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Introduction

The dramatic increase in the rate of obesity in the Western 
world, particularly among young children, is a significant pub-
lic health problem which threatens to reverse the gains in health 
and longevity achieved in the previous century.1 While diet and 
a sedentary life-style have clearly contributed to the increasing 
rate of obesity, there is growing evidence to suggest that exposure 
to environmental chemicals, known now as “obesogens” may be 
contributing to this epidemic.2,3 Bisphenol A (BPA) is a chemi-
cal widely used as a monomer in polycarbonate plastics, in the 
epoxy lining of cans and in various epoxy sealants including some 
used in dentistry.4 Due to BPA’s wide usage in consumer products 
human exposure to the chemical is ubiquitous. Epidemiological 
studies have shown detectable levels of BPA in urine and serum 
of individuals with concentrations reaching as high as 60 ng/mL 
and disturbingly, even higher in newborns and small children.5 
BPA is a suspected obesogen based on a number of studies both 
in vitro and in vivo.6,7 Furthermore, epidemiological studies have 
correlated BPA concentrations in urine with cardiovascular dis-
ease and type 2 diabetes, and in animal models, pregnant mice 
exposed to BPA exhibited glucose intolerance, insulin resistance, 

and the offspring mice having increased weight and insulin resis-
tance later in life.8,9 BPA is unlikely to act as a classical estrogen 
due to the high concentrations required for the transactivation 
of the ER by this chemical.10 Nevertheless, several studies have 
shown that BPA has effects at concentrations within the human 
exposure range.11,12

The formation of the adipose tissue is dependent upon two 
processes, one is the determination of the stem cells to the adi-
pose lineage to become preadipocytes and the other is the matu-
ration of the preadipocytes into cells that store lipids, secrete 
adipokines, and are insulin sensitive.13 The molecular mecha-
nisms that control adipogenesis have been extensively studied 
in cell models such as the committed preadipocyte murine 
cell line 3T3-L1. In this cell line the differentiation process is 
tightly regulated by a number of transcription factors such as 
the CCAAT-enhancer-binding protein (C/EBP) family of tran-
scription factors C/EBPα, β, and δ, and the peroxisome–prolif-
erator-activated receptor (PPAR) γ. Environmental pollutants, 
such as BPA, have the potential to affect the adipose differen-
tiation processes at several key points.14-16 Indeed, several stud-
ies in the literature have provided evidence that BPA can affect 
the differentiation process of preadipocytes.6,17,18 Recent studies 
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Environmental pollutants, such as bisphenol A (BPA), have the potential to affect the differentiation processes and the 
biology of the adipose tissue. The 3T3-L1 model is one of the murine cell models used extensively for the investigation 
of the molecular events that govern the differentiation of adipocytes from a committed preadipocyte to a mature, lipid 
laden adipocyte. Most of the studies investigating the effects of BPA on preadipocyte differentiation have investigated 
the effects of this chemical in the presence of an optimal differentiation cocktail containing high concentrations of the 
synthetic glucocorticoid dexamethasone, conditions that result in 90% to 100% of differentiated adipocytes. Our studies 
employed the 3T3-L1 cell model in the absence of exogenous glucocorticoids. We show that BPA is able to increase the 
differentiation of the 3T3-L1 cells under these conditions. Furthermore, the effect of BPA was observed in the absence of 
the synthetic glucocorticoid (dexamethasone), a hormone known to be required for the differentiation of the 3T3-L1 cells. 
In addition, BPA upregulated the mRNA expression and protein levels of the terminal marker of adipogenesis the fatty 
acid binding protein (aP2) in these cells. Interestingly, the known modulators of adipogenesis such as the peroxisome 
proliferator-activated receptor (PPAR) γ or CCAAT enhancer binding protein (C/EBP) α were not elevated at the mRNA or 
protein level in response to BPA. Furthermore, BPA upregulated the expression levels of the marker of adipogenesis aP2, 
through an effect on the transcriptional activity of C/EBPδ and the glucocorticoid receptor (GR) at its promoter.
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also proposed mechanisms of action of BPA such as GR activa-
tion and upregulation of the 11β-hydroxysteroid dehydrogenase 
(HSD) 1 enzyme.17-19

This study was initiated in order to evaluate the effect BPA 
on the differentiation of the 3T3-L1 cells and to determine the 
mechanism of action of this chemical. We found that BPA was 
able to induce the mRNA and protein levels of the adipogenic 
marker aP2 in the absence of dexamethasone. Moreover, this is 
one of the first studies showing that the upregulation of aP2 by 
BPA is mediated at least partially through a direct effect on the 
aP2 promoter via the enhancement of the transcriptional activity 
of C/EBPδ in the presence of GR, a new mechanism of action 
for BPA.

Results

Bisphenol A induces aP2 and adispin expression, and lipid 
accumulation in 3T3-L1 preadipocytes

We set out to investigate whether BPA can affect the differen-
tiation of the 3T3-L1 preadipocytes in the presence or absence of 
glucocorticoids and to elucidate the mechanism of BPA action. 
In order to assess the ability of BPA to affect the differentiation 
of the 3T3-L1 preadipocytes we visualized lipid accumulation on 
day 8 at the end of the differentiation process by staining with oil 
Red O. The data show that treatment of 3T3-L1 cells with BPA 

induces lipid accumulation at all concentrations used compared 
with control (Fig. 1A). Next, we examined the ability of BPA to 
induce the expression of aP2, and adipsin which are established 
markers of mature adipocytes in 3T3-L1 cells. Our results show 
a dose response after BPA treatment in aP2 protein levels reach-
ing a 2.5-fold increase at 10 nM BPA. Adipsin protein levels were 
also upregulated reaching a 2-fold upregulation at 1 and 10 nM 
BPA (Fig. 1C, upper panel and lower panel respectively). Using 
real-time PCR analysis a 2.3-fold upregulation in mRNA levels 
of aP2 were observed after treatment of the cells with 10 nM 
BPA. As a positive control the cells were treated with DEX at low 
(1 nM) and high (250 nM) concentrations which resulted in an 
increase of 1.9 and 3.6-fold respectively in aP2 mRNA (Fig. 1D). 
These results were obtained from five independent experiments 
performed in triplicates.

BPA upregulation of aP2 occurs in the absence of upregula-
tion of C/EBPα or PPARγ mRNA

The mRNA level of aP2 in the 3T3-L1 cells is regulated by the 
transcription factors of the C/EBP family members and PPARγ.20 
The levels of mRNA for C/EBPα and PPARγ were unchanged 
in response to BPA treatments compared with ethanol controls at 
24 h (Fig. 2A and B) or 48 h (Fig. 2C and D). Treatment with 
low DEX (1 nM) or high DEX (250 nM) resulted in a robust 
upregulation in the mRNA levels of C/EBPα at 48 h by 3-fold 
and 14-fold respectively, and PPARγ mRNA by 6- and 16-fold 
respectively (Fig. 2B and D).

Figure 1. Bisphenol A (BPA) treatment of 3T3-L1 cells induces adipocyte differentiation markers and lipid accumulation. (A) Oil red O lipid staining of 
3T3-L1 cells at day 8 treated with the indicated concentrations of BPA. (B) Western blot analyses of aP2 and adipsin at day 8. (C) Fold over MI ethanol 
control of the western blots normalized to β-actin levels and quantified with BioRad ImageLab software (n = 3). (D) aP2 mRNA levels over control normal-
ized to β-actin mRNA after 24 h treatment (n = 5). Error bars indicate SD (*P < 0.05, **P < 0.01).
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BPA enhances low DEX upregulation of aP2 and adipsin in 
3T3L1 cells

Next we investigated whether BPA-induced differentiation is 
potentiated by low concentrations of glucocorticoids. The cells 
were co-treated with BPA and low concentrations of DEX as indi-
cated in Figure 3 and aP2 protein levels were determined at day 
8 by western blot analysis. Concentrations of 1, 10, and 1000 nM 
BPA were able to increase the protein levels of aP2 by 50% as 
compared with the cells treated with DEX alone (Fig. 3A and B). 
These results suggest that BPA potentiates the ability of DEX to 
enhance the differentiation of the cells.

BPA does not act as a transcriptional activator of the gluco-
corticoid receptor on the MMTV or C/EBPα promoters

Our results thus far indicated that BPA can induce differen-
tiation of 3T3-L1 cells in the absence of DEX (Fig.  1). In an 
effort to understand the molecular mechanism by which BPA 
potentiates the differentiation of the 3T3-L1 cells we investigated 
whether it can act as a glucocorticoid and activate the glucocor-
ticoid receptor. To address this hypothesis we performed tran-
scription assays using three different glucocorticoid responsive 
promoters driving the luciferase gene expression when transiently 
transfected into NIH 3T3 cells. The three promoters tested 
were: a synthetic glucocorticoid response element (3X-GRE), 
the mouse mammary tumor virus (MMTV) promoter (highly 

responsive to glucocorticoid treatment), and 
the C/EBPα promoter (a non-GRE containing 
glucocorticoid responsive promoter). C/EBPα 
is a DEX target and one of the transcription 
factors upregulated after the initiation of dif-
ferentiation in the 3T3-L1 cells and has been 
shown to upregulate aP2 expression.21,22 As 
expected, both the synthetic and the MMTV 
containing GRE promoters were responsive to 
DEX treatment resulting in an increase in lucif-
erase activity of more than 1000-fold for the 
MMTV promoter (Fig.  4A) and 2- to 3-fold 
when the target promoter was the 3X-GRE-Luc 
(Fig. 4B). However, treatment of the cells with 
BPA did not result in an increase in the lucifer-
ase activity suggesting no direct effect on the 
transactivation of the glucocorticoid receptor 
on these promoters. We have previously shown 
that GR potentiates the transcriptional activ-
ity of the C/EBPβ transcription factor at the 
C/EBPα promoter through the exchange of 
transcriptional co-repressors for transcriptional 
activators at the promoter, in the absence of 
direct binding of GR to the DNA.23,24 Next, we 
wanted to determine whether BPA affects the 
transcriptional activity of GR through effects 
on transcriptional complexes that are present 
at the C/EBPα promoter. NIH 3T3 cells tran-
siently transfected with the C/EBPα-Luc con-
struct in conjunction with C/EBPβ and GR 
expression vectors have been shown to upregu-
late the C/EBPα promoter.23 Although a clear 

effect of DEX treatment was observed (4-fold increase over con-
trol), no effect of BPA could be detected at this promoter even at 
concentrations as high as 50 μM (Fig. 4C, and data not shown).

Based on the results that BPA has an additive effect on aP2 
expression in the presence of low concentrations of glucocorti-
coids (Fig. 3A) we further investigated whether BPA requires the 
presence of glucocorticoids for its action. The luciferase expres-
sion induced by a sub-maximally-active concentration of DEX 
(0.5 nM), which on its own resulted in a 2-fold increase in lucif-
erase activity (data not shown), was not further increased by co-
treatment with any dose of BPA (Fig. 4D).

Together these results indicate that although BPA has a clear 
effect on the expression of terminal differentiation markers of 
adipogenesis such as aP2 in the 3T3-L1 cells it does not transac-
tivate GR on the MMTV, GRE-Luc, or the C/EBPα promoter.

An additional level of GR regulation is achieved via the regu-
lation of the cellular distribution of the receptor. Where GR is 
localized in the cytoplasm in a transcriptionally inactive com-
plex it can be transferred to the nucleus in response to extracel-
lular stimuli other than ligand binding such as shear stress.25-27 
Therefore, one can hypothesize that BPA may act on a signaling 
pathway that can in turn promote the nuclear translocation of 
GR, and perhaps increase its activity in the cell by increasing 
the GR concentration in the nucleus. Cos-7 cells, which do not 

Figure 2. Effects of BPA and DEX treatment on mRNA levels of C/EBPα and PPARγ. mRNA 
levels of C/EBPα and PPARγ over EtOH control normalized to β-actin mRNA after 24 h treat-
ment, top graphs, and 48 h treatment, lower graphs (n = 5). Error bars indicate SD (*P < 0.05, 
**P < 0.01).
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express endogenous GR, were transiently trans-
fected with a GFP-GR expression vector and 
the localization of the receptor was visualized 
by fluorescence microscopy post treatment with 
BPA or DEX at the indicated concentrations for 
16 h (Fig. 5). A robust response in the nuclear 
translocation of the receptor was obtained 
after treatment with DEX at all concentrations 
tested. In contrast, no difference in the nuclear 
localization of the receptor was observed after 
treatment of the cells with various concentra-
tions of BPA reaching 50 μM (Fig. 5B, data not 
shown, and visualized in Fig. 5A). This suggests 
that BPA is not acting like a classical glucocorti-
coid in our cell model.

High doses of BPA upregulate the expres-
sion of aP2 and adipsin at the protein and 
mRNA levels in the absence of glucocorticoids 
and in the presence of insulin

In an effort to identify the mechanism of 
action of BPA on the adipogenic potential of the 
3T3-L1 cells we have used several conditions 
and have found that at 25 μM BPA had an opti-
mal effect when the cells were treated first with 
IBMX and insulin for the first 48 h followed by 
insulin for the remaining differentiation process 
in the presence of the chemical. The RNA levels 
were increased after BPA treatment by 8-fold for aP2 mRNA and 
3-fold for adipsin (Fig. 6A). Similarly, protein levels of aP2 and 
adipsin were increased by BPA treatment by 10-fold and 4-fold 
respectively (Fig. 6C). These effects were observed in the pres-
ence of IBMX and insulin alone, and in the absence of 250 nM 
dexamethasone, which upregulated the expression levels of aP2 
by 30-fold (data not shown). Interestingly, the effect on adipsin 
expression was much more modest (4-fold) as compared with the 
MI control. It is worth mentioning that BPA was able to upregu-
late the expression of aP2 also in the absence of insulin or IBMX, 
however the overall levels were very low (data not shown). This 
pronounced effect on the expression levels of aP2 was achieved 
in the absence of upregulation of PPARγ or C/EBPα as shown 
in Figure 6B middle panels, factors that are extremely respon-
sive to the glucocorticoid treatment (data not shown and ref. 28) 
aP2 was increased both at the protein and the mRNA levels in 
what seems to be a direct transcriptional effect on the aP2 gene 
since it occurred as early as 24 h after BPA treatment (Fig. 6A). 
Adipsin mRNA was also upregulated by BPA treatment however, 
the effects were much less pronounced reaching only 3-fold after 
144 h treatment.

BPA increases the transcriptional activity of the glucocorti-
coid receptor and C/EBPδ on the aP2 promoter

aP2 transcription is known to be mediated by a number of 
transcription factors such as PPARγ, C/EBPα, and C/EBPδ.29 
The expression levels of all of these factors were not changed in 
response to BPA treatment either at the protein or the mRNA level 
(Fig. 6, and data not shown). Therefore, we proceeded to inves-
tigate whether BPA than upregulates the transcriptional activity 

of transcription factors known to transactivate the aP2 promoter, 
without upregulating their expression levels. We therefore cloned 
the proximal aP2 promoter first described by Wu et  al.30 into 
the PGL4.1-Luc2 vector and used it to delineate the molecular 
mechanism by which BPA upregulates the expression of aP2. It 
has been previously shown that BPA is unable to activate PPARγ17 
and our results using this promoter confirm these results (data 
not shown). Further analysis of the promoter revealed a number 
of potential CCAATT enhancer binding protein (C/EBP) sites 
and a few potential glucocorticoid responsive elements (GREs) in 
addition to the PPARγ binding sites. We transfected Cos-7 cells 
with aP2-Luc together with GR alone or in combination with 
C/EBPβ or C/EBPδ and treated the cells with 25 μM BPA for 24 
h. BPA was able to increase aP2-Luc promoter activity by 2-fold. 
GR transfection also increased the aP2 promoter activity by 2-fold 
when compared with the luciferase activity of the vector aP2-Luc 
and BPA treatment further potentiated GR activity to increase 
luciferase levels to 3-fold over vector control (Fig. 7). Interestingly, 
BPA was able to slightly increase C/EBP transcriptional activity 
on this promoter; however, the most pronounced effect of BPA 
was observed when both GR and C/EBPδ were present which 
resulted in an increase in luciferase activity to almost 4-fold over 
vector control (Fig. 7). We did not observe any transactivation 
of the MMTV or C/EBPα promoters even at 25 μM BPA (data 
not shown), which indicates that this effect is specific for the aP2 
promoter. These results suggest that one of the mechanisms of 
action of BPA is mediated at through collaboration between GR 
and members of the C/EBP family members of transcription fac-
tors such as C/EBPδ, at specific target promoters.

Figure  3. BPA upregulation of aP2 expression is potentiated by low dose DEX treatment. 
(A) Western blot analyses of aP2 in the presence of low DEX. (B) Fold over MI ethanol control 
of the western blots normalized to β-actin levels and quantified with BioRad ImageLab soft-
ware (n = 3). Error bars indicate SD *P < 0.05 (a vs. b).
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Discussion

BPA is among the most widely used substance in commerce 
resulting in near ubiquitous exposure among the human popu-
lation of the developed world.31 Most absorbed BPA is rapidly 
conjugated to a glucuronide which is considered to be inactive 
as an estrogenic compound.32 Although there is no consensus on 
the exact concentrations of free BPA circulating in the serum of 
individuals published measures of unconjugated BPA in human 
fluids ranges from undetectable to 800 nM although there is 
speculation that the latter measures may be due to post-collection 
contamination.33,34 The health risks represented by this level of 
free BPA have been the subject of considerable debate.3 Our stud-
ies aimed to investigate the effects of low doses of BPA on adipo-
genesis, using the murine 3T3-L1 cell line as the model system. 

Our results show that BPA enhances the adipogenic potential of 
the 3T3-L1 cells at concentrations as low as 0.1 nM—concentra-
tions within the range reported in humans.3 The effects of BPA at 
comparably low doses have been reported in adipose tissue where 
decreased adiponectin production by human explants and adi-
pose tissue were shown after treatment of the explants with pico-
molar concentrations of BPA,11 and more recently in the 3T3-L1 
system.17

Glucocorticoids are known adipogenic factors that enhance 
adipocyte differentiation both in murine and human model sys-
tems.35 Our initial hypothesis was that glucocorticoids may be 
either required for the action of BPA treatment or that BPA can 
act in the absence of DEX in the differentiation process. Our data 
clearly illustrate that BPA does not require the presence of DEX 
for the potentiation of the differentiation process, as illustrated 

Figure  4. BPA treatment does not result in transcriptional transactivation of the glucocorticoid receptor on the MMTV or the C/EBPα promoters. 
(A) Relative luciferase activity (RLU) normalized to pRL-CMV of pTL2-GR on the MMTV promoter, 16 h after treatment with the indicated concentrations 
of BPA or 250 nM dexamethasone (DEX). Graphs show average relative luciferase units (RLU) (n = 3). (B) As in (A) with the reporter plasmid being pGRE-
Luc (n = 3). (C) Relative luciferase activity (RLU) normalized to pRL-CMV activity of C/EBPβ and pTL2-GR on the C/EBPα-Luc promoter (n = 3). (D) As in (C) 
after co-treatment with the indicated concentrations of BPA and 0.5 nM DEX (n = 3). Error bars indicate SD (*P < 0.05, **P < 0.01).
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by the 2-fold increase in the levels of mature adipocyte markers 
such as aP2 by BPA treatment (Figs. 1 and 6). Interestingly, BPA 
treatment was still able to increase adipogenesis in the presence of 
low and high concentrations of DEX (Fig. 3 and data not shown) 
which suggests the activation of a parallel pathway. The transcrip-
tional assays using three different glucocorticoid responsive pro-
moters strongly argue that BPA does not act as a pharmacological 
glucocorticoid and does not activate the transcriptional activity 
of the glucocorticoid receptor. In contrast, one report in the lit-
erature showed direct activation of the glucocorticoid receptor at 
the transcriptional level using BPA as the agonist on the highly 
responsive MMTV promoter.18 We could not show any transcrip-
tional transactivation of the MMTV luciferase reporter plasmid 
in response to BPA treatment in 3T3-L1 cells, nor in the NIH 
3T3 cells either with the transfected receptor or the endogenous 
receptor. The glucocorticoid receptor is one of the few nuclear 
receptors that are localized in the cytoplasm in the absence of 
ligand and upon ligand binding migrates into the nucleus where 
it activates transcription of target genes.36 Therefore, one of the 
ways in which BPA could potentiate GR effects would have been 
through effects on its subcellular localization. Our results could 
not support such effects as, unlike with treatment with dexa-
methasone, there was no difference in the subcellular localiza-
tion of the receptor in response to BPA treatment as evaluated 
by the subcellular localization of GFP-GR, again reinforcing the 
notion that BPA is unlikely to act as a classical agonist for the 
glucocorticoid receptor.

During the adipogenic conversion of the 3T3-L1 cells it is 
well established that the adipogenesis program is driven by a 
transcriptional cascade which includes key regulators such as 

the CCAAT enhancer binding proteins (C/EBP) family of tran-
scription factors and the master of adipogenesis PPARγ.20 In 
turn, these transcriptional regulators, particularly PPARγ and 
C/EBPα, are believed to upregulate the expression of proteins 
that have a role in lipid metabolism such as aP2.37 Our results 
show that low levels of BPA upregulates aP2 by a magnitude 
of 2- to 5-fold at the protein level at concentrations as low as 1 
nM and as much as 10-fold at the higher concentrations. aP2, 
also known as fatty acid binding protein 4 (FABP4) is a protein 
that is expressed in adipocytes and has profound effects on insu-
lin sensitivity and glucose metabolism.29,38 Furthermore, in the 
aP2−/− apolipoprotein E null mouse model a dramatic reduction 
in vascular lesions was observed when the mice were exposed to a 
high fat diet illustrating an important role for this protein in the 
development of atherosclerosis.39 Therefore, the findings that 
BPA can upregulate the levels of aP2 in adipocytes are of great 
importance due to the importance of the levels of this protein 
in the serum for vascular health. Surprisingly, no increase in the 
expression levels of the known transcriptional regulators of aP2 
expression, such as PPARγ or C/EBPα was observed. Although 
effects were seen with low BPA concentrations, we felt that 
in order to investigate the molecular mechanism of action we 
needed to use concentrations that will give us maximal effects. 
Such approaches are commonly used for many hormones and 
other chemicals that are being used at far greater concentrations 
in in vitro experiments. When BPA was used at high concen-
trations aP2 expression was increased by at least 10-fold com-
pared with IBMX, insulin, and vehicle treated controls both at 
the protein and RNA levels. Furthermore, transcription assays 
using the aP2 promoter showed a 2-fold increase in luciferase 

Figure 5. Nuclear localization of GFP-GR after BPA and DEX treatment. (A) Localization GFP-GR expressed in COS-7 cells before and after 6 h treatment 
with the indicated concentration of BPA or DEX determined by direct fluorescence. (A) Quantifications of at least three independent experiments per-
formed in duplicate where at least 200 cells were counted per slide. Error bars indicate the SD (**P < 0.01). (B) Representative micrographs are shown 
below each data set.
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activity as compared with the transcriptional activity of GR and 
C/EBPδ alone, indicating that BPA can potentiate the tran-
scriptional activity of C/EBPδ in the presence of GR. Since 
C/EBPδ expression is regulated mainly by IBMX and insulin, 
in the 3T3-L1 model, we expect that this transcription factor 
will be present in the cells when BPA is added. We have previ-
ously shown that GR potentiated the transcriptional activity of 
C/EBPβ on the C/EBPα promoter and that this was mediated 
by DEX and interplay between co-activators and co-repressors 
at the C/EBPα promoter.21,23 Effects on the recruitment of co-
activators to promoters in response to treatment with chemicals 
such as monoethyl-hexyl-phthalate (MEHP) have been previ-
ously reported,40 and therefore it is possible that BPA may affect 
the recruitment of such co-activators to the aP2 promoter in the 
presence of GR and C/EBPs. We have not seen the same effects 
on the C/EBPα promoter or the MMTV promoter indicating 

a level of specificity to the aP2 promoter and 
not a general glucocorticoid effect. Promoter-
specific regulation of transcription factors 
such as C/EBPβ has been previously reported 
by us and others, where a specific effect was 
seen on the C/EBPα promoter but not on the 
PPARγ promoter or the Mcp1 versus Il6.21,41

In conclusion, we have presented evidence 
suggesting that concentrations of BPA, simi-
lar to the concentrations of free BPA to which 
humans are exposed, have physiological effects 
on adipocyte biology. We have shown that BPA 
can upregulate the expression levels of both 
aP2 at the mRNA and protein levels in 3T3-L1 
preadipocytes. Investigation of the mechanism 
of action of BPA illustrated that it does not 
activate GR on the MMTV or the C/EBPα 
promoters and it is unlikely to act as a PPARγ 
agonist based on evidence in the literature.17,42 
Our data suggests an increase in adipocyte dif-
ferentiation in response to low concentrations 
of BPA in the absence of glucocorticoids and 
the upregulation of the adipogenic marker 
aP2 through a potentiation of a transcrip-
tional complex containing GR and C/EBPδ 
specifically on the aP2 promoter. This study 
is in accordance with numerous other studies 
that show effects of BPA in both in vivo and in 
vitro models, including adipose explants and β 
cells11,43,44 and presents a novel target of BPA in 
the adipocyte system.

Materials and Methods

Cell culture and differentiation assays
COS-7 cells (ATCC) were maintained in 

Dulbecco’s modified Eagle’s medium (Wisent) 
supplemented with 10% fetal calf serum at 5% 

CO
2
. 3T3-L1 and NIH 3T3 cells (ATCC) were maintained in 

DMEM containing 1.0 g/L glucose supplemented with 10% calf 
serum (CS) at 10% CO

2
. For differentiation, 2 d post-conflu-

ence, the media were replaced with DMEM with 10% FCS or 
where indicated with serum-free DMEM media supplemented 
with 33 μM biotin, 17 μM pantothenate, 10 μg/mL transfer-
rin, 0.2 nM triiodothyronine, and 0.25 mg/mL fetuin (Sigma-
Aldrich). Differentiation was induced by treatment with 100 nM 
insulin (Roche Applied), 3-isobutyl-1-methylxanthine (MIX) 
(500 μM) (Sigma-Aldrich) and the indicated concentrations of 
BPA or ethanol as the control. Thereafter, media were replaced 
every 2 d with serum-free medium containing 100 nM insulin 
and BPA or ethanol for the remaining 6 d.

Oil red O staining and western blots
Eight days after induction of differentiation the 3T3-L1 cells 

were fixed with 4% formaldehyde and stained overnight with oil 

Figure  6. High dose BPA upregulates aP2 and adipsin in the absence of PPARγ or C/EBPα 
induction. (A) mRNA levels of aP2 (left panel) and adipsin (right panel) standardized against 
control β-actin mRNA levels and expressed as fold over MI + vehicle control at the indicated 
time points (n = 5). (B) Protein levels of the indicated proteins by western blot. (C) Analysis of 
western blots of aP2 and adipsin protein levels quantified using the BioRad ImageLab soft-
ware represented as fold increase of aP2 or adipsin respectively, over MI + vehicle and normal-
ized to β-actin protein levels (n = 3). Error bars represent SD (*P < 0.05, **P < 0.01).
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red O (Sigma-Aldrich) as previously described.35,36 For Western 
analysis, cells were washed in PBS and lysed in modified RIPA 
buffer, 50 mm Tris (pH 7.4), 150 mM NaCl, 1% IGEPAL, 5 mM 
EDTA, and protease inhibitor cocktail (Sigma-Aldrich). The 
lysate was cleared by centrifugation. Equal amounts of protein 
(10–30 μg) were resolved by SDS-PAGE and transferred to poly-
vinylidene membrane (Bio-Rad) for western analysis with the 
primary antibodies for aP2 (adipocyte fatty acid binding protein 
4 [FABP4]) (R&D), adipsin (P-16) (Santa Cruz), and β-actin 
(13E5) (Cell Signaling). Signal intensities of western blots were 
imaged using the BioRad ChemiDoc Imager and quantified 
using Bio-Rad Image Lab software. For graphical analysis, data 
are presented as an average protein induction from at least three 
independent experiments.

Plasmids
MMTV-Luc, C/EBPα-luciferase reporter gene (−350/+7), 

pTL2-GR, MSV-C/EBPβ, and MSV-C/EBPδ were previously 
described36,45-48 and pRL-CMV was obtained from Promega. 
The proximal aP2 promoter region was amplified from pBS-aP2 
obtained from Addgene (plasmid #11424) described in reference 
30. The murine aP2 promoter was amplified using the following 
PCR primers containing KpnI and SacI sites flanking a 1.6 kb 
region of the proximal aP2 promoter: Forward, GATGGTACCG 
CACGTCTAAC CCATAG; Reverse, GTGAGCTCTA 
GTGAGTCGTA TTACGC. The PCR fragment was sub-
cloned into the KpnI and SacI sites of the pGL4.10-luc2 vector 
(Promega) to give rise to aP2-Luc which was verified by DNA 
sequencing.

Transcription assays
NIH 3T3 or 3T3-L1 cells plated in 12-well cell culture plates 

in 10% charcoal stripped serum and phenol red free DMEM 
(Wisent). Twenty-four hours later the cells were transfected 
with Fugene 6 or Fugene HD (Roche Diagnostics), respectively, 
according to the manufacturer’s instructions. For GRE-Luc and 
MMTV-Luc, previously described, the cells were transfected 
with 125 ng of the reporter plasmid, 25 ng pTL2-GR, and 10 ng 
pRL-CMV as an internal control. For C/EBPα promoter activity 
the cells were transfected with 125 ng of the C/EBPα-luciferase 
reporter gene (−350/+7), 25 ng pTL2-GR, and 25 ng of C/EBPβ 
cDNA. aP2-Luc activity was assessed using 125 ng of aP2-
Luc with 25 ng of pMSV-C/EBPβ cDNA or pMSV-C/EBPδ 
and 12.5 ng pTL2-GR. In all cases DNA concentrations were 
brought up to 500 ng/well using sheared salmon sperm DNA 
(Life Technologies). Following transfection, cells were treated 
with the indicated concentrations of DEX, BPA or ethanol con-
trol for 16–24 h after which the cells were lysed in Passive Lysis 
Buffer (Promega) and the luciferase activity was assessed using 
the Dual Luciferase Assay kit (Promega) in a Glomax96 lumi-
nometer (Promega).

Real-time PCR
RT PCR Total RNA was extracted from differentiating cells 

treated as indicated in individual experiments using an RNeasy 
kit (QIAGEN). RNA (250–500 ng) was reverse transcribed 
using the QuantiTect® Reverse Transcription kit (QIAGEN) as 

per the manufacturer’s protocols. For real-time reactions, 5–8 μL 
of a suitable dilution of cDNA was amplified in a CFX 96 PCR 
Detection System (BioRad) using the BioRad iQ SYBR Green. 
The primer pairs for each gene target were: C/EBPα Forward: 
TGGACAAGAA CAGCAACGAG, Reverse: CCATGGCCTT 
GACCAAGGAG, aP2 Forward: GGAAGCTTGT 
CTCCAGTGAA CCATGGCCTT GACCAAGGAG, PPARγ 
1/2 Forward: GCCTGCGGAA GCCCTTTGGT Reverse: 
GCAGTTCCAG GGCCTGCAGC, β-actin: Forward: 
GACTTCGAGC AAGAGATGGC, Reverse: CCAGACAGCA 
CTGTGTTGGC. Reactions were standardized against β-actin 
abundance. All primer efficiencies were higher than 95% and 
specificity was confirmed by sequence blast and melting curve 
analysis. Data represent average mRNA abundance from a mini-
mum of three separate experiments.

Subcellular localization
Cos-7 cells were plated on glass coverslips in phenol red free 

DMEM (Wisent) with 5% charcoal stripped serum (prior to 
transient transfection with 200 ng pGFP-GR45 using FuGENE 6 
[Roche]) as per manufacturer’s instructions. Twenty-four hours 
post-transfection the cells were treated with the indicated concen-
trations of DEX and BPA or ethanol control for 6 h. Cells were 
fixed in 4% paraformaldehyde (Polysciences, Inc.) and mounted 
on slides with Vectashield 4,6-diamidino-2-phenylindole stain-
ing solution (Vector Laboratories). One hundred to two hundred 
cells were scored per slide in each experiment, by fluorescent 

Figure 7. BPA potentiates the transcriptional activity of GR, C/EBPβ and 
δ at the aP2 promoter. Cos-7 cells were transfected with aP2-Luc alone, 
pTL2-GR or pTL2-GR with MSV-C/EBPβ or MSV-C/EBPδ. Graph shows the 
fold change in luciferase activity over aP2-Luc control. Error bars indicate 
SD (*P < 0.05).
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microscopy and the data are represented as the average in three 
independent experiments.

Statistical analyses
Paired Student t tests was performed for single comparisons 

between two experimental groups and using one-way analysis of 
variance (ANOVA) followed by the Bonferroni post-test when 
multiple group comparisons were required. For all statistical anal-
yses, a P value less than 0.05 (P < 0.05) was considered significant.
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