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Abstract

Background/objectives Polybrominated diphenyl ethers (PBDEs) are chemicals that were added to consumer products to
reduce flammability but were deemed toxic and bioaccumulative and were phased out of commerce. Flame retardants (FRs)
such as Dechlorane Plus (DP) were introduced as replacements. DP is being produced in high volumes and is detected in the
environment, human milk, and human serum. Although human exposure to DP is evident, little is known about its potential
effects on human health. We and others have shown that some FRs are potential obesogens, i.e., promote adipogenesis.
However, the effects of DP on adipogenesis are not known.

Methods Murine 3T3-L1 and human primary subcutaneous (Sc) and omental (Om) preadipocytes were differentiated in the
presence of DP (0.001-10 uM) and adipogenic effects were measured. Further, the ability of DP to activate the adipogenic
transcription factor peroxisome proliferator-activated receptor y (PPARy) was also assessed.

Results We show that treatment of murine preadipocytes with DP significantly (p <0.05) increased lipid accumulation (2.5-fold)
and the mRNA expression of adipogenic markers: fatty acid binding protein 4 (Fabp4), lipoprotein lipase (Lpl), perilipin (Plin),
adipsin, and adiponectin. DP also significantly (p < 0.05) increased the protein levels of selected mature adipocyte markers. We
further show using luciferase reporter assays that DP increased PPARY transcriptional activity by threefold (p < 0.05). When the
PPARY agonist was replaced by DP in the human preadipocyte differentiation cocktail, DP significantly (p < 0.05) increased the
mRNA levels of adipogenic markers, PPARy, FABP4, and PLIN in human Sc as well as Om cultures. Finally, PPARy antagonist
studies revealed that DP-mediated upregulation of adipogenic markers Fabp4 and Lpl did not occur via PPARY activation.
Conclusion The current study shows that DP can induce adipogenesis of murine and human preadipocytes. We show that,
although DP can directly activate PPARY, its adipogenic effects may be mediated via other pathways.

Introduction

Stringent fire safety regulations set forth by the state of
California led to the mass production and application of
flame retardants (FRs), such as polybrominated diphenyl
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materials [5]. The annual production of DP is estimated to
be 4500-5000 tonnes worldwide [6, 7]. Despite its high
level of production over several decades, little attention has
been given to DP and its potential effects on the environ-
ment and human health.

DP was first detected in the fish, air, and sediment in the
Great Lakes of North America, and since then, other studies
have reported its presence in biotic and abiotic samples
[8-11]. DP levels have also been detected in human milk,
serum, and hair [12-14]. These studies show that DP is ubi-
quitous in the environment and is detected in human samples.

It is well established that chemicals such as FRs, which are
additives in consumer products, may act as endocrine-
disrupting compounds (EDCs). EDCs are defined as chemi-
cals that can interfere with the endocrine system [15]. We and
others have previously shown that some FRs are potential
obesogens, defined as chemicals that can promote the dif-
ferentiation of preadipocytes into mature adipocytes—a pro-
cess that is known as adipogenesis [16—19]. Evaluating
whether FRs can potentially dysregulate preadipocyte differ-
entiation in vitro and understanding the mechanisms by which
they may do so can shed light on their potential role in pro-
moting obesity and the metabolic syndrome. To the best of
our knowledge, the effects of DP on the endocrine systems or
on adipogenesis have not been previously studied.

Murine and human in vitro model systems have been
used extensively to study adipogenesis. The process of
adipogenesis is regulated by a tightly coordinated network
of transcriptional activities that give rise to the expression of
various proteins involved in establishing a mature adipocyte
phenotype. At the core of this elaborate network are two
key adipogenic transcription factors, CCAAT/enhancer-
binding proteins (C/EBPs) and peroxisome proliferator-
activated receptor y (PPARY), that oversee the process of
terminal differentiation [20].

In this study, we used both murine 3T3-L1 and human
primary preadipocytes to investigate the effects of DP on
adipogenesis. Here we show for the first time that DP has
obesogenic properties in murine and human primary pre-
adipocytes. Further, we show that DP in luciferase reporter
assays can activate the transcriptional activity of PPARYy.
We also show that, despite DP’s ability to transactivate
PPARY, the transcriptional activity of this nuclear receptor
was not necessary for the ability of DP to upregulate mRNA
levels of adipogenic markers Fabp4 and Lpl.

Materials and methods
Murine cell culture and preadipocyte differentiation

3T3-L1 mouse embryonic fibroblasts were maintained in
Dulbecco’s modified Eagle’s medium (DMEM) containing
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5.6 mM glucose (Hyclone, Mississauga, ON, Canada),
supplemented with 10% bovine calf serum (ATCC, Mana-
ssas, VA, USA) and 1% penicillin/streptomycin (P/S) (Life
Technologies, Burlington, ON, Canada). At 70% con-
fluence, cells were passaged to 6-well plates and left to
reach confluence. Two days post-confluence (day 0), cells
were induced to differentiate in DMEM containing 5.6 mM
glucose supplemented with 10% fetal bovine serum (FBS;
Wisent, Montreal, QC, Canada) and 1% P/S (Life Tech-
nologies, Burlington, ON, Canada). Differentiation was
induced with 500 uM 3-isobutyl-1-methylxanthine (IBMX)
and 100nM insulin (Roche Diagnostics, Laval, QC,
Canada) (MI) with either DP (0.001-10 uM; AccuStandard,
New Haven, CT, USA), dimethyl sulfoxide (DMSO (0.1%
for 0.001-1 M DP and 0.65% for 10 uM DP); solvent
control), 250 nM dexamethasone (SigmaAldrich), or 5 uM
rosiglitazone, a PPARY agonist (SigmaAldrich). Two days
post-differentiation, medium was replaced with 100 nM of
insulin with either DP (0.001-10 pM) or solvent control
(DMSO (0.1% for 0.001-1 uM DP and 0.65% for 10 uM
DP). Medium was subsequently replaced every 2 days until
the indicated time points (2, 4, 6, or 8 days). For the PPARY
antagonist studies, SuM of the irreversible antagonist
GW9662 (SigmaAldrich) was added to the differentiation
medium and replaced twice daily due to its short half-life
[21].

Isolation of human primary preadipocytes and
differentiation into adipocytes

Human primary preadipocytes were isolated from donor
matched subcutaneous abdominal (Sc) and omental (Om)
adipose tissue samples obtained from 4 weight-stable
donors (2 females and 2 males) undergoing elective
abdominal surgery, as approved by the Ottawa Health
Science Network Research Ethics Board # 1995023-01 H.
Mean age (+SD) of patients was 55+ 12 years and mean
body mass index (#SD) was 32 + 8 kg/m>. Preadipocytes
were isolated as described previously [22]. Briefly, adipose
tissue was dissected to remove connective tissue and blood
vessels and then digested with collagenase CLS type 1
(600 U/g of tissue; Worthington Biochemical, Lakewood,
New Jersey, USA). The digested tissue was processed by
progressive size filtration and centrifugation, and cells were
exposed to erythrocyte lysis buffer. Preadipocytes were
grown in DMEM containing 5.6 mM glucose supplemented
with 10% FBS (Wisent, Montreal, QC, Canada), 1% P/S
(Life Technologies, Burlington, ON, Canada), and 0.1%
fungizone (Thermo Fisher Scientific, Burlington, ON,
Canada) (designated growth medium).

For differentiation, preadipocytes were seeded in six-
well plates and left to reach confluence. Differentiation was
induced in growth medium containing 5.6 mM glucose and
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supplemented with adipogenic inducers (500 uM IBMX,
(Sigma-Aldrich), 100nM insulin, and 1pM dex-
amethasone) supplemented with DP (10 uM), solvent con-
trol (0.65% DMSO), or positive control (200 nM
rosiglitazone). Every 3 days, 50% of the medium was
replaced for a total of 12 days.

Lipid staining and quantification

Preadipocytes were seeded and differentiated in 96-well
plates following the differentiation protocols described
above. At the indicated time points (day 8 for 3T3-L1 and
day 15 for human primary preadipocytes), cells were fixed
with paraformaldehyde (4%; Electron Microscopy Sciences,
Hatfield, PA, USA) and stained with Nile Red (stains
cytoplasmic lipid droplets; Sigma Aldrich) and 4,6-diami-
dino-2-phenylindole (DAPI; stains cell nuclei; Sigma
Aldrich, Oakville, ON, Canada) as previously described
[23]. For quantification of lipids in the 3T3-L1 cultures,
Nile Red fluorescence was quantified at 485/528 nm (exci-
tation/emission) and normalized to DAPI staining measured
at 360/460 (excitation/emission). All data were then nor-
malized to solvent control (data reported as fold change
over solvent control). 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
10x or 20x magnification.

RNA extraction and real-time quantitative PCR
(RT-qPCR)

Total RNA was extracted from differentiating preadipocytes
(treated as described above) at the indicated time points
using the RNeasy Mini Kit in which genomic DNA was
removed using the RNase-Free DNase Kit (Qiagen, Mis-
sissauga, ON, Canada). RNA (0.5 ug) was reverse tran-
scribed using iScript cDNA Synthesis Kit (Bio-Rad,
Mississauga, ON, Canada) following the manufacturer’s
recommendations. Sample cDNA was amplified and quan-
tified in a CFX96-PCR Detection System using the
iQSYBR SsoFast EvaGreen Supermix (Bio-Rad, Mis-
sissauga, ON, Canada). The primer pairs for each gene
target are summarized in Table S1. All genes were nor-
malized to f-actin levels and analyzed using the compara-
tive CT (AACT) method.

Western blot analysis
Preadipocytes (3T3-L1) were differentiated as described

above. On day 8 of differentiation, whole-cell extracts were
prepared using RIPA (20 mM TRIS pH 7.5, 150 mM NaCl,

1% Sodium Deoxycholate, 2% IGEPAL CA-630 (aka NP-
40), 0.4% sodium dodecyl sulfate (SDS), ] mM EDTA, and
10% Glycerol; all from Thermo Fisher Scientific, Burling-
ton, ON, Canada) buffer in the presence of protease inhi-
bitors (Roche Diagnostics, Mississauga, ON, Canada).
Total protein (20 pg) was resolved by SDS polyacrylamide
gel electrophoresis and transferred to a polyvinylidene
difluoride membrane. Nonspecific binding sites were
blocked by 5% non-fat milk, and the membranes were
probed with the following antibodies directed against:
FABP4 (AF3150; R&D Systems, Minneapolis, MN, USA),
LPL (AF7197; R&D Systems, Minneapolis, MN, USA),
and f-actin (13ES; Cell Signalling, Danvers, MA, USA).
The membranes were then incubated with the appropriate
horseradish peroxidase-conjugated secondary antibodies
and were visualized using Clarity Western ECL Substrate.
Bands were detected using the ChemiDoc System and then
quantified using the Image Lab software and normalized to
B-actin levels (all from Bio-Rad, Mississauga, ON, Canada
unless otherwise indicated).

Reporter gene assay

COS-7 cells were seeded in phenol red-free DMEM
(Wisent, Montreal, QC, Canada) supplemented with 5%
dextran-coated charcoal-stripped serum (Sigma-Aldrich).
Twenty four hours post-seeding, cells were transfected
with plasmid DNA using Fugene6 (Promega, Madison, W1,
USA) according to the manufacturer’s recommendations.
For PPARy transcriptional assays, cells were
transfected with 5ng of pRL-CMV (renilla luciferase;
internal control), 25 ng of pcDNA mPPARy, and 125 ng
of 3x PPARY response element (PPRE)-luciferase (PPRE-
luc). All plasmids were generous gifts from Dr. Jae Bum
Kim [24]. Seven hours after transfection, cells were treated
with vehicle control (0.1-0.65% DMSO), indicated con-
centration of DP, or 200 nM rosiglitazone. 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 then to vehicle
control.

Statistical analysis

One-way or two-way analysis of variance, followed by
a Dunnett’s or Tukey’s post-hoc test, were used
when comparing multiple means within an experiment.
Student’s #-test was used when comparing two means.
Significance was defined as p <0.05. Statistical analyses
were performed using the SigmaPlot software 12.5 (San
Jose, CA, USA).

SPRINGER NATURE



548

V. Peshdary et al.

Fig. 1 DP increases the mRNA
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Results
DP induces adipogenesis in murine preadipocytes

To investigate whether DP has obesogenic properties, we
induced murine 3T3-L1 preadipocytes to differentiate in the
presence of insulin and IBMX supplemented with either
solvent control or varying concentrations of DP. At day 6 of
differentiation, we assessed the mRNA levels of adipocyte
markers by RT-qPCR. We found that treatment with 10 uM
DP significantly increased the mRNA levels of mature
adipocyte markers fatty acid binding protein 4 (Fabp4),
lipoprotein lipase (Lpl), and perilipin (Plin) by 11-, 2.3-,
and 11-fold, respectively, compared to solvent control
(Fig. la—c). Further, 10uM DP treatment significantly
increased the mRNA levels of adipokines adiponectin and
adipsin by 5.7- and 2.9-fold, respectively, compared to
solvent control (Fig. 1d, e). At day 8 of differentiation, we
assessed lipid accumulation in these cultures and found that
treatment with 10 uM DP also significantly increased lipid
accumulation by 2.5-fold compared to solvent control
(Fig. 2a, b). In addition, to validate our mRNA findings at
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the protein level, we assessed the protein expression levels
of select adipogenic markers at day 8 of differentiation. We
found that, as expected, and consistent with our mRNA
data, the protein levels of adipogenic markers were also
increased (Fig. 2c—g). We show that the protein levels of
PPARy and LPL were significantly increased with 10 uM
DP by 5.3- and 7.9-fold, respectively, compared to solvent
control (Fig. 2d, e). The protein levels of PLIN and FABP4
were also increased by 19.4- and 17.5-fold with 10 uM DP,
respectively, compared to solvent control, although these
increases did not reach statistical significance (Fig. 2f, g).
These results suggest that DP has adipogenic properties in
murine cultures.

To further characterise the effects of DP on adipogenesis,
we performed a time-course analysis in which we measured
the mRNA levels of adipogenic transcription factors and
adipogenic markers in 3T3-L1 preadipocytes differentiating
in the presence of insulin and IBMX supplemented with
either solvent control or 10 uM DP by RT-qPCR at days 2,
4, and 6. We found that DP treatment significantly increased
the mRNA level of adipogenic transcription factor C/ebpa
by twofold at day 2 of differentiation compared to solvent
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Fig. 2 DP increases lipid
accumulation and protein
expression levels of adipogenic
markers in differentiated 3T3-L1
adipocytes. Murine 3T3-L1
preadipocytes were induced to
differentiate in the presence of
500 uM IBMX and 100 nM
insulin and supplemented with
either solvent control (DMSO)
or Dechlorane Plus (DP;
0.001-10 uM). At day 8 of
differentiation, lipid
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control and that this increase was maintained at days 4 and 6
by 2.2- and 3.1-fold, respectively, compared to solvent
control (Fig. 3a). DP significantly increased the mRNA
levels of other transcription factors Ppary and sterol reg-
ulatory element binding protein 1 (Srebpl) only at day 4 of
differentiation by 1.9- and 1.4-fold, respectively, compared
to solvent control (Fig. 3b, ¢). The mRNA levels of Plin and
Fabp4 increased at day 4 (4.6- and 4.2-fold, respectively)
and this increase was maintained by day 6 (3.5- and 3.9-
fold, respectively) compared to solvent control (Fig. 3d, e).
Finally, the mRNA levels of adiponectin significantly
increased at day 4 of differentiation with DP treatment
compared to solvent control (Fig. 3f).
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Lipid accumulation and mRNA levels of
adipogenic markers during adipogenesis were also assessed
in 3T3-L1 preadipocytes, which were induced to differ-
entiate in standard differentiation conditions (in the
presence of IMBX and insulin supplemented with dex-
amethasone, a glucocorticoid receptor (GR) agonist,
or rosiglitazone, a PPARYy agonist. As expected, the levels
of adipogenic markers and lipid accumulation were
increased with dexamethasone and rosiglitazone compared
to solvent control (Figure S1). Taken together, these data
suggest that DP is adipogenic and a potential obesogenic
compound.
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Fig. 3 Evaluation of DP-
mediated temporal gene
expression profiles in
differentiating 3T3-L1
preadipocytes. Murine 3T3-L1
preadipocytes were induced to
differentiate in the presence of
500 uM IBMX and 100 nM
insulin and supplemented with
either solvent control (DMSO)
or Dechlorane Plus (DP; 10 uM).
At days 2, 4, and 6 of
differentiation, total RNA was
isolated and the expression
levels of the indicated
adipogenic markers were
quantified by real-time qPCR
(a—f). Levels were normalized to
endogenous p-actin and
expressed as fold over solvent
control for respective time point.
Results from four separate
experiments are graphically
represented as mean + S.E.M.
*p<0.05, **¥p <0.01, and ***p
<0.0001 compared to solvent
control for respective time point
as assessed by one-way
ANOVA with Dunnett’s post-
hoc tests

o

PPRE

Luciferase activity

Fig. 4 DP directly transactivates PPARy. COS-7 cells were transfected
as described in the Materials and Methods section with pcDNA-
mPPARY, 3x PPRE-luciferase, and pCMV-RL and treated with sol-
vent control (DMSO), increasing amounts of DP (a), or 200 nM
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rosiglitazone (b). Twenty-four hours after treatment, reporter gene
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activity was determined by luminescence. Results from three separate
experiments are graphically represented as mean+S.E.M. *p <0.05
and **p <0.01 compared to solvent control as assessed by one-way
ANOVA with Dunnett’s post-hoc tests
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Fig. 5 DP increases the mRNA levels of adipogenic markers in dif-
ferentiating human primary subcutaneous and omental preadipocytes.
Human primary subcutaneous abdominal and omental preadipocytes
were induced to differentiate in the presence of 500 uM IBMX,
100 nM insulin, and 1 uM dexamethasone and supplemented with
either solvent control (DMSO) or 10uM DP. At day 15 of differ-
entiation, cultures were photographed and lipids were visualized using

DP-mediated adipogenesis may be via PPARy
transactivation

Since 3T3-L1 preadipocytes are able to differentiate with
IBMX and insulin with dexamethasone or rosiglitazone
(Figure S1), it was possible that DP may mediate its adi-
pogenic effects via promoting GR activation, PPARy acti-
vation, or both. To address this, we transfected COS-7 cells

Nile Red (green) staining (a and g). At day 12 of differentiation, total
RNA was isolated and the expression levels of the indicated adipo-
genic markers were quantified by real-time qPCR (b—f) and (h-1).
Levels were normalized to endogenous p-actin and expressed as fold
over solvent control. Results from four separate experiments are gra-
phically represented as mean+S.EM. *p<0.05 and **p<0.01
compared to solvent control as assessed by paired r-test

with constructs containing PPARy cDNA and a 3x PPRE-
luciferase reporter plasmid and treated with DP or rosigli-
tazone, serving as positive control. We found that 10 uM
DP significantly increased reporter gene activity by three-
fold compared to solvent control (Fig. 4a). As expected,
rosiglitazone also increased reporter gene activity by 16-
fold compared to solvent control (Fig. 4b). We also trans-
fected COS-7 cells with a GR expression vector and
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MMTV- or GRE-luciferase reporter plasmids; however, we
found that DP had no effect on reporter gene activity for
either condition (data not shown). Therefore, the data
indicate that DP-mediated effects may be via PPARYy, but
not GR, activation.

DP induces adipogenesis in Sc and Om human
primary preadipocytes

Given that 10 uM DP increases adipogenesis in a murine
model system, we next asked whether DP can also increase
human adipogenesis. In addition, since we showed that DP
can directly activate PPARY, we replaced the PPARy ago-
nist in the human differentiation cocktail with DP. We
induced donor matched human primary Sc and Om pre-
adipocytes to differentiate in the presence of insulin, IBMX,
and dexamethasone supplemented with either DP or solvent
control. At day 12 of differentiation, we measured the
mRNA levels of adipogenic markers by RT-qPCR. We
found that, in Sc cultures, treatment with 10 uM DP sig-
nificantly increased the mRNA levels of adipogenic tran-
scription factors PPARy and SREBP-1 by 1.8- and 3-fold,
respectively, compared to solvent control (Fig. 5b, ¢). In the
Om cultures, PPARy mRNA levels were significantly
increased by 1.5-fold, whereas SREBP-1 mRNA levels only
trended to increase with DP treatment compared to solvent
control (Fig. 5h, 1). Furthermore, we assessed the mRNA
levels of adipocyte markers and found that in Sc cultures
DP treatment significantly increased the levels of FABP4,
LPL, and PLIN by 7.4-, 2.7-, and 3.6-fold, respectively,
compared to solvent control (Fig. 5d—f). In Om cultures, DP
significantly increased FABP4 and PLIN mRNA levels by
6.1- and 2.8-fold, respectively, compared to solvent control
but had no effect on LPL levels (Fig. 5j-1). As expected, in
the positive control treatments the mRNA levels of adipo-
genic markers in Sc and Om cultures were increased in the
presence of rosiglitazone compared to solvent control
(Figure S2). Taken together, these results show that DP can
induce adipogenesis in human cultures and that DP may act
as a PPARYy agonist in this model system.

DP-mediated increase in Fabp4 and Lpl in 3T3-L1
cells are independent of PPARy transactivation

Since we showed that DP can directly activate PPARY using
a PPRE-dependent luciferase assay and was able to replace
rosiglitazone in the differentiation cocktails used for pri-
mary human cells, we asked whether inhibiting PPARYy
activity would completely or partially abolish the adipo-
genic effects of DP. To test this, we induced murine 3T3-L1
preadipocytes to differentiate in the presence of insulin and
IBMX supplemented with either solvent control, DP, or
rosiglitazone with or without the PPARY antagonist,
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Fig. 6 DP-mediated increase in adipogenic markers Fabp4 and Lpl
gene expression is independent of PPARy activity. Murine 3T3-L1
preadipocytes were induced to differentiate in the presence of 500 uM
IBMX and 100nM insulin and supplemented with either solvent
control (DMSO), 10 uM DP, or 5 uM rosiglitazone. All samples were
treated with either PPARY inhibitor GW9662 (5 uM) or Veh (DMSO).
At day 8 of differentiation, lipids and nuclei were visualized using Nile
Red (green) and DAPI (blue) staining, respectively (a). At day 6 of
differentiation, total RNA was isolated and the expression levels of
Fabp4 (b) and Lpl (c) were quantified by real-time qPCR. Levels were
normalized to endogenous f-actin and expressed as fold over respec-
tive solvent control. Results from three separate experiments are gra-
phically represented as mean+S.EM. "p<0.01 and **p<0.001
compared to respective solvent control and *p <0.05 between indi-
cated pairs as assessed by one-way ANOVA with Tukey post-hoc tests

GW9662. At day 6 of differentiation, we measured the
mRNA levels of the adipogenic markers, Fabp4 and Lpl,
which have PPREs at the promoter and therefore are targets
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of PPARy activation [25, 26]. As expected,
GW9662 significantly inhibited the rosiglitazone-mediated
Fabp4 and Lpl mRNA expression by 35% and 47%,
respectively (Fig. 6b, c). However, contrary to our expec-
tations, GW9662 had no effect on the DP-mediated
increases in Fabp4 and Lpl, suggesting that, although DP
can directly activate PPARY in a luciferase reporter assay,
its adipogenic effects may also be exerted through other
mechanisms.

Discussion

DP is one of the replacement FRs for the toxic and bioac-
cumulative PBDEs [2, 4]. However, even though DP has
been used commercially for several decades and has been
detected in the environment and in humans, not much is
known about its effects on human health. In this study, we
show for the first time that DP has adipogenic properties.
We show this not only in a murine model system but also in
human primary cells (Figs. 1, 2, and 5). Our findings are in
line with previous work by our group and others which
show that other FRs can have adipogenic effects [16—18].
The other class of replacement FRs, such as the organo-
phosphate mixture, Firemaster 550° (FM550) and its
components triphenyl phosphate (TPP) and isopropylated
triphenyl phosphates (IPTP), induced adipogenesis in 3T3-
L1 cultures, where, similar to the present study, these FRs
increased the lipid accumulation and gene expression of
adipogenic markers [16]. Also, replacing PPARYy agonist
with FM550, TPP, or IPTP in the human preadipocyte
differentiation cocktail increased adipogenesis in human
primary Sc preadipocytes [17]. As such, our data contribute
to the growing concern that environmental pollutants,
including FRs, may act as obesogens.

In this study, we show that DP can directly activate
PPARYy, a transcription factor considered as the master
regulator of adipogenesis [20] (Fig. 4a). Our group and
others have previously shown that FRs including FM550
and its components TPP and IPTP as well as plasticizers
including Bisphenol A (BPA) and its analog BPS can
activate PPARy and increase adipogenesis [16-18, 27]. In
the present study, we show that the mRNA levels of C/ebpa
were increased by day 2 of differentiation with DP treat-
ment compared to background conditions that included
insulin, IBMX, and solvent control (Fig. 3a). At early stages
of adipogenesis, increased levels of cyclic adenosine
monophosphate (increased by IBMX treatment) raise C/
EBPf expression, which in turn induces the expression of
both C/EBPa and PPARY [20, 28]. It may be possible that
DP treatment led to the activation of C/EBPf through yet
unknown mechanisms or perhaps it activated existing

PPARy, which in turn may have induced the mRNA
expression of C/ebpa.

The environmental obesogen hypothesis suggests that
environmental pollutants can lead to differentiation of pre-
adipocytes into adipocytes via a variety of mechanisms [19,
29]. Interestingly, although in this study we showed that DP
can directly activate PPARy, we found that the DP-
mediated increase in the adipogenic markers Fabp4 and
Lpl mRNA were independent of PPARY activation (Fig. 6).
We have previously shown that BPA and BPS directly
activated PPARy and that concomitantly BPA- and BPS-
mediated increase in Fabp4 and Lpl mRNA were in fact
PPARYy dependent [27]. Similarly, TPP- and IPTP-mediated
increase in Fabp4 mRNA levels measured in differentiated
3T3-L1 adipocytes were also PPARy dependent [16].
However, in the latter study, although TPP and IPTP could
activate PPARy, TPP- and IPTP-mediated lipid accumula-
tion was not PPARYy dependent [16]. These data agree with
growing evidence which illustrates that, although these
environmental pollutants are generally referred to as obe-
sogens, they have various and distinct modes of action.

The data also suggest that the DP-mediated adipogenic
effects may involve more than one mechanism of action and
may be gene specific. For example, since Fabp4 and Lpl
possess response elements other than PPREs at their pro-
moter regions such as CCAAT/enhancer-binding protein
alpha-response elements (recognized by C/EBPa) and sterol
regulatory elements (recognized by SREBP-1), respec-
tively, it is possible that by day 6 of differentiation other
transcription factors such as C/EBPa and SREBP-1 could
compensate for the antagonistic effects of GW9662 on
PPARYy activation in the DP-treated cells [30, 31]. Meaning
that, although we never tested whether DP can activate
C/EBPa or SREBP-1, it is possibly that, in addition to direct
PPARYy activation, DP may mediate induction of Fabp4
and Lpl via directly or indirectly activating C/EBPa or
SREBP-1.

Nevertheless, replacement of the PPARY agonist in the
human preadipocyte differentiation cocktail with DP
increased human adipogenesis. These findings are con-
sistent with our previous studies where we showed that TPP
and IPTP could replace PPARy agonist and mediate Sc
preadipocyte differentiation [17]. Although we did not
assess whether DP could replace other adipogenic inducers,
such as dexamethasone, a GR agonist, its indirect or direct
effects on other transcription factors cannot be ruled out in
this model system. For example, we have shown previously
that BPA and BPS induced human Sc adipogenesis when
they were substituted for the GR agonist in the differ-
entiation cocktail, suggesting that BPA and BPS could
mediate adipogenesis via GR-related pathways, when con-
comitantly they could also directly activate PPARy [32].

SPRINGER NATURE



554

V. Peshdary et al.

Finally, to the best of our knowledge, we are the first to
assess the effects of environmental pollutants on human Om
differentiation. Om (visceral) adipose tissue expansion in
obesity is associated with metabolic syndrome such as
insulin resistance and diabetes [33]. In this study, we show
that DP treatment increased adipogenesis of both the Sc and
Om preadipocytes. In addition, most adipogenic genes were
upregulated by DP treatment in both Sc and Om pre-
adipocyte, with the exception of LPL mRNA levels, where
DP had no effect on LPL mRNA expression in Om cultures.
This indicates that DP may have gene-specific effects in
different depots. Future studies may investigate the rele-
vance of the in vitro findings by performing in vivo studies
using animal models exposed to the chemical either in utero
and through lactation or as mature animals. Such studies
have been previously performed for other obesogenic
compounds, such as bisphenols and other FRs [34]. One
caveat of this study is the relatively high concentration of
DP that was needed to achieve adipogenesis. Even though
the concentrations needed for adipogenesis are higher than
the ones observed in the population, it is widely accepted
that it is difficult to extrapolate in vitro doses to human
exposure. In addition, the inducers used in vitro for optimal
differentiation often exceed the physiological concentra-
tions in vivo, and therefore, it is also expected that chemi-
cals may be required to be used at higher concentrations in
in vitro model systems. Furthermore, human exposure to
chemicals is chronic and some of the chemicals may have
lipophilic properties and may be accumulative in tissues,
including the fat tissue. In fact, DP was deemed bioaccu-
mulative in several species [35], showing that it may
accumulate in the adipose tissue. In addition, chemicals may
adhere to the plastic or media components in vitro, and
therefore, the intracellular concentrations may be different
than the ones applied. More knowledge is needed on the
pharmacokinetics of DP in humans and in cell culture in
order to be able to model how the doses used in vitro
correlate to the in vivo exposure. Further, the relevance to
humans remains to be seen in epidemiological studies in
which exposure levels to DP may correlate with develop-
ment of obesity and metabolic disease.

In summary, we have shown for the first time that the
replacement FR DP has potential obesogenic effects. We
show that DP induces adipogenesis in murine and human
cultures. DP can directly activate the master regulator of
adipogenesis, PPARy. However, some DP-mediated adi-
pogenic end points were independent of PPARY activation,
suggesting that other potential modes of actions of DP may
be involved. Future work should attempt to delineate the
scope of potential DP-mediated mechanisms of action reg-
ulating adipogenesis.
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