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Abstract

Objective: The food contaminants bisphenol A (BPA), diethylhexylphthalate (DEHP), and tri-
butyltin (TBT) are potent endocrine-disrupting compounds (EDC) known to interfere with
adipogenesis. EDC usually act in mixtures and not as single compounds. The aim of this study
was to investigate the effects of a simultaneous exposure of BPA, DEHP, and TBT on mesen-
chymal stem cell differentiation into adipocytes. Methods: Multipotent murine mesenchymal
stem cells (C3H10T1/2) were exposed to EDC mixtures in high concentrations, i.e. MIX-high
(10 pmol/I BPA, 100 pmol/lI DEHP, 100 nmol/l TBT), and in environmentally relevant concen-
trations, i.e. MIX-low (10 nmol/I BPA, 100 nmol/lI DEHP, 1 nmol/I TBT). The exposure was per-
formed either for the entire culture time (0-12 days) or at distinct stages of adipogenic dif-
ferentiation. At day 12 of cell culture, the amount of adipocytes, triglyceride content (TG), and
adipogenic marker gene expression were analyzed. Results: MIX-high increased the develop-
ment of adipocytes and the expression of adipogenic marker genes independently of the ex-
posure window. The total TG amount was not increased. The low-concentrated EDC mixture
had no obvious impact on adipogenesis. Conclusion: In EDC mixtures, the adipogenic effect
of TBT and DEHP predominates single effects of BPA. Mixture effects of EDC are not deduc-
ible from single compound experiments. © 2014 S. Karger GmbH, Freiburg

Introduction
The escalating global epidemic of overweight and obesity belongs to the most serious

health challenges worldwide [1]. Its prevalence has nearly doubled within the last 30 years
[2], and especially children show rising obesity rates [3]. Globally, 43 million preschool
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children (under 5 years of age) were overweight or obese in 2010 [4], marking an increase of
60% since 1990. Itis likely that changes in fetal and early postnatal developmental conditions
promote adipogenesis and obesity. Compared with diet and lifestyle, environmental factors,
including exposure to xenobiotic compounds, are often neglected as potential reasons for
obesity.

The increased incidence of obesity correlates with substantial changes in the chemical
environment over the past 40 years [5]. The production of synthetic compounds continuously
increased from 0.5 million tons per year in 1950 to 300 million tons per year today [6].
Synthetic polymers contain chemical additives like plasticizers, stabilizers, and softeners,
which can easily leach from the polymer matrix. These additives are ingested by humans in
daily life [7, 8], and some of them show hormonal activity and may interfere with the endo-
crine system. Endocrine-disrupting compounds (EDC) like bisphenol A (BPA), diethylhex-
ylphthalate (DEHP), and tributyltin (TBT) are ubiquitously detectable in human tissues and
samples [9-11]. They affect hormonal pathways, which is a specifically critical hazard during
development [12-14].

There are various studies which have shown that BPA, DEHP, and TBT affect the devel-
opment of obesity in vivo and the differentiation of adipocytes in vitro [15-19]. The exposure
of these EDC by maternal nutrition during gestation and nursing may program the devel-
opment of obesity in utero and in early postnatal life [16, 17, 19]. BPA crosses the human
placenta [20] and enriches as its active deconjugated form in the fetus. The capacity to metab-
olize BPA is reduced in the fetal liver [21]. Also, human DEHP exposure starts in utero [22].
Neonatal children in intensive care units are especially exposed to DEHP, as medical devices
contain high concentrations of phthalates [23]. A specific treat of EDC are transgenerational
effects due to interferences with epigenetic mechanisms [16, 24, 25].

In a previous study [15], we demonstrated the effects of BPA, DEHP, and TBT on mesen-
chymal stem cell (MSC) differentiation into adipocytes by exposing MSC to single compounds.
The effects of the single compounds depended on the exposure window. Various ontogenetic
stages of adipogenesis were differently sensitive to hormonal regulation and disruption.
Adipogenesis can be either reduced (in the case of BPA) or enforced (DEHP, TBT) by EDC [15].
As exposure in daily life is not restricted to individual compounds, EDC are present in the
environment as complex mixtures (‘real-world exposure’). The effects of individual EDC in
mixtures can be additive, synergistic, or antagonistic [26].

So far, more than 95% of all toxicological research has been devoted to individual chem-
icals [27]. However, comparatively little is known about complex mixtures. Whereas combined
effects of EDC belonging to the same category (e.g. estrogenic, antiandrogenic, or thyroid-
disrupting agents) can be predicted by using dose addition, this is not true for EDC, which act
by different mechanisms [27].

Here we show that the mixture of BPA, DEHP, and TBT affects adipogenesis at the stage
of mesenchymal cell fate commitment of embryonic stem cells (C3H10T1/2). The impact on
adipogenesis was dose-dependent and not predictable from the effects of each individual
compound.

Material and Methods

Cell Lines

Prior to current exposure studies, we have tested that the cells express the peroxisome proliferator-
activated receptors (PPAR) a and y as well as the estrogen receptors ERa, ERB, and G protein-coupled
estrogen receptor 1 (data not shown).
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Cell Culture and Reagents

The murine MSC line C3H10T1/2, purchased from ATCC-LGC (Wesel, Germany), was cultured and
differentiated as described before [15]. All cell culture reagents were purchased from Invitrogen (Darmstadt,
Germany) or Millipore (Schwalbach/Taunus, Germany). BPA, DEHP, and TBT were obtained from Sigma-
Aldrich (Taufkirchen, Germany) and diluted in DMSO for exposure during in vitro culture. All studies were
performed as n = 3 independent replicates. The concentrations of each EDC used in this study were not cyto-
toxic and did not affect cellular proliferation [15].

Two different experimental approaches were chosen (fig. 1a): i) long-time exposure of MSC during the
entire differentiation protocol and ii) stage-specific exposures during proliferation (0-6 days), induction
(6-8 days), or differentiation (8-12 days). Cells were exposed to a combination of the EDC in a low environ-
mentally relevant concentration range (MIX-low; 10 nmol/1 BPA, 100 nmol/l DEHP, 1 nmol/1 TBT), a high
LOAEL (lowest observed adverse effect level)-orientated range (MIX-high; 10 umol/lI BPA, 100 pmol/1 DEHP,
100 nmol/1 TBT), or 0.05% DMSO (solvent control) [15]. The medium was replaced every 2 days, and cells
were washed with PBS.

Assessment of Adipocyte Differentiation

Lipid droplets were visualized after oil-red-o staining at day 12 as described by Wdziekonski et al. [28]
(fig. 2a). For quantitative determination of the amount of adipocytes, flow cytometric analysis was used.
Differentiated C3H10T1/2 were separated by using a solution of 0.25% (m/v) trypsin and 0.53 mmol /I EDTA
and stained with Nile Red. The percentage of adipocytes was assessed using FACSCalibur (BD Biosciences,
Heidelberg, Germany) as described before [29].
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Fig. 2. MIX-high exposure during the entire differentiation protocol increased the development of adipocytes
but not the TG content. a Adipocytes were visualized at day 12 by oil-red-o staining, scale bar = 200 um and
b quantified by flow cytometry. ¢ Total TG content. d MIX-high increased the mRNA amounts of FABP4 and
adiponectin, but not PPARy2 and LPL. No influence was observed in MIX-low treated cells. Data are present-
ed as relative to the corresponding vehicle control, which is set 1 and indicated by a straight line. All values
are given as mean * SEM; n = 3 replicates; *p < 0.05.

Determination of Triglyceride Amount

2 x 10° cells/ml PBS were counted (Neubauer counting chamber) and sonicated. Lipids were extracted
with chloroform and dissolved in Triton X-100. The triglyceride (TG) amounts were determined using
Triglyceride FS (DiaSys, Holzheim, Germany).

Real-Time Polymerase Chain Reaction

Cells were homogenized using Precellys 24 tissue homogenizer (Bertin Technologies, Montigny le Bret-
onneux, France). Total RNA extraction and cDNA synthesis were performed as described before [30]. Quan-
titative real-time polymerase chain reaction (RT PCR) (StepOnePlus; Applied Biosystems, Darmstadt,
Germany) was performed with primer sets for 18S, PPARy2, adiponectin, fatty acid-binding protein 4
(FABP4), and lipoprotein lipase (LPL). The levels of mRNA encoding the indicated genes were normalized
with ribosomal 18S rRNA and are presented as relative fold change to control. To assess the FABP4 mRNA
expression pattern, the mRNA was quantified absolutely by use of standard curves of cDNA plasmid clones.
A calibration curve of specific DNA probes, generated from cDNA plasmid clones, was used as an external
standard in each run.

Statistical Analyses

The levels of significance between groups were calculated using the unpaired two-tailed Student’s t-test
after proving normal distribution by means of Shapiro-Wilk test (SigmaPlot v.11.0; Systat Software GmbH,
Erkrath, Germany). Differences between groups were considered as statistically significant if p < 0.05. Data
are presented as mean *+ SEM (standard error of the mean); n = 3.
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Results

Adipogenesis of MSC can be divided into three stages, i.e. i) discriminating undifferen-
tiated growth, from day 0 to day 6, ii) hormonal adipogenic induction, from day 6 to day 8,
and iii) final adipogenic differentiation, from day 8 to day 12 (fig. 1a). The exposure with
MIX-low or MIX-high was performed either for the entire culture time from day 0 to day 12
or separately within the specified stages (fig. 1a). At day 12, the amount of adipocytes was
visualized by oil-red-o staining and quantified by flow cytometry. The TG was determined and
adipogenic marker gene expression was measured.

FABP4 was used and confirmed as marker for adipogenic differentiation of MSC. The
mRNA amounts of FABP4 increased exponentially during the differentiation process (fig. 1b).
During proliferation, when cells possess multipotent characteristics, the mRNA level was low.
FABP4 mRNA transcripts increased by 1,000-fold during hormonal induction and by a further
10-fold during subsequent differentiation.

Effect of Low-Concentrated Mixture of EDC on Adipogenesis in MSC

Exposure with MIX-low during the entire differentiation protocol or during distinct
exposure windows did not affect the resulting amount of adipocytes (fig. 2a, 2b, 3a), total TG
accumulation (fig. 2¢, 3b), and adipogenic marker gene expression (fig. 2d, 3c).

Effect of High-Concentrated Mixture of EDC on Adipogenesis in MSC

C3H10T/2 cells were exposed during the entire differentiation protocol to MIX-high
(fig. 1a). In the amounts of adipocytes, the treatment led to an increase to 163 + 16% (fig. 2b).
Accordingly, the adipogenic markers FABP4 and adiponectin were significantly increased to
227 + 40% and 130 *= 13%, respectively (fig. 2d). There were no changes in total TG and
mRNA expression of LPL and PPARY?2 (fig. 2c, 2d).

Adipogenic Effect of High-Concentrated Mixture of EDC Depending on the Exposure

Interval

To discriminate EDC-susceptible differentiation stages, the adipogenic differentiation
protocol was split into three exposure intervals (fig. 1a). In all separately studied windows,
MIX-high led to an increase in the resulting number of adipocytes at day 12 (fig. 3a). The
increased rate of adipocytes was closely correlated with the measured FABP4 mRNA amounts
(fig. 3c). Exposure during proliferation enhanced the resulting amount of adipocytes to 127
+ 5% and FABP4 mRNA expression to 210 + 35%, during hormonal induction to 208 + 15%
and 305 * 21%, and during final differentiation to 132 + 4% and 183 * 18%, respectively. The
adipogeniceffect of MIX-high was mostly pronounced during hormonal induction, as exposure
during that stage led to increased mRNA amounts for the adipogenic marker genes adipo-
nectin (152 + 8%), LPL (161 + 15%), and PPARY2 (179 + 12%). None of the studied exposure
windows affected the resulting total TG content of the cells (fig. 3b).

Discussion

C3H10T1/2 MSC have the ability to differentiate into the adipose lineage as well as into
cartilage, bone, or muscle [31]. During adipogenesis, these cells pass through different onto-
genetic stages (undifferentiated growth, adipogenic induction, terminal adipogenic differen-
tiation) and are therefore a suitable model to study adipogenesis in vitro.

Recently, we have reported on the concentration-, stage-, and compound-specific effects
of BPA, DEHP, and TBT as single compounds on adipogenic MSC differentiation [15]. Exposure
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Fig. 3. Independently of the expo-
sure interval, MIX-high increased
the development of adipocytes
but not the TG content. a Adipo-
cytes were quantified by flow cy-
tometry. b Total TG content.
¢ MIX-high increased the mRNA
amounts of FABP4 in all investi-
gated stages. Adiponectin,
PPARy2, and LPL mRNA amounts
were only increased when cells
were exposed during induction.
No influence was observed in
MIX-low treated cells. Data are
presented as relative to the corre-
sponding vehicle control, which is
set 1 and indicated by a straight
line. All values are given as mean
+ SEM; n = 3 replicates; *p < 0.05.
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of C3H10T1/2 during proliferation with BPA (10 umol/1) decreased the resulting number of
adipocytes, the total TG content, and the mRNA expression of adipogenic marker genes,
whereas DEHP (100 pmol/l), during induction, and TBT (100 nmol/l), in all investigated
stages, enhanced adipogenesis. In contrast to these LOAEL-orientated concentrations, envi-
ronmentally relevant concentrations of 10 nmol/lI BPA, 100 nmol/1 DEHP, or 1 nmol/l TBT

did not affect adipogenesis.

Taking into account that real-life EDC exposure occurs more likely as a ‘cocktail’ of
chemical reagents than in the form of single compounds, the effect of a simultaneous exposure
to a mixture of BPA, DEHP, and TBT on adipogenic MSC differentiation was investigated in
this study. Independently of the exposure interval, the LOAEL-orientated EDC mixture,
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MIX-high, led to an enhanced development of adipocytes. The antiadipogenic effect of BPA
during proliferation [15], when MSC commit to the adipogenic lineage, was overridden by the
adipogenic action of DEHP and TBT. In contrast to MIX-high, treatment with the environmen-
tally relevant mixture, MIX-low, did not show adipogenic or antiadipogenic effects.

FABP4, a classical adipogenic marker, whose protein expression is mostly controlled at
the transcriptional level [32-34], correlated closely with the adipogenic differentiation
process and the formation of adipocytes. Treatment of multipotent C3H10T1/2 with MIX-high
duringthe entire differentiation protocol as well as during distinct ontogenetic stages revealed
enhanced mRNA amounts of FABP4 as compared to corresponding controls. The adipogenic
effect of MIX-high was mostly pronounced during hormonal induction. Treatment during this
stage also led to increased mRNA amounts of the adipogenic marker genes PPARy2, adipo-
nectin, and LPL.

However, in contrast to the individual substances [15], MIX-high did not affect TG accu-
mulation, although the development of adipocytes was clearly enhanced. This observation
was made during the entire differentiation protocol as well as during the indicated exposure
windows.

It has been shown that TBT and DEHP induce the adipogenic differentiation process by
activating PPARy [12, 13, 15]. As master regulator, this transcription factor regulates the final
differentiation of adipocytes [35]. The interaction of DEHP and TBT during the adipogenic
differentiation process may therefore target the same signaling cascade (PPARy) and act syner-
gistically, implying that individual substances of a chemical cocktail can ‘act together’ [27].

Regarding its mode of action, BPA belongs to a different class of EDC than DEHP and TBT,
which share their hormonal action in terms of PPARy activation. BPA is an estrogenic
compound whose impact on adipogenesis is controversially discussed [36]. Masuno et al. [18]
have shown that BPA triggers the terminal differentiation of 3T3 preadipocytes mediated by
the PI3-kinase pathway. In the same cell line, it was reported that the enhanced development
of adipocytes by BPA was not accompanied by changes in the total TG content [37]. Another
study observed that BPA mediated a reduction in the LPL gene of human adult stem cells,
which resulted in a decreased TG accumulation during adipogenic differentiation [38]. This
is in accordance with our observation in C3H10T1/2 MSC [15] and with other in vitro studies,
which have shown that estrogens and phytoestrogens inhibit adipogenic differentiation of
mesenchymal precursor cells [39, 40]. Furthermore, estrogenic signaling in female ovariec-
tomized mice and in 3T3 preadipocytes was shown to blunt the adipogenic effects of PPARy
activators, which resulted in a reduced TG accumulation by a decreased DNA binding of
PPARYy [40]. We therefore hypothesize that the interaction with the estrogenic compound
BPA suppressed the adipogenic effects of DEHP and TBT during adipogenesis induced by
MIX-high. This might explain why the adipogenic effects of MIX-high were far less pronounced
than those induced by the individual compounds DEHP and TBT.

Considering the results of this study and the assumed modes of action of the single
compounds, we suppose that MIX-high influences adipogenic differentiation by affecting at
least two mechanisms, i.e. estrogenic [36, 40] and PPAR-mediated signaling [12, 13, 15].
However, additional studies are necessary to elucidate the underlying mechanisms respon-
sible for the findings that DEHP and TBT predominate single effects of BPA and that BPA in
turn suppressed the adipogenic effects of DEHP and TBT within the mixture MIX-high.

In conclusion, we have shown that a mixture of selected endocrine-disrupting chemicals,
representing different classes of EDC and affecting different mechanisms of hormonal actions,
revealed an impact on adipogenesis which was not predictable by the effects of the individual
compounds itself. The increasing appearance of EDC in our environment, their interactions,
and the resulting influence on early cell fate development may contribute to the worldwide
rising obesity rates.
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