, and early
infant phases of life and the subsequent development of
adult adiposity (60). The DOHaD model proposes that
the fetus adapts to adverse environmental cues in utero
via epigenetic adjustments in gene methylation. Of par-
ticular interest is the Wingless protein pathway, which is
thought to maintain preadipocytes in an undifferentiated
state and to regulate cell fate by controlling PPARy gene
expression (61). Takada et al. (62) recently showed that
the noncanonical Wingless protein pathway suppressed
PPARYy function through chromatin inactivation, thus di-
verting MSCs toward an osteoblastic cell lineage. Thus, it
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is plausible that epigenetic modifications favoring expres-
sion of PPARy target genes might be involved in the lin-
eage shift we observed in the MSC compartment of ani-
mals prenatally exposed to TBT. We investigated the
methylation status of the preadipocyte marker Fapb4 in
undifferentiated mADSCs and confirmed that at least
some sites of the promoter/enhancer region of the gene
were hypomethylated in ADSCs derived from in utero
TBT-exposed animals compared with controls (Fig. 8).
Importantly, such changes were not global, because pre-
natal TBT exposure had no effect on the methylation
status of at least one site on PPAR+y2. This is in accor-
dance with recent findings from Lillycrop ez al. (63) show-
ing that PPAR« promoter region was demethylated in the
offspring of rats fed a low-protein diet whereas PPAR~y
was not affected. It was proposed that two separate
PPAR-dependent mechanisms might be involved in the
fetal adaptations to the maternal diet. In this model, a
PPARYy and PPARB/S mechanism regulates cell growth
and differentiation, whereas another mechanism adapts
long-term lipid metabolism via epigenetic changes in
PPAR« to optimize postnatal survival (17). This leads to
the inference that TBT is likely to cause epigenetic mod-
ification of PPARy target genes such as Fapb4 in MSCs,
favoring their expression later in life and predisposing
these cells to become adipocytes to the detriment of os-
teocytes. It will be of great interest to explore these mech-
anisms in future studies.

There is an urgent need to understand the molecular
events underlying the predisposition to obesity and re-
lated disorders. There is increasing evidence from labora-
tories around the world to support an important role for
environmental factors such as exposure to xenobiotic
chemicals in the development of obesity. However, com-
pared with diet and lifestyle, these environmental factors
are understudied to date. Therefore, a detailed study of
the role of environmental chemicals on the etiology of
obesity, particularly via maternal exposure, is timely and
important. This study showed that, as predicted from the
obesogen hypothesis, TBT is involved in critical steps of
adipogenesis in vitro and in vivo. Prenatal TBT exposure
predisposes adipose-derived multipotent stem cells to be-
come adipocytes at the expense of the osteoblast lineage.
It remains to be determined whether TBT exposure or
other in vivo cues might trigger the migration and the
differentiation of these cells, or other MSCs (e.g. from the
bone marrow) in vivo. It will be important for future
studies to address the fate of MSCs from various locations
in the body and determine whether circulating MSCs ac-
tually colonize fat depots during development and early
adulthood. In addition, understanding how exposure to
TBT and other obesogens may modulate a shift in the
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commitment of MSCs from the osteogenic to the adipo-
genic lineages may provide important insight into under-
standing the link between obesity and bone loss that result
from treatment with PPARy activators.

Materials and Methods

Animals

Male and female C57BL/6] mice (8 wk of age) were pur-
chased from The Jackson Laboratory (Bar Harbor, ME). Mice
were housed in micro-isolator cages in a temperature-controlled
room (22-24 C) with a 12-h light, 12-h dark cycle and provided
water and food (standard low-fat diet for rodents RMH 2500;
Purina Mills, Richmond, IN) ad libitum. All procedures con-
ducted in this study were approved by the Institutional Animal
Care and Use Committee of the University of California Irvine.

Chemical dosing

Unless otherwise specified, all chemicals were purchased
from Sigma-Aldrich (St. Louis, MO). To identify a suitable TBT
concentration to use in experiments, adult females were dosed
by gavage feeding with TBT (0.01, 0.03, 0.1, 0.3, 3 or 10 mg/kg
body weight). After 24 h, induction of the PPARYy target genes
fatty acid synthase, fatty acid transport protein, acetyl-CoA-
carboxylase, and sterol response element-binding protein 1c
was measured by quantitative real-time RT-PCR (QPCR) as
described below.

Fetal and neonatal exposure to TBT

Males and females were mated overnight, and females were
checked for a copulation plug the following day (defined as d 0.5
of pregnancy). Pregnant females were dosed by gavage with
TBT (0.1 mg/kg), ROSI (1 mg/kg) (Cayman Chemical, Ann
Arbor, MI), or vehicle [0.5% carboxymethyl cellulose (CMC)]
at E16.5. The exposed pups were kept with their dams and
weaned at 20-22 d of age. Exposed mice were killed at 8 wk of
age, and stromal stem cells were isolated from white epididymal/
ovarian fat pads (WAT).

Cell models

For maintenance, all cells were grown as subconfluent mono-
layers in basic MSC expansion medium, which consisted of
a-MEM without nucleosides (Invitrogen, Carlsbad, CA) supple-
mented with 16.5% FBS (Premium Select; Atlanta Biologicals,
Atlanta, GA), 100 U/ml penicillin, 100 ug/ml streptomycin, 1
mM sodium pyruvate, and 4 mm L-glutamine. All cell types were
plated at high density (10° cells/cm?). Spontaneous differentia-
tion was avoided using low (<6) passage cells that were pre-
vented from becoming confluent.

hADSCs

hADSCs were purchased from Invitrogen (STEMPRO hADSCs).
These ADSCs were isolated through mechanical and enzymatic
digestion from cryopreserved human adipose tissue collected
during liposuction procedures. Each lot contains passage 1 cells
fully characterized by flow cytometry, with an expression pro-
file consistent with an MSC population, and able to differentiate
into adipocytes, osteoblasts, and chondrocytes.
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mADSCs

Epididymal or ovarian fat pads from male (n = 5) or female
(n = 5) mice that had been exposed to TBT, ROSI, or CMC
(negative control) i1 utero were removed, washed with PBS, cut
into small pieces, and then digested at 37 C for 1 h with 2 mg/ml
collagenase type-I under gentle agitation. The digest was diluted
with -MEM-10% calf serum, and the suspension was centri-
fuged for 10 min at 260 X g. The pellet was resuspended and
filtered through a 100 um mesh to remove clumps. Cells were
washed by a second centrifugation and seeded at high density.

In vivo and ex vivo effects of TBT on stem cell

proliferation and differentiation capacities

Cells were treated with fat, bone or cartilage differentiation
medium, or basic MSC expansion medium (untreated cells for
no differentiation controls), for 14 or 21 d. Every 3 d, the me-
dium was aspirated, cells were gently washed with PBS, and
fresh medium was added. Differentiation medium was supple-
mented with DMSO (vehicle control), 5 and 50 nm TBT, or 500
nM ROSI (positive control for PPARYy2 induction). These TBT
and ROSI concentrations are suitable to induce adipogenesis in
the 3T3-L1 preadipocyte murine model and can activate adipo-
cyte differentiation in hMSCs (data not shown). For the adipo-
genesis assay, additional treatment groups with 50 nm TTNPB
(RAR agonist and negative control for differentiation) and 50
nM AGN (RXR agonist) (gift of Allergan Pharmaceuticals, Ir-
vine, CA) were added. The effect of TBT exposure in utero was
analyzed in cells harvested from adult animals, as previously
described (19). Additional in vitro effects of TBT treatment were
observed by the addition of TBT to the differentiation media of
all cell types.

Adipose and bone differentiation

Media were prepared by adding the indicated components to
basic MSC expansion medium. Standard adipogenic differenti-
ation (MDII cocktail) was as follows: adipogenesis induction
cocktail: 500 um isobutylmethylxanthine (Toronto Research
Chemical Inc., Toronto, Ontario, Canada), 1 uM dexametha-
sone, 200 uM indomethacin, and 5 pg/ml insulin. Adipose dif-
ferentiation was also performed in the presence of the PPARy
antagonist T0070907 (Cayman, Chemical, Ann Harbor, MI).
Osteogenic differentiation medium contained 50 uM L-ascorbic
acid, 20 mm B-glycerol phosphate, and 10 nm dexamethasone.
At the end of the induction period, cells were fixed in 10%
buffered formalin for 20 min at room temperature and stained
with Oil Red O for adipocytes or Alizarin Red S for osteoblasts.
Three random fields from each well were photographed under
phase contrast. For quantification of the number of cells con-
taining lipid, cells were counter stained with 5 pug/ml Hoechst
dye in PBS. Cells were visually counted. Lipid accumulation was
quantified using Image J (version 1.36b; Wayne Rasband) as
previously described (19). Data represent mean * SEM from n =
3 wells per treatment and n = 3 pictures per well.

Cartilage differentiation

MSCs (2.5 X 10°) were collected by centrifugation and
grown as spheroids in wells containing cartilage differentiation
medium [4.5 g/liter glucose DMEM, 50 mg/ml ITS premix, 50
wpg/ml L-ascorbic acid-2-phosphate, 100 nM dexamethasone,
1.25 mg/ml BSA, 100 pg/ml sodium pyruvate, 40 pg/ml proline,
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5.35 pg/ml linoleic acid, 2 mm l-glutamine, 10 ng/ml TGF-B83
(R&D Systems, Minneapolis, MN).

Proliferation assay

Cells were plated (n = 400) and expanded for 3, 9, and 12 d in
basic MSC expansion media supplemented with DMSO vehicle
control, MDII adipogenic induction cocktail, 50 nm TTNPB, 50
nMAGN, 10, 100, and 500 nm ROSI, and 1, 5, 10, 50, or 100 nm
TBT. The density of cultured cells was assayed by DNA quan-
tification using the CyQuant Cell Proliferation Assay Kit (In-
vitrogen) following manufacturer’s instructions. A standard
curve was prepared to quantity the cell number at the end of the
assay. Results from all time points were averaged (n = 3 wells
per treatment and per time point).

Analysis of mRNA by real-time PCR

Total RNA was extracted using the TRIzol reagent (Life
Technologies, Gaithersburg, MD). The cDNA was generated
from 1 ug DNase-treated RNA using SuperScript IIl RNase H™
Reverse Transcriptase (Invitrogen) after DNase I digestion (Am-
bion, Austin, TX) following the manufacturer recommended
protocol. Real-time PCR was performed in the DNA Engine
Opticon Thermal Cycler [M] Research (Watertown, MA)/Bio-
Rad Laboratories (Hercules, CA)]. Quantitative PCR analyses
for target genes (listing in Supplemental Table 1 published on
The Endocrine Society’s Journals Online web site at http://mend.
endojournals.org) were performed with FastStart SYBR Green
QPCR Master Mix (Roche, Nutley, NJ) and 100 nMm of primers
chosen with PerlPrimer (version 1.1.14; copyright 2003-2006,
Owen Marshall). Primer sequences, annealing temperature, and
amplicon size are presented in Supplemental Table 1. Relative
quantification of the target gene transcript, in comparison with
B-actin (housekeeping gene) expression level in the same sample,
was made following the Pfaffl method (64). This method mod-
ifies the AACt approach by computing an expression ratio that
accounts for differences in PCR efficiency among primer sets
and uses the crossing point deviation of the unknown sample
vs. the control group samples (untreated, DMSO, or CMC
treatment, depending on the experiment). The ratio, repre-
senting the relative quantification of the target, is calculated as
follows: r = [(E target)ACTtarget(mean control — mean unknown sample)]/
[(EB-act) ACTB_aCt(mean control — mean unknown sample)] (11’1 which E is
PCR efficiency determined by standard curve using serial dilu-
tion of cDNA; ACT is the crossing point deviation of an un-
known sample vs. control.

Flow cytometry

Before any differentiation was induced, low-passage cultured
ADSC:s retrieved from mice exposed to CMC control or TBT in
utero were harvested and washed with cold cytometry buffer
(1% FBS, 4% sodium azide in PBS). Antimouse CD68 was pur-
chased from Serotec (Oxford, UK), and antimouse aP2 and goat
IgG isotype control were purchased from R&D Systems (Min-
neapolis, MN). Intracellular staining was performed using Fix-
ation/Permeabilization solution according to the manufactur-
er’s instructions (eBiosciences, San Diego, CA). The specificity
of Fapb4 staining was assayed in 3T3-L1 cells. There is a 50%
increase in the number of Fabp4-positive cells 48 h after induc-
tion (Supplemental Fig. 4). Cells were collected using FACSCali-
bur (Becton Dickinson, Franklin Lakes, NJ), and data were an-
alyzed with Flow]Jo software (Treestar, Ashland, OR).
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Methylation status of Fabp4 promoter/
enhancer region

The Fabp4 (aP2) promoter/enhancer region examined (Gen-
Bank accession no. NT_078380.6) spanned 22 potentially
methylated cytosines within nucleotides —1500 to +1000 with
respect to the transcription start site and contains three restric-
tion sites (Fapb4-Met1, Fapb4-Met2, and Fapb4-Met3) for the
methylation-sensitive enzyme Acil. The PPARYy2 promoter/en-
hancer region examined (GenBank accession no. NT_039353)
spanned 11 potentially methylated cytosines within nucleotides
—1500 to +1000 and contains one restriction site (PPARy2-
Metl) for the methylation-sensitive enzyme Ac/l. Genomic
DNA was isolated from undifferentiated mADSCs derived
from animals exposed in utero to TBT or CMC by lysis in
proteinase K (0.25 mg/ml) and sodium dodecyl sulfate 1%
followed by phenol/chloroform/isoamyl alcohol extraction
and ethanol precipitation. DNA (10 ug) was digested with ex-
cess Acil or Acll (New England Biolabs, Beverly, MA). The
occurrence of methylation-sensitive digestion was assayed by
QPCR with primers designed to span the three Acil restric-
tion sites for the study of the methylation status of Fapb4
promoter/enhancer region (Fapb4-Metl-F/R: ccttcagtcagtgt-
gggtttgc/ ggtggtgtcatcgggaaaatg; Fapb4-Met2-F/R: cacacacaca-
cacacacacaca/ gcattacttttattttggttctggta; and Fapb4-Met3-F/R:
cagcgtaactcaccaccacca/ tgeccacagageatcataacc), and primers de-
signed to span the Acll restriction site for the study of the meth-
ylation status of PPARy2 (PPARy2-Met1-F/R: cacgccecteaca-
gaacagt/ tgggaataaacacagaaagaatcagg). Other sets of primers
(Fapb4-uncut-F/R:  tcctetetgetgeecctete/  gectettgtgecttgtgetgs
and PPAR<y2-uncut-F/R: cgttagcagtttggcacage/ ageccteect-
gagaataatgt), designed to amplify a region containing no Acil or
Acll restriction sites, were used as normalization controls. Rel-
ative quantification of Met fragments in comparison with the
unchanged control (uncut), representing the methylation sta-

tus of the promoter/enhancer regions, was calculated as fol-
lowed: r = [(EMct)ACT Ct(mean control — mean unknown sample)]/

[(E ACT (mean control — mean unknown samplc)]

uncut) uncut

Statistical analyses

Data are presented as means = SEM. A Kruskal-Wallis non-
parametric test, followed by a Dunn’s post hoc test, were used to
determine the significance of the difference in relative mRNA
abundance or staining among groups with different treatments.
P < 0.05 was considered statistically significant. Statistical anal-
ysis used the GraphPad Prism 5.0 (GraphPad Software, Inc., San
Diego, CA).
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