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ORIGINAL ARTICLE
Bisphenol S- and bisphenol A-induced adipogenesis of murine

preadipocytes occurs through direct peroxisome proliferator-
activated receptor gamma activation

S Ahmed and E Atlas

BACKGROUND/OBJECTIVES: The use of bisphenol A (BPA) in consumer products and food packaging has been associated under
certain conditions with a risk of negative health outcomes. This prompted its removal from many products and replacement with
structural analogs. Bisphenol S (BPS) is one such analog, but its metabolic effects have not been fully characterized. The objective of
our study was to determine whether BPS functions similarly to BPA at inducing adipogenesis.

METHODS: Murine 3T3-L1 preadipocytes were used to evaluate and compare the adipogenic potential of BPS to BPA. Cells were
treated with 0.01-50 um BPS or 0.01-50 um BPA and adipogenic effects were measured. Further, their ability to activate peroxisome
proliferator-activated receptor gamma (PPARy), an adipogenic transcription factor, was also determined.

RESULTS: Our results indicate that treatment of 3T3-L1 cells with BPS induced lipid accumulation and increased mRNA and protein
expression of key adipogenic markers (1-50 pm; P < 0.05). BPS treatment resulted in a higher expression of adipogenic markers as
well as greater lipid accumulation when compared with BPA treatment. We showed that BPS can upregulate lipoprotein lipase,
adipocyte protein 2, PPARYy, perilipin, adipsin and CCAAT/enhancer-binding protein alpha mRNA expression levels. Furthermore,
using transcriptional assays, we showed that BPS and BPA can modestly activate PPARy using a PPRE (PPARy response element)-
dependent luciferase construct by 1.5-fold (P < 0.05). However, BPS but not BPA was able to competitively inhibit rosiglitazone
(ROSI)-activated PPARYy, suggesting that BPS interacts with PPARy distinctly from BPA. Co-treatment of cells with the selective PPARy
antagonist GW9662 inhibits BPS-, BPA-, ROSI- but not dexamethasone-dependent adipogenic differentiation.

CONCLUSIONS: Both BPA and BPS can enhance 3T3-L1 adipocyte differentiation in a dose-dependent manner and require PPARy

to induce adipogenesis. Through direct comparison, we show that BPS is a more potent adipogen than BPA.
International Journal of Obesity (2016) 40, 1566-1573; doi:10.1038/ij0.2016.95

INTRODUCTION

Bisphenol A (BPA) is used in many consumer products including:
polycarbonate plastics, epoxy lining of food packaging, epoxy resins
in dental sealants, and thermal paper receipts. In 2011, it was
estimated that >5.5 million metric tons of BPA was produced.’
Epidemiological studies have shown that BPA is detectable in the
nanogram range in both urine and serum samples of adults,
children and infants, highlighting its ubiquitous nature and potential
for continuous exposure.>™ BPA exposure has been associated with
obesity and metabolically linked diseases.>” Human studies have
correlated BPA levels in urine and serum with obesity, cardiovas-
cular disease and type 2 diabetes.>®° This idea that environmental
chemicals such as BPA could promote and induce adipogenesis has
been supported by both in vitro and in vivo studies.'®'" Its potential
link to obesity and other human diseases has led scientists,
regulators and the general public to raise concerns about the
safety of BPA, prompting manufacturers to replace BPA with other
structural analogs. One such analog is bisphenol S (BPS). BPS is
now used in many industrial applications and in products marketed
as BPA-free>'?'3 |n humans, BPS has been detected in urine at
concentrations and frequencies similar to BPA."*'> Because of the
structural similarity between BPS and BPA, it is unclear whether BPS
is inert or at least less efficient at inducing various toxic end points
previously associated with BPA exposure.

Understanding the mechanisms and potential role of environ-
mental chemicals in adipose tissue formation in vitro is vital
to evaluating their potential link to metabolic outcomes, including
obesity. The murine 3T3-L1 preadipocyte cell line is currently
accepted as an appropriate in vitro model to study adipocyte
differentiation.’® The process of adipogenesis is tightly regulated
by a network of transcription factors that coordinate the
expression of genes leading to adipocyte maturation.'”~"® Central
to this pathway are two transcription factors; PPARy (peroxisome
proliferator-activated receptor gamma) and C/EBPa (C/CAAT
enhancer-binding protein alpha).'® When PPARy is knocked out,
adipogenesis is abolished giving rise to PPARy being considered
the master regulator of adipogenesis.'® To date, in vitro studies
have shown that BPA can induce adipocyte differentiation of
3T3-L1 preadipocytes in part owing to enhanced glucocorticoid
receptor (GR)-mediated activity.'®?%?' The effects of BPS on
adipogenesis and its mechanism of action have not yet been fully
elucidated.

To determine whether BPS can induce adipogenesis and to
determine whether cells treated with BPS achieve levels of
differentiation comparable to BPA-treated cells, 3T3-L1 cells were
exposed to both compounds at equivalent concentrations. Key
transcription factors as well as their downstream targets were
evaluated in both a dose- and time-dependent manner.
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Furthermore, to evaluate the role of PPARy in mediating these
effects, both transcriptional and differentiation assays were
performed using the selective PPARy antagonist GW9662. We
are the first to show that both BPA and BPS weakly activate PPARy
and require PPARYy for their adipogenic potential.

A detailed understanding of the processes governing adipose
tissue formation will be instrumental in combating the obesity
epidemic. Much progress has been made in the past two decades
in defining transcriptional events controlling the differentiation
of mesenchymal stem cells into adipocytes. A complex network
of transcription factors and cell-cycle regulators, in concert with
specific transcriptional coactivators and corepressors, respond to
extracellular stimuli to activate or repress adipocyte differentia-
tion. This review summarizes advances in this field, which
constitute a framework for potential antiobesity strategies.

MATERIALS AND METHODS

Murine adipocyte differentiation

3T3-L1 mouse embryonic fibroblasts were maintained in Dulbecco’s
modified Eagle’s medium (DMEM) 1 g =1 glucose (Hyclone, Mississauga,
ON, Canada) containing 10% bovine calf serum (ATCC, Manassas, VA, USA)
and grown to 70% confluence. Cells were then plated in six-well dishes
using DMEM 1g1~" glucose supplemented with 10% fetal calf serum
(Wisent, Montreal, QC, Canada) and 1% penicillin/streptomycin
(Life Technologies, Burlington, ON, Canada) and left to reach confluence.
Two days postconfluence (Day 0), cells were induced to differentiate using
the cocktail consisting of 500 um of the cCAMP enhancer IBMX (3-isobutyl-1-
methylxanthine; Sigma-Aldrich, Oakville, ON, Canada) and 100 nm of insulin
(Roche Diagnostics, Laval, QC, Canada; MI), plus varying concentrations of
BPS (ethanol, 0.01-50 um) or BPA (ethanol, 0.01-25 um). For positive control
experiments, 3T3-L1 cells were supplemented with 250 nm of dexametha-
sone (DEX; Sigma-Aldrich) or 5 um of rosiglitazone (ROSI; Sigma-Aldrich)
along with IBMX and insulin (MID, MIR). Two days after differentiation was
initiated, media was replaced to contain 100 nm of insulin and the test
chemical or positive controls. The media was subsequently replaced every
2 days until the end of the experiment (2, 4, 6 or 8 days). For the PPARy
antagonist study, 5pum of the irreversible antagonist GW9662 (Sigma-
Aldrich) was added to the differentiation media and replaced daily owing
to its short half-life.??

RNA extraction and reverse transcriptase-PCR

Total RNA was isolated from differentiating cells treated with varying
concentrations of BPS or BPA as well as in the presence of the inhibitor
GW9662 using the Qiagen RNeasy Kit (Qiagen, Toronto, ON, Canada). Five
hundred nanograms of RNA was then reverse-transcribed using the iScript
Reverse Transcription Kit (Bio-Rad, Mississauga, ON, Canada) following the
manufacturer’'s recommendations. Primers used to amplify markers of
adipocyte differentiation are as follows: adipocyte protein 2 (aP2, also
known as Fabp4) forward 5'-GGAAGCTTGTCTCCAGTGAA-3’ and reverse 5'-
GCGGTGATTTCATCGAATTC-3’; Ppary 5'-GCCTGCGGAAGCCCTTTGGT-3' and
reverse 5-GCAGTTCCAGGGCCTGCAGC-3'; perilipin (Plin) forward 5'-TTG
GGGATGGCCAAAGAGAC-3’ and reverse 5-CTCACAAGGCTTGGTTTGGC-3';
lipoprotein lipase (Lpl) 5-CAGGATGTGGCCCGGTTTAT-3" and reverse 5'-
CGGGGCTTCTGCATACTCAA-3’; adipsin (Adsn) forward 5-CCTGAACCCTAC
AAGCGATG-3' and reverse 5-CAACGAGGCATTCTGGGATAG-3’; and CCA
AT/enhancer-binding protein alpha forward 5-TGCGCAAGAGCCGAGAT
AAA-3’ and reverse 5'-CCTTGACCAAGGAGCTCTCA-3'. All genes were
amplified using Bio-Rad SsoFast SYBR Green 2X mix, normalized to
B-actin levels and analyzed using the comparative C; method.

Lipid staining and quantification

Murine 3T3-L1 preadipocytes were differentiated as described above for
8 days with 250 nm DEX, 5 pm ROSI or increasing amount of BPS (0.01-50 pm)
or with 25 um BPA with media replenished every 2 days. Differentiated cells
were then fixed using 4% paraformaldehyde and stained with Nile Red
(stains cytoplasmic lipid droplets) and DAPI (4,6-diamidino-2-phenylindole;
stains cell nuclei) as previously described.?> Nile Red fluorescence was
quantified at 485/528 nm (excitation/emission) and normalized to DAPI
staining measured at 360/460 nm (excitation/emission). All data were then
normalized to Ml control (data reported as fold change over MI).
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Fluorescence was measured using the Synergy 2 Microplate Reader (BioTek
Instruments Inc.,, Winooski, VT, USA). Images of Nile Red and DAPI staining
were taken using the Leica TCD SP8 confocal microscope (Leica
Microsystems, Toronto, ON, Canada) at x63 magnification. Images are
representative of three independent experiments.

Western blotting analysis

For protein detection, cell extracts were prepared after 6 days in the
presence of the differentiation media with increasing amounts of BPS
(0.01-50 um) or with the inhibitor GW9662. Whole-cell extracts were
prepared using RIPA buffer in the presence of protease inhibitors (Roche
Diagnostics). Twenty micrograms of total protein was separated by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis and transferred to
a polyvinylidene difluoride membrane. Membranes were incubated with
anti-aP2 antibody (AF3150; R&D Systems, Minneapolis, MN, USA) and anti-
LPL (AF7197; R&D Systems), after detection membranes were stripped and
probed with anti-B-actin antibody (13E5; Cell Signalling, Danvers, MA, USA).
Blots were then probed using the appropriate horseradish peroxidase-
conjugated secondary antibodies and were visualized using Clarity
Western ECL Substrate (Bio-Rad). Bands were detected using the
ChemiDoc System (Bio-Rad) and then quantified using the Image Lab
software (Bio-Rad) and normalized to B-actin levels.

Reporter gene assay

COS-7 cells were seeded in phenol red-free DMEM (Wisent) supplemented
with 5% dextran-coated charcoal-stripped serum (Sigma-Aldrich). Twenty-
four hours after plating, cells were transfected with plasmid DNA using
Fugene HD (Promega, Madison, WI, USA) according to the manufacturer’s
recommendations. For the PPARy transcriptional assays, cells were
transfected with 10 ng of pRL-CMV (renilla; internal control), 25 ng of
pcDNA mPPARy, 25 ng of pCMV6 mRXR and 125 ng of 3 x PPARy response
element (PPRE)-luciferase (PPRE-luc). All plasmids were generous gifts from
Dr Jae Bum Kim.>* Six hours after transfection, cells were treated with
vehicle control and the indicated concentrations of BPS or BPA, as well as
increasing amount of ROSI (20 nm, 200 nm and 5 pm) in the presence of
increasing amounts of BPS or BPA (1-50 pm). Twenty-four hours after
treatment, cells were lysed using 1x Passive Lysis Buffer (Promega).
Luciferase activity was quantified with the Dual Luciferase Assay
Kit (Promega) using the Glomax96 Luminometer (Promega). Luciferase
activity was normalized to renilla levels and to vehicle control (dimethyl
sulfoxide).

Statistical analysis

All data were presented as means and s.e.m. All analyses were carried out
by a one-way analysis of variance followed by Tukey’s multiple comparison
tests or using the GraphPad Prism Software (GraphPad Software, San
Diego, CA, USA).

RESULTS

Dose-dependent comparison of BPS- and BPA-induced gene
expression levels of adipogenic markers in the mature adipocyte
We set out to investigate whether BPS, a BPA analog currently
replacing BPA in many consumer products, could induce differ-
entiation of murine 3T3-L1 preadipocytes equivalent to what was
previously reported for BPA?° Genes under investigation include
transcription factors important for adipogenesis as well as genes
expressed in the mature adipocyte. Our results demonstrate that
both BPS and BPA increased the expression of all genes examined;
however, compared with BPA, BPS treatment resulted in signifi-
cantly higher levels of gene expression at certain concentrations
(Figures 1a-f). Treatment with 0.01-1 um of BPS or BPA did not
cause significant increases in gene expression but treatment with
10 um of BPS or BPA were able to induce equivalent expression
levels of ap2, Lpl and Adsn, indicating that at lower concentrations
both chemicals behave similarly (Figures 1a,d and e). However,
treatment with 25 um of BPS was significantly better than 25uM of
BPA at inducing the expression of all genes examined (Figures 1a-f).
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Figure 1. Dose-dependent comparison of BPS- and BPA-induced gene expression levels of adipogenic markers. mRNA expression levels were

determined in murine 3T3-L1 preadipocytes 6 days posttreatment with the differentiation cocktail consisting of IBMX, insulin and increasing
amounts of either BPS or BPA (0.01-25 pm) or vehicle control (MI). Six days after treatment, aP2 (a), Ppary (b), Plin (c), Lpl (d), Adsn (e) and
Cebpa (f) mRNA levels were determined and normalized to B-actin levels and are expressed as a fold change relative vehicle control. Data
represent the mean +s.e.m. (n=4). *P < 0.05 relative to vehicle control, #P < 0.05 relative to dose-matched BPA treatment using a one-way

analysis of variance followed by Tukey’s post-hoc analysis.

Evaluation of temporal differences in BPS- and BPA-mediated
gene expression profiles

To further characterize the enhanced ability of 25 um of BPS at
inducing adipogenesis of murine 3T3-L1 cells compared with
25 um of BPA, we completed a time-course experiment looking at
markers of adipogenesis after 2, 4 and 6 days of treatment in the
presence of the differentiation cocktail. Our results indicate that
there were no significant differences between BPS and BPA after
2 days of treatment except that BPA was significantly better than
BPS at increasing perilipin levels (2.5-fold vs. 3.8-fold; Figure 2c).
However, this was not maintained over time as Plin expression
was significantly higher for BPS at both days 4 and 6. Furthermore,
Ppary levels were upregulated after BPA treatment at day 2 that
was not seen for BPS but that comparable expression levels were
achieved by day 6 (Figure 2b). After 4 days in the presence of
the differentiation cocktail, 25 um of BPS was significantly better at
inducing the expression of aP2 and Plin and its superiority was
maintained until day 6 (Figures 2a and c). It is also important
to note that, at day 4, BPS but not BPA was able to upregulate Lpl
and Cebpa (Figures 2d and f), suggesting that BPS is able to
promote adipogenesis at earlier time points and may account for
the enhanced gene expression in mature adipocytes.

To determine whether the enhanced gene expression achieved
after BPS treatment led to greater lipid accumulation in the
mature adipocyte, Nile Red lipid staining was performed in cells
treated with 25 um of BPS or 25 um of BPA. As expected, lipid
accumulation was significantly higher in BPS-treated cells when
compared with BPA-treated wells (Figures 2g and h)

BPS-induced lipid accumulation and increases in protein levels of
adipogenic markers

In order to quantify the ability of BPS to induce differentiation of
3T3-L1 preadipocytes, we visualized lipid accumulation on day 8
by Nile Red lipid staining after 0.01-50 pum treatment (Figures 3a
and b). Although lipid accumulation was slightly increased
at concentrations as low as 10 nwm, statistically significant increases
were not seen until after 10 um treatment (Figure 3b). The positive

International Journal of Obesity (2016) 1566 - 1573

controls consisting of 250 nm DEX or 5 um ROSI treatment induced
comparable levels of lipid accumulation, suggesting that either
direct GR activation or direct PPARy activation are equivalent at
promoting lipid droplet formation despite having different
mechanisms of action (Figure 3b).

We then determined the extent of differentiation achieved
after BPS treatment by measuring the protein levels of select
markers of adipogenesis after 6 days of treatment. There was
a dose-dependent increase in LPL and aP2 protein levels after
BPS treatment (Figure 3c). Despite seeing increases in protein
levels visually at 10 nm-1 um doses, we did not see significant
increases in protein levels below 10 um for aP2 and 25 uwm for
LPL using a one-way analysis of variance with all con-
centrations included (Figure 3d). Furthermore, looking at
the temporal changes in mRNA expression of aP2 and Lpl at
the low-dose treatment (10 nM—1 um) indicate that aP2 levels were
upregulated at days 4 and 6 of differentiation while Lpl levels
were significantly upregulated on day 2 (Figures 3e and f). These
changes in mRNA levels may account for the small increases in
protein expression observed at the low doses examined. Taken
together, our data suggest that BPS can induce lipid accumulation
and mRNA and protein expression of key markers of adipogenesis
in a dose-dependent manner.

Mechanistic insight into BPS- and BPA-dependent activation of
PPARy

It has been previously reported that BPA and BPS can induce estrogen
response element-dependent luciferase activity. However, having
estrogenic potential does not lead to enhanced adipogenesis.>>*
We and others have shown that estrogen treatment alone does not
induce differentiation of 3T3-Ll preadipocytes.”®*” Furthermore,
all of our experimental procedures were carried out in the presence
of non-stripped serum, which contains estrogen, indicating that any
differentiation achieved was most likely owing to other pathways
being activated and not estrogen receptor (ER) mediated. It has also
been reported that BPA may have intrinsic GR activation capability
determined by its ability to activate a GRE-dependent luciferase
system.?’ However, similar activity was not seen for BPS using both

© 2016 Macmillan Publishers Limited, part of Springer Nature.
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Evaluation of temporal differences in BPS- and BPA-mediated gene expression profiles. mRNA expression levels were determined in

murine 3T3-L1 preadipocytes 2, 4 and 6 days posttreatment with the differentiation cocktail consisting of IBMX, insulin and 25pM BPS, 25pM
BPA or vehicle control (MI). After the indicated time points, RNA was extracted and reverse transcribed, and we measured the levels of aP2 (a),
Ppary (b), Plin (c), Lpl (d), Adsn (e) and Cebpa (f), which were normalized to p-actin levels and relative to time-matched vehicle control. Data
represent the mean = s.e.m. (n =4). *P < 0.05 relative to time-matched vehicle control, #P < 0.05 relative to time-matched BPS treatment using
a one-way analysis of variance (ANOVA) followed by Tukey’s post-hoc analysis. Murine 3T3-L1 preadipocytes were treated with control (M),
25 um BPS or 25 pm BPA for 8 days and lipid accumulation was visualized using Nile Red staining (g) and then quantified (h). *P < 0.05 relative
to vehicle control, #P < 0.05 relative to BPS treatment using a one-way ANOVA followed by Tukey’s post-hoc analysis. Lipid accumulation was
normalized to DAPI staining and relative to vehicle-treated cells. Data represent mean + s.e.m. of three independent experiments performed

in triplicate.

a GRE-luciferase and MMTV-luciferase reporter plasmids (Boucher
et al, 2015, submitted).

In order to determine other possible mechanisms by which BPS
and BPA treatment induces adipogenesis of murine 3T3-L1, we
investigated whether BPS and BPA can activate PPARy in a PPRE-
dependent luciferase assay system. Activation of PPARy has a critical
function in adipocyte differentiation.'®'® We show that, in COS-7
cells transfected with mPPARy, mRXR, and a 3x PPRE-luciferase
reporter plasmid BPS treatment caused a significant increase of
reporter gene activity at 25 and 50 pum (Figure 4a). These effects
were approximately 10-fold lower than that achieved after 5um
treatment with the full agonist ROSI (1.5-fold vs 12-fold) (Figure 4b).
We also completed parallel experiments in the presence of
increasing amounts of BPA that displayed similar increases in
PPARy activity, suggesting that both BPS and BPA can weakly
activate PPARy (Figure 4a).

To further characterize the ability of BPS and BPA to activate
PPARy, we measured luciferase activity in the presence of increasing
amounts of the full PPARy agonist ROSI. Our data confirms that
there is a dose-dependent increase in ROSI-mediated activation of
PPARy and that this activity was inhibited by BPS co-treatment

© 2016 Macmillan Publishers Limited, part of Springer Nature.

(Figure 4b). This data suggest that BPS was able to bind to PPARy
and displace ROSI and may function as a partial agonist or interact
with the receptor similarly to ROSI. Furthermore, BPA did not
inhibit ROSI-mediated PPRE-luciferase activity, suggesting that its
interaction with PPARy is not similar to ROSI (Figure 4c). Taken
together, our findings indicate that although BPS and BPA activate
a PPARy-dependent luciferase their interaction with the nuclear
receptor may be different.

BPS- and BPA-mediated adipogenesis requires PPARy activation

To determine the importance of PPARy in BPS- and BPA-dependent
adipogenesis, we completed differentiation in the presence of the
selective PPARy antagonist GW9662. We compared the differentia-
tion achieved after treatment with 250 nm DEX, 5 pm ROSI, 25 um
BPS or 25 um BPA in the presence or absence of 5 um of the PPARy
antagonist GW9662. We measured the mRNA and protein levels
of aP2 and LPL after 6 days of treatment with the differentia-
tion cocktail. As expected, treatment with DEX caused a significant
increase in aP2 and Lpl mRNA levels that were unaffected by
co-treatment with GW9662, suggesting that direct PPARy activation
is not involved in meditating DEX-dependent adipogenesis

International Journal of Obesity (2016) 1566 - 1573
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Figure 3. BPS-induced lipid accumulation and increases in the protein expression of adipogenic markers. Murine 3T3-L1 preadipocytes were

treated with vehicle (MI), the positive controls 250 nm DEX or 5 pm ROSI and increasing amounts of BPS (0.01-50 um) for 8 days and lipid
accumulation was visualized using Nile Red staining (a) and then quantified (b). Lipid accumulation was normalized to DAPI staining and
relative to vehicle-treated cells. Data represent mean +s.e.m. for three independent experiments performed in triplicate. Statistical
significance *P < 0.05 was determined relative to vehicle control (Ml) using a one-way analysis of variance (ANOVA) followed by Tukey’s post-
hoc analysis. Images were visualized using the Leica TCD SP8 confocal microscope at X 63 magnification and are representative of three
independent experiments. (c) Immunoblot showing the ability of BPS (0.01-50 um) to induce the protein expression of LPL and aP2 following
6 days of treatment. p-Actin was used as a loading control. (d) Quantification of aP2 and LPL protein levels (n=5) using the Image Lab
software and f-actin as the loading control (Bio-Rad). Asterisks denoted protein levels significantly different (P < 0.05) than vehicletreated cells
(MI) using a one-way ANOVA. ®Denotes statistical significance using a one-way ANOVA with the highest doses removed during analysis
(P < 0.05). mRNA expression of aP2 (e) and Lpl (f) after 2, 4 and 6 days of treatment using low doses of BPS (0.01-1 um). Data represent the
mean + s.e.m. (n=4). ¥P < 0.05 relative to vehicle control, using a one-way ANOVA followed by Tukey’s post-hoc analysis.

(Figures 5a, b and i). Similar experiments could not be performed and suggests that both chemicals may be able to directly

with the selective GR antagonist RU486 as it is a potent inducer of
differentiation in murine 3T3-L1 (data not shown?®%°) to confirm the
importance of direct GR activation in DEX-mediated differentiation.
Treatment of ROSI enhanced the differentiation of murine 3T3-L1
cells that was significantly inhibited by co-treatment with 5 pm
GW9662, leading to approximately 50% reduction in the mRNA and
protein levels of aP2 and LPL (Figures 5¢,d and i). These results
reinforce the importance of PPARy in ROSI-mediated differ-
entiation as it is known to be a potent activator of PPARy.
Interestingly, similar results were observed after BPS and BPA
co-treatment with GW9662 (Figures 5e-i). A significant decrease
in mRNA expression and protein levels were achieved, confirm-
ing the role of PPARy in BPS- and BPA-mediated adipogenesis

International Journal of Obesity (2016) 1566 - 1573

activate the receptor (Figures 5e-i). Taken together, our data
suggest that PPARy activation has an important role in
mediating BPS- and BPA-dependent differentiation similar to
the full PPARy agonist ROSI but not the GR agonist DEX.

DISCUSSION

Concerns raised by scientists, regulators and the general public
over the endocrine-disruptive effects of BPA have prompted
the industry to seek alternatives to BPA, which include structural
analogs of BPA. Our study focused on one such analog: BPS
and understanding its metabolic effects in vitro compared with
BPA. To our knowledge, we are the first to show that BPS is

© 2016 Macmillan Publishers Limited, part of Springer Nature.
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using a one-way analysis of variance (ANOVA) followed by Tukeys post-hoc analysis. (b) COS-7 cells were transfected as described above and then
treated with increasing amounts of ROSI (20 nm, 200 nm and 5 um) as well as in the presence of increasing amounts of BPS (1, 25 and 50 pm). Similar
experiments were performed in the presence of increasing amounts of (c) BPA (1, 25 and 50 pm). Data represent the mean +s.e.m. of three
independent experiments. Significantly different (*P < 0.05) reporter gene activity was determined relative to ROSI-treated cells using a one-way

ANOVA followed by Tukeys post-hoc analysis.
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Figure 5. BPS- and BPA-mediated adipogenesis requires PPARy. 3T3-L1 cells were treated with ethanol (MI), 5pM GW9662 alone, 250 nm

DEX, 5 pm ROSI, 25 um BPS or 25 pm BPA as well as co-treatment with the PPARy inhibitor GW9662 for 6 days. mRNA expression levels for aP2
(a, ¢, e g) and Lpl (b, d, f, h) were determined after DEX, ROSI, BPS and BPA treatment in the presence or absence of the inhibitor GW9662.
Data represent the mean +s.e.m. of three independent experiments. Significantly different (*P < 0.05) gene expression was determined
relative to MI-control cells as well as to relative to chemical-matched cells (#P < 0.05) using a one-way analysis of variance followed by Tukeys
post-hoc analysis. (i) Representative immunoblot showing the effects of the inhibitor GW9662 on DEX-, ROSI- and BPS- and BPA-mediated

expression of adipogenic markers.

more potent than BPA at inducing adipogenesis and that PPARy
activity is required for these effects. Previous studies have
tested the ability of BPS to induce adipogenesis using the
murine 3T3-L1 cell model but their experimental procedures
involved treatment with DEX, limiting the impact of their

© 2016 Macmillan Publishers Limited, part of Springer Nature.

results.'®3% In contrast, our study was conducted in the absence
of DEX or ROSI, suggesting that BPS can mimic one of these
chemicals to promote adipogenesis. Using the selective PPARy
antagonist GW9662, we show that PPARy is required for BPS and
BPA adipogenic potential. However, their interaction with PPARy
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is distinct giving a possible mechanism for their differential
ability to promote differentiation.

The molecular mechanisms controlling adipogenesis in the 3T3-
L1 cells involves two well-defined phases: clonal expansion and
the timely expression of key adipogenic transcription factors.'®
The expression of the transcription factor PPARy is sufficient and
required for adipocyte formation and maturation.'®*' The large
and promiscuous ligand-binding pocket of PPARy has led to
the identification of numerous compounds that have unique
interactions within the ligand-binding domain that may promote
and facilitate adipogenesis.3? Our transcriptional and differentia-
tion assays suggest that the interactions of BPS and BPA with
PPARy were unique and sufficient to promote differentiation. The
ability of BPS but not BPA to competitively displace ROSI from the
ligand-binding pocket of PPARy indicates that BPS interaction sites
are similar to ROSI. ROSI directly interacts with the ligand-binding
domain and stabilizes helix H12 and creates five hydrogen bonds
with PPARy unlike weak or partial agonists, which tend to interact
with H3 and the B-sheet 51/52.3%3% Furthermore, the inability of
BPA to displace ROSI may account for why we see lower
mRNA expression levels of adipogenic transcription factors and
their downstream effectors. It may be that BPA-bound receptor
conformation may not facilitate the binding of co-activators
similar to the receptor conformation achieved after BPS binding.

It has been previously shown that halogenated analogs of BPA
can directly interact with PPARy.>* Rui et al.*® have shown through
functional and structural studies that the halogenated BPA
analogs TBBPA (tetrabromobisphenol A) and TCBPA (tetrachlorobi-
sphenol A) act as partial agonists of PPARy. Our data for BPS
indicate that its interactions with PPARy are similar to the
halogenated BPA compounds. We were able to show competitive
inhibition of ROSI-bound PPARYy similar to TBBPA and TCBPA and
both the sulfur and oxygen atoms of BPS might engage in more
hydrogen bonds than BPA, which lacks the halogen functional
groups. The inability of BPA co-treatment to inhibit ROSI-mediated
PPARYy transcriptional activity may be due to its weak and distinct
interaction with the ligand-binding domain. The rather weak
PPARy activation achieved after BPA and BPS treatment can be
explained by their smaller size and fewer direct atomic contacts
with the transcription factor unlike the full agonist ROSI, which
is a much bulkier ligand with five hydrogen bonds. Furthermore,
the ability of the selective PPARy antagonist GW9662 to inhibit
BPA-, BPS- and ROSI-mediated differentiation of the 3T3-L1
preadipocytes supports our findings that both chemicals may be
working through PPARYy to induce adipogenesis. This is in contrast
to DEX-mediated differentiation, which was not affected by direct
PPARYy inhibition. We postulate that the GR-mediated upregula-
tion of CEBPS and CEBPa, whose transcriptional activity has been
shown to overlap with many PPARy targets, is sufficient to
overcome the direct inhibition caused by GW9662 treatment.'63¢

BPS binding to other nuclear receptors involved in adipogenesis
may have a role in the enhanced adipocyte differentiation
achieved after BPS treatment when compared with BPA. ER alpha
(ERa), which is expressed in murine and human adipocytes, is
activated by both BPS and BPA and has been previously shown to
be involved in adipogenesis by increasing adipocyte number.?”~3°
However, the ability of BPS when compared with BPA to bind and
activate ERa are in the same order of magnitude, demonstrating
that ERa is most likely not involved in the enhanced differentiation
we observe.'34° Recently, the membrane-bound ER, GPR30
(G-protein coupled receptor 30), has been implicated in obesity.
GPR30 knockout mice exhibit increased adiposity highlighting its
role in metabolic regulation in vivo.*'** However, several studies
have shown that the GPR30 expression in mouse adipose tissue is
quite low,*™** which implies that in our murine cell model this
receptor may not be responsible for the differential BPS activation.
Furthermore, the ability of BPS to bind to GPR30 has not
been evaluated yet. In a recent study that evaluated the role of
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the estrogen-related receptor alpha (ERRa) in adipogenesis,
they determined ERRa as a novel adipogenic marker involved in
the expression of genes involved in differentiation through its
interactions with the coactivator PGC1a (PPARy coactivator 1a).*®
Currently, there are no studies showing that BPS and BPA can
bind and activate ERRa directly. However, using human peripheral
blood isolated from adult male men, there was a positive
association between high blood BPA concentrations and high
expression of ERRa but, to date, no studies have evaluated BPS
levels and ERRa expression.*” Therefore, the involvement of ERRa
expression or binding in BPS-mediated adipogenesis cannot be
ruled out.

The human health effects of BPA have been intensely studied.*®
Body mass index and obesity are two of the most studied end
points assessed for human BPA exposure. However, a causal
relationship between BPA exposure and obesity cannot be drawn
owing to the cross-sectional nature of these studies. Using in vitro
cell models, we and others have shown that BPA can promote
adipogenesis of both murine and human preadipocytes.?>?'2” This
and the overwhelming evidence regarding the endocrine-disrupting
capabilities of BPA have led to replacement chemicals, such as BPS.
However, the in vitro data we have generated suggest that such
replacement chemicals may not be safer when evaluating metabolic
outcomes. These results add to the increasing evidence showing
that BPA replacements, such as BPS, may have adverse human
health effects similar to the chemical they are replacing. This study
suggests that replacement chemicals need to be evaluated for
potential risks before they are incorporated into consumer products.
Further, end points such as obesogenicity may need to be
taken into account by policy makers in the future. Nevertheless,
epidemiological studies assessing the impact of BPS are warranted.
Epidemiological studies assessing the impact of BPS are warranted.

In this report, we directly compared the metabolic effects
of BPA and BPS in vitro. We show that BPS is better than BPA in
both a dose- and time-dependent manner at promoting adipocyte
differentiation and lipid accumulation. Furthermore, we are
the first to show that both BPA and BPS activate PPARy albeit
distinctly and that their ability to induce adipogenesis was
inhibited by a selective PPARy antagonist, providing evidence
that PPARy is required for mediating their effects.
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