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Abstract

Firemaster® 550 (FM550) is a chemical mixture currently used as an additive flame retar-
dant in commercial products, and is comprised of 2-ethylhexyl-2,3,4,5-tertrabromobenzo-
ate (TBB), bis(2-ethylhexyl) tetrabromophthalate (TBPH), triphenyl phosphate (TPP),
and isopropylated triphenyl phosphate (IPTP). Animal and in vitro studies suggest that
FM550, TPP and IPTP may have adipogenic effects and may exert these effects through
PPARYy activation. Using murine 3T3-L1 preadipocytes, we investigated the detailed
expression of transcription factors and adipogenic markers in response to FM550 and its
components. Further we investigated the mechanism of action of the peroxisome prolif-
erator-activated receptor gamma (PPARYy) on downstream targets of the receptor by
focussing on the mature adipocyte marker, adipocyte protein 2 (aP2). In addition, we set
to elucidate the components responsible for the adipogenic effects seen in the FM550
mixture. We show that FM550 and its components TPP, IPTP, and TBPH, but not TBB
induced lipid accumulation in a dose-dependent manner. Interestingly, despite displaying
enhanced lipid accumulation, TBPH did not alter the mRNA or protein expression of termi-
nal differentiation markers. In contrast, FM550, TPP, and IPTP treatment enhanced lipid
accumulation, and mRNA and protein expression of terminal differentiation markers. To
further delineate the mechanisms of action of FM550 and its components we focussed on
aP2promoter activity. For this purpose we used the enhancer region of the mouse aP2
promoter using a 584-bp reporter construct containing an active PPRE located 5.4 kb
away from the transcription start site of aP2. Exposure to FM550, IPTP, and TPP signifi-
cantly increased PPARy mediated aP2 enhancer activity. Furthermore, we show that
TPP- and IPTP-dependent upregulation of aP2 was significantly inhibited by the selective
PPARy antagonist GW9662. In addition, chromatin immunoprecipitation experiments
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showed that IPTP and TPP treatment led to the recruitment of PPARY to the regulatory
region of aP2.

Introduction

Environmental chemicals found in consumer products can act as endocrine disrupting com-
pounds (EDCs), which are defined as compounds that can interfere with the endocrine sys-
tem. Some of these compounds have been also identified as potential obesogens, compounds
that contribute to adipogenesis and to the development of obesity, in a variety of in vivo and
in vitro systems [1-4]. The 3T3-L1 system is particularly well-studied and characterized,
allowing for the elucidation of mechanisms of action of chemicals and identification of
affected metabolic pathways in response to environmental pollutants [2,5,6]. The 3T3-L1
cells are preadipocytes, committed to the adipose lineage that will differentiate following
exposure to a differentiation cocktail consisting of a cAMP enhancer, insulin, and either a
glucocorticoid receptor or a PPARY agonist [7]. The differentiation from preadipocyte to
mature adipocyte is a tightly coordinated process, where the temporal expression of tran-
scription factors is required to induce morphological changes, ultimately resulting in the
formation of a lipid-accumulating mature adipocyte [7,8]. Transcriptional regulation of prea-
dipocyte differentiation in this model system is well-characterized with the identification of
key mediators including CCAAT/enhancer binding proteins (C/EBP) and PPARy [9]. Fol-
lowing exposure to the classical differentiation cocktail, C/EBPB and C/EBPS are expressed
within 4 hours of induction, and are responsible for initiating transcription of C/EBPo. and
PPARYy which are required to coordinate the expression of genes required for mature adipo-
cyte formation [10,11]. Both C/EBPa and PPARY expression are involved in the expression
of known markers of adipogenesis, including aP2 [8].

aP2 is a cytosolic protein involved in lipid transport, acting as a fatty acid chaperone protein
that regulates lipid trafficking and signaling in the mature adipocyte [12]. The aP2 promoter
contains several PPAR response elements (PPREs) approximately 5.5kb upstream from the
transcriptional start site, and is therefore directly regulated in part by PPARy [13]. Function-
ally, aP2 has been correlated with obesity, insulin resistance, and atherosclerosis in murine
models [14]. In humans, a genetic variant of the aP2 gene that results in reduced levels of aP2
was correlated with a lowered risk of type 2 diabetes and coronary artery disease when com-
pared to the wild-type [15]. Studies suggest that aP2 has a role in metabolic disorders, and
therefore its transcriptional regulation by environmental pollutants, such as Firemaster™ 550
(FM550) components, through nuclear receptors has important functional implications on the
onset of obesity and metabolic syndrome.

Of the novel EDCs being identified, preliminary findings have shown that the proprietary
flame retardant mixture FM550 exhibits PPARy activation capability. FM550 is a proprietary
mixture consisting of brominated and aryl phosphate ester compounds. The mixture is com-
prised of the following chemicals: bis (2-ethylhexyl) tetrabromophthalate (TBPH) (8%),
2-ethylhexyl-2,3,4,5-tetrabromobenzoate (ITBB) (30%), triphenyl phosphate (TPP) (17%) and
isopropylated triphenyl phosphates (IPTP) (45%) [16,17]. Exposure to these chemicals is likely
wide spread as their use is not limited only to their flame retardant capabilities. For example,
the FM550 component TPP is also used as a high-production volume plasticizer [18]. Simi-
larly, TBPH is utilized as a plasticizer in polyvinyl chloride and neoprene rubber [19]. IPTP
can also be found in hydraulic fluids, lubricants and lubricant additives [20]. Furthermore,
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studies have shown that these components may leach from the products to which they were
added. Their widespread detection in both indoor and outdoor environments suggests that
human exposure may be ubiquitous, and may impact human health [21-23].

The purpose of our study was to determine FM550’s and its components’ adipogenic poten-
tial, using 3T3-L1 preadipocytes, and to determine their ability to mediate PPARYy activation
on the endogenous aP2 regulatory region. We determined by lipid accumulation that FM550
induced adipogenesis, and then deduced which components were responsible for the mixture’s
effect. Further, we evaluated the mode of action by examining the temporal expression levels
of key transcription factors throughout the differentiation process. In addition, we show an
increase in the expression levels of terminal differentiation markers after treatment with both
FM550 and its individual components. Further, we were able to show the upregulation and
subsequent recruitment of PPARY to the endogenous aP2 regulatory region in response to
FM550 components.

Materials and methods
Reagents

DMEM/low glucose media was purchase from HyClone Laboratories (Thermo Scientific,
Logan, Utah, U.S.A.). Cell maintenance media was composed of DMEM/low glucose media
and 10% bovine calf serum (ATCC, Manassas, Virginia, U.S.A.). Cell differentiation media
consisted of DMEM/low glucose media, 10% fetal bovine serum (ATCC, Manassas, Virginia,
U.S.A.) and 1% penicillin/streptomycin (Wisent Inc., Saint-Bruno, Quebec, Canada). Chemi-
cals were purchased as follows: human insulin (Roche Diagnostics, Indianapolis, Indiana, U.S.
A.); 3-isobutyl-1-methylxanthine (IBMX), dexamethasone (DEX), troglitazone (TROG), tri-
phenyl phosphate (TPP), diphenyl phosphate (DPP), and dimethyl sulfoxide (DMSO) (Sigma-
Aldrich, Oakville, Ontario, Canada); 2-ethylhexyl-2,3,4,5-tetrabromobenzoate (TBB) and bis
(2-ethylhexyl) tetrabromophthalate (Toronto Research Chemicals, Toronto, Ontario, Canada).
Isopropylated triphenyl phosphate (IPTP) was a generous gift from Warren Casey (NIEHS,
US). Firemaster ™ 550 was a generous gift from Brock Chittam (Wellington Laboratories, Can-
ada). The PPARY inhibitor GW9662 was purchased from Sigma Aldrich (M6191). Antibodies
were purchased from the following manufacturers: fatty acid binding protein 4 (Fabp4 also
known as aP2) and lipoprotein lipase (LPL) (AF3150 and AF7197, R&D Systems, Minneapolis,
Minnesota, U.S.A); perilipin (PLIN), peroxisome proliferator-activated receptor y (PPARY),
B-actin (9349, 4970, 2443, Cell Signaling Technology, Danvers, Massachusetts, U.S.A).

Differentiation of 3T3-L1 preadipocytes into mature adipocytes

3T3-L1 preadipocytes (ATCC®™ CL-173™) purchased from the American Type Culture Collec-
tion were differentiated as previously described [2]. Briefly, 3T3-L1 cells were seeded in main-
tenance media, allowed to reach confluence, and maintained for an additional 2 days after
confluence prior to treatment with the differentiation cocktail. The differentiation cocktail was
prepared in differentiation media and consisted of 500 uM of the cAMP enhancer IBMX (M),
100 nM of human insulin (I), and the test chemical (0-200 uM Firemaster™ 550, 0-10 uM
IPTP, 0-20 uM TBB, 0-20 uM TPP, 0-20 uM TBPH, or 0-20 uM DPP, the main TPP metabo-
lite) or positive control [250 nM dexamethasone (MID) or 5 uM troglizatone (MIT)]. Negative
controls will hereby be indicated by MI (denoted 0). After 2 days of incubation, media was
changed to contain 100 nM insulin and the test chemical. For the positive controls, cells that
had received MID were replenished with media containing only insulin after day 2. Cells that
had received MIT were replenished with insulin and troglitazone at day 2 and day 4. A final
media change was made 4 days after the initiation of the differentiation process. For the
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PPARy antagonist study, 5 pM of the irreversible antagonist GW9662 (Sigma Aldrich) was
added to the differentiation media and replaced twice a day due to its short half-life [5]. Cells
were then collected at various time points for analyses.

Nile red staining of lipids

To assess the extent of lipid accumulation after treatment with test chemicals, preadipocytes
were seeded on to black, clear-bottomed 96 well plates coated with collagen and exposed to the
various chemicals indicated above. Following 9 days of treatment, cells were fixed with 4%
paraformaldehyde and stained with Nile red (1 pg/mL) to identify lipid droplets and DAPI

(1 pg/mL) to stain nuclei. Nile red fluorescence was measured at 485/528 nm (excitation/emis-
sion) and DAPI at 360/460 nm (excitation/emission) using a fluorescent plate reader (Synergy
2 Microplate Reader, BioTek Instruments Inc., Winooski, VT, U.S.A.). Nile red values were
normalized to DAPI values and are relative to MI control. Cells were imaged at 200x magnifi-
cation on a fluorescent microscope (Olympus IX71).

PPARyantagonist studies for lipid accumulation

3T3-L1 preadipocytes were differentiated as described above. At days 2, 4, and 6 of differentia-
tion media was changed to contain 100 nM insulin and the test chemical. For the positive con-
trols, cells that had received MID were replenished with media containing only insulin. Cells
that had received MIT were replenished with insulin and troglitazone at indicated time points.
For addition of the PPARYy antagonist study, 5 uM of the irreversible antagonist GW 9662
(Sigma Aldrich) or vehicle control were added twice a day due to its short half-life [5]. Lipid
accumulation was assessed as described above.

Western blotting for terminal differentiation markers

To measure the protein expression of terminal differentiation markers, 3T3-L1 preadipocytes
were seeded on to 6-well dishes and treated with the aforementioned differentiation protocol.
On day 9 of treatment, cells were collected in RIPA buffer (20 mM Tris pH 7.5, 150 mM NaCl,
1 mM EDTA, 1% sodium deoxycholate, 2% NP-40, 0.4% SDS, 10% glycine) containing prote-
ase inhibitors (Roche Diagnostics, Indianapolis, Indiana, U.S.A.) and sonicated to lyse cells.

20 pg of protein were separated on 15% polyacrylamide gels and proteins transferred to PVDF
membranes. Membranes were probed with antibodies against aP2 (1:500), LPL (1:1000), PLIN
(1:1000), or B-actin (1:1000) followed by appropriate HRP-linked secondary antibodies. Blots
were subsequently developed using Clarity Western ECL Substrate (BioRad, Hercules, Califor-
nia, U.S.A.). Relative optical densities were quantified using Image Lab software (BioRad), and
values for all terminal differentiation markers were normalized to B-actin levels.

MRNA expression of transcription factors and adipocyte markers

To assess the expression of transcription factors and markers important for adipocyte differen-
tiation, cells were harvested on days 2, 4, 6, and 9 or day 6 for the PPARy antagonist study.
Total RNA was isolated using the RNeasy Mini kit (Qiagen, Mississauga, Canada), followed by
reverse transcription using iScript cDNA Synthesis Kit (BioRad). Expression profiles of the
following genes were generated using SsoFast EvaGreen supermix (BioRad): aP2, Lpl, Plin,
C/CAAT-enhancer binding protein o. (C/ebpa), and Ppary. Primers used are as follows: adipo-
cyte protein 2 (aP2) forward 5 -GGAAGCTTGTCTCCAGTGAA-3 " and reverse 5 -GCGGTG
ATTTCATCGAATTC-3 *;peroxisome proliferator-activated receptor gamma (Ppary) 5" -
GCCTGCGGAAGCCCTTTGGT-3" and reverse 5 —~GCAGTTCCAGGGCCTGCAGC-3";
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perilipin (Plin) forward 5" -TTGGGGATGGCCAAAGAGAC-3 " and reverse 5" —CTCACAAGG
CTTGGTTTGGC-3 “;lipoprotein lipase (Lpl) 5" - CAGGATGTGGCCCGGTTTAT-3 " and
reverse 5 — CGGGGCTTCTGCATACTCAA-3"; and CCAAT/enhancer-binding protein alpha
(Cepba) forward 5 - TGCGCAAGAGCCGAGATAAA-3" and reverse 5 — CCTTGACCAAGGA
GCTCTCA-3" . B-actin: Forward- GACTTCGAGCAAGAGATGGC, Reverse- CCAGACAGCACT
GTGTTGGC. All genes were amplified using BioRad SsoFast SYBR Green 2X mix, normalized
to B-actin levels and analyzed using the comparative Ct method.

Reporter gene assays

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) according to the manufacturer’s
recommendations. For the PPARY transcriptional assays, cells were transfected with 10 ng of
PRL-CMYV (renilla; internal control), 25 ng of pcDNA mPPARy, 25 ng of pPCMV6 mRXR,
and 125 ng of aP2 enhancer-luciferase (aP2 enhancer-luc). Murine aP2-luciferase was a gift
from Bruce Spiegelman (Addgene plasmid #8858). This 520 bp enhancer construct is 5.1 kb
upstream from the transcriptional start site and contains a functional PPRE (PPARY response
element). Six hours after transfection, cells were treated with vehicle control and the indicated
concentrations of TROG, FM550, TPP, IPTP, DPP, TBB, or TBPH. Twenty-four after treat-
ment, cells were lysed using 1X Passive Lysis Buffer (Promega). Luciferase activity was quanti-
fied with the Dual Luciferase Assay kit (Promega) using the Glomax96 Luminometer
(Promega). Luciferase activity was normalized to renilla levels and to vehicle control (DMSO).

Chromatin immunoprecipitation (ChlP) assay

3T3-L1 preadipocytes were seeded on to 10 cm plates and grown to confluence. Two days post
confluence cells were treated with differentiation media containing dexamethasone, troglita-
zone, 10 uM IPTP, or 20 uM TPP. Media was changed on days 2 and 4, and cells were har-
vested on day 6. Protein-DNA complexes were cross-linked using 1% formaldehyde for 10
minutes and the cross-linking was then quenched with the addition of 125 mM glycine for 5
minutes. Cells were then washed with PBS, harvested, and resuspended in lysis buffer (50 mM
Tris-HCI [pH = 8.0], 150 mM NaCl, 1 mM EDTA, 1% Triton X-100, 0.1% Na-deoxycholate)
containing protease inhibitors and sonicated 4 times for 10 minutes with a 30s on/off cycle.
Soluble chromatin was collected by centrifugation and an aliquot of chromatin was removed
for total input quantification. Supernatants were incubated with protein A agarose beads
(Simga Aldrich; 50% slurry) for 1 hour at 4°C. The supernatant was then transferred to a new
microcentrifuge tube and 2 ug of PPARy antibody or rabbit IgG (sc-2027; Santa Cruz) was
added. After overnight incubation, 30 pL of protein A agarose beads were added and incubated
for 2 hours at 4°C. Beads were then washed as previously described [24], protein-DNA com-
plexes eluted in 100 pL of elution buffer (TE, 1% SDS), and cross-links reversed by overnight
incubation at 65°C. DNA was purified using a PCR purification kit (Biobasic, BS664) and
eluted in 50 pL of TE. Recruitment of PPARY to the aP2 enhancer region was measured by
qPCR using the following primer pair: 5 ~TGCGACAAAGGCAGAAATGC-3 " forward and

5" =GCTCTCTGGGTGGTGACTTC-3 "reverse.

Statistical analyses

All data were analyzed using a one-way analysis of variance followed by Tukey’s post-hoc test.
For non-normal data, a Kruskal-Wallis one way ANOVA on ranks was performed, followed
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by Dunnett’s post-hoc test. Statistical analyses were performed using SigmaPlot 12.5 or Graph-
Pad Prism software.

Results

Lipid accumulation after exposure to Firemaster® 550 and its
components in 3T3-L1 preadipocytes

To determine FM550 and its components’ adipogenic potential, lipid droplet formation was
evaluated by Nile red staining which was subsequently quantified. Chemicals were non-cyto-
toxic, by microscopic examination and DAPI staining, except for 20 uM IPTP which was not
used in our study (S1 Fig). Lipid staining was observed in cells exposed to increasing concen-
trations of FM550 (Fig 1A) resulting in a dose-dependent increase in lipid accumulation
which was significantly higher than control after 100 uM and 200 uM FM550 treatment. How-
ever, increased lipid accumulation was seen at concentrations as low as 10 pM (~2-fold
increase). The amount of lipid accumulation observed at the higher doses of FM550 was com-
parable to our positive controls dexamethasone and troglitazone (Fig 1C). The components of
Firemaster ™ 550 were then tested to determine the active chemicals responsible for EM550’s
observed lipid accumulation (Fig 1B). The components comprised of IPTP, TPP, and TBPH
all caused a significant increase in lipid accumulation (10 uM, 10 uM & 20 pM, and 20 uM
respectively) with the level of lipid staining within the same range of our positive controls (Fig
1C). Treatment with increasing amounts of TBB or DPP, the metabolite of TPP, did not result
in increased lipid accumulation suggesting that TBB or DPP are unlikely to contribute to the
adipogenic effects observed for Firemaster™ 550. (Fig 1B).

Protein expression of mature adipocyte markers following exposure to
Firemaster® 550 and its components

To further characterize the ability of FM550 and its components at inducing adipogenesis,
proteins specifically expressed in the mature adipocyte (aP2, LPL, PLIN) were measured after
nine days of chemical treatment. Exposure to increasing concentrations of Firemaster™ 550,
resulted in a dose-dependent increase in aP2, LPL, PLIN expression (Fig 2A), with significant
protein expression relative to control observed at the 100 pM and 200 uM exposure levels (Fig
2B), corresponding to the same doses we observed increased lipid accumulation. In accor-
dance with the lipid accumulation results, IPTP and TPP treatment resulted in a dose-depen-
dent increase in protein expression levels of aP2, LPL, and PLIN which was statistically
significant at the higher doses (Fig 2C-2F). Interestingly, despite seeing enhanced lipid accu-
mulation after TBPH exposure, no changes in protein expression of aP2, LPL, and PLIN were
observed, consistent with previously reported results ([25], S2A Fig). Similar to our lipid quan-
tification results, TBB and DPP treatment did not enhance the protein expression of aP2, LPL,
or PLIN (S2B/S2C Fig). Our data show that FM550 and its components IPTP and TPP but
not TBPH-induced lipid accumulation led to the expression of terminal differentiation mark-
ers. Furthermore, our data suggest that the components IPTP and TPP are responsible for
FM550’s adipogenic effects.

Temporal mMRNA expression of transcription factors and terminal
differentiation markers after exposure to Firemaster® 550 and its
components

To investigate the ability of FM550 and its components to activate the adipogenic process,
3T3-L1 cells were treated with the active chemicals and mRNA expression was determined
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Fig 1. Lipid accumulation after exposure to Firemaster® 550 and its components using 3T3-L1 preadipocytes. (A)
Preadipocytes were differentiated as described in the Materials and Methods with vehicle with IBMX and insulin (MI) or increasing
amounts of Firemaster® 550 (0.1-200 uM) or with the FM550 components (B) IPTP, TPP, TBPH, TBB, and DBB (0.1-20 uM) and
(C) 250 nM dexamethasone (MID), or 5 uM troglitazone (MIT). After 9 days lipid accumulation was visualized using Nile Red staining
and then quantified. Lipid accumulation was normalized to DAPI staining and relative to vehicle-treated cells. The photographs are
representative data obtained from experiments run in parallel with all the chemicals. Data represent mean + SEM for n=3-5
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independent experiments performed in triplicate. Statistical significance * P<0.05 was determined relative to vehicle control (MI)
using a one-way ANOVA followed by Tukey’s post-hoc analysis. Images were visualized using the Olympus IX71 fluorescent
microscope at 200X magnification and are representative of at least three independent experiments.

https://doi.org/10.1371/journal.pone.0175855.g001

throughout the differentiation process (days 2, 4, 6, 9). We tested 100 uM of FM550, 10 uM
IPTP, 20 uM TPP, and 20 uM TBPH; all doses previously shown to cause significant lipid accu-
mulation and/or protein expression of terminal differentiation markers. Ppary, known as the
master regulator of adipogenesis was significantly upregulated (~2.5-fold) after treatment with
FM550 and IPTP on day 4 and its expression was maintained at later time points (Fig 3A).
TPP treatment resulted in the significant upregulation of Ppary on day 6 (6-fold). There was
no significant upregulation of Ppary despite seeing enhanced lipid accumulation on day 8 after
TBPH treatment at all time points examined (Fig 3A). Similar to Ppary, the expression of the
transcription factor Cebpo was significantly upregulated on day 4 (2-fold increase) reaching
maximal levels of expression on day 6 (6-fold increase) which was maintained until day 9 fol-
lowing FM550, IPTP, and TPP, but not TBPH treatment (Fig 3B). The expression of aP2, a
protein primarily expressed in mature adipocytes was upregulated to a maximal 20-fold
increase relative to control after FM550, IPTP, and TPP treatments (Fig 3C). Significant aP2
upregulation was seen as early as day 2 (TPP treatment) but was significant on day 4 for
FM550 and IPTP (Fig 3C). Interestingly, a small but significant upregulation of aP2 was seen
in cells exposed to TBPH in agreement with the observed lipid accumulation (Fig 3C). The
expression of Lpl in 3T3-L1 exposed to FM550, IPTP, and TPP was significantly upregulated
on day 4 and mRNA levels were sustained until day 9 (Fig 3D). Unlike its effect on aP2 which
was seen early in the differentiation process, TBPH treatment resulted in a significant increase
in Lpl expression on day 9, but to a much lower extent when compared to the other compo-
nents (Fig 3D). The expression of Plin was significantly upregulated on day 4 and was sus-
tained until day 9 after FM550, IPTP, and TPP treatment but not TBPH (Fig 3E). The level of
Plin expression was similar for FM550 and TPP treatment while for IPTP treatment it was
approximately 2-fold less. TBPH did not increase Plin expression at all time points examined
(Fig 3E). Overall, our results suggest that FM550 and its components IPTP, TPP, but not
TBPH upregulate the expression of key transcription factors and markers expressed in adipo-
cytes throughout the differentiation process; confirming that IPTP and TPP play important
roles in FM550’s adipogenic potential.

FM550 and its components activate the PPRE-dependent aP2 reporter
construct

Previous studies have shown that FM550 and the components IPTP and TPP can interact with
PPARy to activate a 3X PPRE-dependent luciferase system (17). It is unclear whether they can
activate an endogenous PPRE-containing (PPARY dependent) endogenous promoter. To
address this, we investigated their ability to activate the aP2 promoter using a 584-bp reporter
construct containing an active PPRE located 5.4 kb away from the transcription start site (TSS)
of aP2 (denoted aP2 enhancer). COS-7 cells were transfected with the 584-bp reporter con-
struct, nPPARy/mRXRa and PPRE-dependent transcriptional activity was determined. We
first confirmed that the full PPARY agonist troglitazone activates the aP2 enhancer in a dose-
dependent manner (Fig 4A). We observed a 3-fold increase after 200 nM TROG treatment
which was further increased to 8-fold after 5 uM TROG treatment (Fig 4A). FM550 treatment
resulted in small increases in aP2 enhancer activity which was significant with 100 uM and
200 uM treatment. Interestingly the highest doses produced luciferase activity corresponding
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Fig 2. Protein expression in the mature adipocyte following exposure to Firemaster® 550 and its components. Representative immunoblots
depicting the ability of (A) Firemaster® 550 (0.1-200 uM), and the components (C) IPTP (0.1-10 uM) and (E) TPP (0.1-20 uM) at inducing the
expression of aP2, LPL, PLIN following 9 days of treatment. 3-actin was used as the loading control. Quantification of aP2, LPL, and PLIN protein
expression levels after (B) FM550 (D) IPTP (F) TPP treatment (n = 3-5) using ImageLab software (BioRad) and 3-actin as loading control. (G) TBPH,
TBB DPP treatments at day 9. The positive controls dexamethasone (MID) and troglitazone (MIT) are shown. Blots are representative of at least three
independent experiments. * P<0.05 compared to Ml control using a one-way ANOVA followed by Tukey’s post-hoc analysis. Data are expressed as
mean + SEM.

https://doi.org/10.1371/journal.pone.0175855.9002
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Fig 3. Temporal expression of transcription factors and terminal differentiation markers after exposure to Firemaster® 550 and its
components. MRNA expression levels were determined in 3T3-L1 preadipocytes 2, 4, 6, and 9 days post-treatment with the differentiation cocktail
consisting of IBMX, insulin, and either 100 yM FM550, 10 uM IPTP, 20 uM TPP, or 20 uM TBPH. After the indicated time-points, RNA was extracted
and reverse transcribed, and we measured the levels of (A) Ppary, (B) Cebpa, (C) aP2, (D) Lpl, and (E) Plin, which were normalized to 8-actin levels
and relative to time-matched vehicle control (MI). Data represent the mean + S.E.M (n= 3-5). * P<0.05 relative to time-matched vehicle control using
a one-way ANOVA followed by Tukey’s post-hoc analysis.

https://doi.org/10.1371/journal.pone.0175855.9g003

to 200 nM of TROG suggesting that FM550 is a weak agonist of PPARy (Fig 4B). Similar
experiments were completed in the presence of FM550’s components. In accordance to our
mRNA expression data, the components IPTP and TPP caused a significant increase in lucifer-
ase activity after 10 uM and 20 uM treatment comparable to 200 nM troglitazone treatment
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Fig 4. The ability of FM550 and its components to activate the PPRE-dependent aP2reporter
construct which requires direct PPARYy activation. COS-7 cells were transfected as described in the
Materials and Methods with pcDNA-mPPARYy, pcDNA mRXR, aP2 enhancer-luciferase, and pCMV-RL and
treated with increasing amounts of the positive control (A) Troglitazone (0.02-5 uM), (B) FM550 (0.1—

200 pM), or the components (C) IPTP (0.1-20 uM) (D) TPP (0.1-20 uM) (E) TBB (0.1-20 uM) (F) TBPH (0.1—
20 uM) (G) DPP (0.1-20 puM). Twenty-four hours after treatment reporter gene activity was determined. Data
represent the mean + S.E.M of three independent experiments. Significantly different (* P<0.05) reporter gene
activity was analyzed relative to transfected vehicle-treated cells using a one-way ANOVA followed by
Tukey’s post-hoc analysis.

https://doi.org/10.1371/journal.pone.0175855.9004

(Fig 4C/4D). As expected, TBB, TBPH, and DPP did not enhance aP2 luciferase activity con-
firming previous reports (Fig 4E-4G; (17)).

TPP and IPTP-mediated aP2 expression but not lipid accumulation is
inhibited by the selective PPARy antagonist GW9662

To further strengthen the role of direct PPARy activation in TPP’s and IPTP’s adipogenic
potential, we treated cells with the selective PPARY antagonist GW9662 and measured the
expression of aP2 mRNA via RT-PCR and lipid accumulation by Nile red. As expected,
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GW9662 caused a significant decrease in troglitazone-dependent but not dexamethasone-
dependent aP2 expression levels. aP2 mRNA expression was also reduced in the TPP and
IPTP treated cells co-treated with GW9662 (Fig 5A). GW9662 was also able to reduce the lipid
accumulation of the troglitazone treated cells but not the dexamethasone treated 3T3-L1s (Fig
5B). Surprisingly, co-treatment of the cells with GW9662 and TPP, IPTP or TBPH did not
result in a reduction in lipid accumulation (Fig 5C, 5D and 5E). Further, a slight enhancement
in lipid accumulation was observed when cells were treated with TPP and IPTP in the presence
of GW9662 (Fig 5C and 5D).

The components IPTP and TPP induce recruitment of PPARYy to the aP2
enhancer region

To reinforce the results obtained for aP2 expression levels and aP2 enhancer luciferase activity,
we investigated the recruitment of PPARy to the endogenous PPRE 5.4 kb upstream from the
TSS using the ChIP assay. The positive controls dexamethasone and troglitazone were also
completed in conjunction with test chemicals to illustrate the importance of PPARY in mediat-
ing their ability to induce aP2 expression. As PPARy levels peaked on day 6 of differentiation
(Fig 3A), this time point was selected to investigate the role of endogenous PPARy in mediat-
ing TPP- and IPTP-dependent aP2 upregulation. Both dexamethasone and troglitazone
increased the recruitment of PPARY to the aP2 enhancer region with comparable levels of
recruitment for both compounds (0.3%, relative to 100% total input) (Fig 6A). Interestingly,
treatment with the Firemaster™ 550 components TPP and IPTP caused significant recruit-
ment of PPARY to the aP2 enhancer region, where 10 uM IPTP treatment resulted in about
0.2% recruitment and TPP resulted in 0.3% recruitment (Fig 6B). Taken together, our results
illustrate that the Firemaster™ 550 components IPTP and TPP can induce endogenous PPARy
expression and its subsequent recruitment to the regulatory region of aP2 leading to the
observed increase in mRNA and protein expression levels.

Discussion

In the United States, more than 35% of adults and nearly 17% of children (2-19 years) are
obese [26]. The prevalence of obesity has become a worldwide epidemic affecting both devel-
oped and developing nations [27]. Though genetic predisposition and lifestyle choices are
clear contributors to obesity, they cannot solely account for the rising obesity rates and global
prevalence of the disease [28]. The obesogen hypothesis put forward by Blumberg and col-
leagues [29] suggests that exposure to EDCs can alter an individual’s susceptibility to metabolic
disorders potentially accounting in part for the high obesity rates observed [28]. Identification
of obesogenic compounds may be facilitated by the establishment of in vitro models such as
the 3T3-L1 murine preadipocytes, and further investigations into the mechanism of action are
also possible using this model. As previous studies have suggested FM550 and some of its com-
ponents have the potential to act as obesogens by their ability to activate PPARY, we set out to
characterize the actions of FM550 and its components in the 3T3-L1s and determine its down-
stream effects, specifically by elucidating the effects of PPARY induction on aP2.

Pillai et al. (2014) demonstrated in primary bone marrow cells that exposure to an osteo-
genic cocktail in the presence of FM550, IPTP, or TPP induces the expression of some adipo-
genic markers [30]. These results show that FM550 can promote adipogenesis at the expense
of osteogenesis in bone marrow pluripotent cells; however, it was unclear whether these
effects would be maintained using committed preadipocytes, which is suggestive of effects on
residing preadipocytes in the adipose tissue. Our data show that exposure to FM550, TPP,
and IPTP increased lipid accumulation, as well as the mRNA and protein levels of terminal

PLOS ONE | https://doi.org/10.1371/journal.pone.0175855  April 24, 2017 12/19


https://doi.org/10.1371/journal.pone.0175855

o @
@ ’ PLOS | ONE Firemaster® 550 induces adipogenesis

50
A
40
¥’
[0]
>
3 30
< *
Z
[
T %
& 201
T 154
104
54 > *
0-
-+ -+ -+ -+ -+ GW9662
control DEX TROG TPP IPTP
B _05 C _ 05
a a
204 | — " DEXsveh / 0.4 { —m—20uMTPP+Veh ,3
® —a— TROG+Veh B /
= #H# N — & — 10 uM TPP+ GW P
© = 3% = MI+GW © /
£0.3 £0.3 1
lC;) - 3 = DEX+GW ’g = 3 = 20 yM TPP+ GW ’ 4
®
c -—e = ’ c
%0.2 | = ® = TROG+GW , So0.2
K 4 ©
g g
> >
0.1 80.1
© ©
© ©
s L =3
S 0 /= . I 0
D 2 4 6 9 E _ 6
Days of differentiation Days of differentiation
~0.5 g 0.5
< —e— 10 uM IPTP+Veh a 0 20 UM TBPH+Veh
o)
204 { - = —10uMPTPiGW <04 -m-20umTErHcw
g N
IS T
©
£0.3 1 £0.3 -
o c
= # c
2 0.2 1 u £ 0.2
3 S
>
E £
g 0.1 g 0.1
© o
© =
= S
50 )

Days of differentiation Days of differentiation

Fig 5. The effects of selective PPARy antagonist GW9662 on aP2 mRNA expression and lipid accumulation in the presence of
troglitazone, TPP, IPTP, and TBPH. Murine 3T3-L1 preadipocytes were induced to differentiate in the presence of 500 uM IBMX (M), 100
nM insulin (l), supplemented with indicated treatments: 5 uM troglitazone (TROG), 0.25 uM dexamethasone (DEX), 20 uM TPP, 10 uM
IPTP, or 20 uM TBPH with either solvent control (Veh) or PPARYy inhibitor GW9662 (GW) twice daily. (A) At day 6 of differentiation mRNA
expression levels of aP2were quantified by RT-qPCR normalized to Ml control conditions. (B-E) At days 2, 4, 6, and 9 lipid accumulation
was visualized using Nile Red staining and then quantified. Lipid accumulation was normalized to DAPI staining. Data represent
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mean + SEM for n = 3 independent experiments. * denotes p<0.05 when comparing treatment to vehicle (MI) conditions (A). # denotes
p<0.05, ## denotes p<0.01, and ### denotes p<0.001 when comparing to GW9662 at corresponding day of differentiation (B-E). Statistical
analysis was performed by one-way ANOVA with Tukey’s post-hoc tests.

https://doi.org/10.1371/journal.pone.0175855.g005

differentiation markers in preadipocytes. However, the kinetics and levels of expression of
the adipogenic markers differed between TPP and IPTP. For example, TPP and IPTP were
able to activate PPARy on the aP2 enhancer to similar levels and at similar concentrations
(Fig 4). In fact, IPTP was slightly better at inducing PPAR-mediated transcriptional activity
than TPP. However, the expression of specific genes in response to the two chemicals was dif-
ferent. While aP2, Ppary, and C/ebpa expression levels were similar between IPTP and TPP,
Lpland Plin levels were higher in the TPP treated compared to the IPTP treated cells (~30
fold and ~6 fold compare to MI control respectively). While aP2, Ppary, and C/ebpa are
known targets of PPARY, Lpl and Plin are genes that can be regulated by other transcription
factors such as sterol regulatory element-binding protein (SREBP) 1 and liver X receptor
(LXR) [31,32].

Interestingly, TBPH increased lipid accumulation but was only able to marginally induce
the expression of adipogenic markers While these findings are perplexing, a recent study by
Springer et al. (2012) showed similar results where TBPH induced lipid accumulation, but did
not alter the expression of aP2 [25]. Furthermore, we show that TBPH, TPP and IPTP lipid
accumulation was not reduced in the presence of the PPARy antagonist GW9662. This shows
that the regulation of lipogenesis is distinct from aP2 transcriptional regulation. It is still
unclear what the mechanism by which TBPH TPP and IPTP induce lipid accumulation, how-
ever, it appears that it is not mediated via direct PPARYy activation. Structurally, the tri-aryl
phosphates, which include TPP and IPTP, are similar to organotins which are strong activators
of PPARY [16,17]. For organotins, this tri-substitution is responsible for their interaction with
PPARy and hence their adipogenic potential. This structural composition is most likely also
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Fig 6. The components IPTP and TPP induce endogenous expression and recruitment of PPARy to the aP2enhancer
region. 3T3-L1 preadipocytes cells exposed to the differentiation cocktail for 6 days were used for the ChIP assay to measure the
endogenous expression and recruitment of PPARYy to the aP2 enhancer region by RT-PCR. Positive controls dexamethasone (DEX)
and troglitazone (TROG) were used and depicted in (A). (B) PPARYy recruitment to the aP2 enhancer region after exposure to 20 yM
TPP and 10 uM IPTP was determined. Data represents the mean of n= 6 independent replicates + SEM. Data were relative to 100%
input DNA and significance was determined relative to control PPARYy recruitment using a one-way ANOVA followed by Tukey’s post-
hoc analysis (* P<0.05).

https://doi.org/10.1371/journal.pone.0175855.g006
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responsible for TPP and IPTP interactions with PPARy and are likely the interaction sites with
the ligand binding pocket of the receptor [29,30]. It has been previously determined that the
brominated metabolite of TBPH, TBMEHP (mono-(2-ethylheyl) tetrabromophthalate), can
activate PPARY activity in vitro [25]. However, it has also been determined that this metabolite
does not readily occur in vitro [33], consistent with our data showing that TBPH did not acti-
vate PPARY transcriptional activity in vitro, or increased the expression of PPARYy target genes.

The differentiation transcriptional cascade in the 3T3-L1 preadipocytes is well-established
with known early and late markers [8]. Our results show that FM550, IPTP, and TPP increased
Ppary and Cebpa expression levels which are known to regulate each other’s expression in a
positive feedback loop [34]. In addition, we show that FM550, IPTP, and TPP induced the
expression of aP2. Although previous work using a 3X-PPRE-TK-luc luciferase reporter plas-
mid found that PPARYy activity was increased following treatment with FM550 components, it
was unclear whether PPARY activation in response to FM550 would also be true for an endog-
enous promoter. Using the endogenous regulatory region of aP2, a mature adipocyte marker
and a direct target of PPARY [35] we found that FM550, IPTP, and TPP significantly increased
aP2 enhancer luciferase activity. AP2 is involved in fatty acid uptake and transport [12,36].
This is the first study to show that FM550 components IPTP and TPP enable PPARy on an
endogenous promoter. Further, using chromatin immunoprecipitation we show that IPTP
and TPP treatments were able to enhance the recruitment of PPARY to the endogenous aP2
regulatory region used in our transcriptional reporter assays. Similar results were shown for
MEHP where recruitment of transcriptional co-activators on endogenous PPARy responsive
promoters was observed after treatment of 3T3-L1 cells [37]. Future studies will establish if the
recruitment of transcriptional co-activators are also recruited to the aP2 promoter in response
to IPTP and TPP. Furthermore, our data show that IPTP- and TPP-induced aP2 expression is
mediated through direct PPARY activation since the expression of aP2 was inhibited by the
PPARy antagonist GW9662. The functional implications of aP2 upregulation are of particular
importance, as its expression is highly correlated with metabolic disorders [38,39].

As we show that FM550 and its components TPP and IPTP induce adipogenesis using an
in vitro model, it is important to consider the potential implications or limitations our findings
have on human health. As FM550 is composed of 4 components that are also used individually
in other applications, exposure resulting directly from use of the FM550 may be difficult to
assess. Regardless, exposure to flame retardants occurs primarily through ingestion and inhala-
tion of house dust, and studies have shown that TPP, TBB, and TBPH are readily detected in
house dust samples [22,40-42]. Estimations of human exposure have relied on measurements
of metabolites in urine samples. Hoffman et al. showed that the primary metabolite of TBB
was detected in 72.4% of urine samples collected, suggesting that exposure to TBB is wide-
spread [43]. Moreover, a recent study detected TBB and TBPH in all human hair and nail sam-
ples collected [44]. Interestingly, Mendelsohn et al. measured DPP, the primary urinary
metabolite of TPP, in urine samples collected from women after application of nail polish and
found that DPP levels increased 7-fold 10-14 hours following nail polish use [18]. These find-
ings indicate that human exposure to the components of FM550, whether from the mixture or
from other sources is likely ubiquitous and further studies regarding body burden measure-
ments of these chemicals are required to assess their impact on metabolism, obesity and
metabolism.

In conclusion, we demonstrate that FM550 and its components IPTP and TPP increase adi-
pogenesis of 3T3-L1 preadipocytes. This increase is likely mediated by direct transactivation of
Ppary, although other modes of action cannot be ruled out. Further we show that the effect of
IPTP and TPP on specific genes is different, indicating that these two components may have
additional targets. Using the enhancer region of the endogenous aP2 promoter region

PLOS ONE | https://doi.org/10.1371/journal.pone.0175855  April 24, 2017 15/19


https://doi.org/10.1371/journal.pone.0175855

@° PLOS | ONE

Firemaster® 550 induces adipogenesis

containing PPREs, we show that IPTP and TPP were able to recruit endogenous Ppary to its
target gene aP2, showing that the identified PPREs are functional and responsive to the chemi-
cals. Further we show that the expression of aP2 in response to IPTP and TPP was abolished in
the presence of the Ppary inhibitor GW9662 indicating that Ppary is required for FM550 com-
ponents upregulation of the aP2 transcripts. Further studies are required to assess the effects of
FM550 components on human health, and to determine whether these flame retardants are
any safer than the polybrominated flame retardants which they replaced.

Supporting information

S1 Fig. Preadipocytes were treated with vehicle with IBMX and insulin (MI) or (A) 250 nM
dexamethasone (MID), or 5 uM troglitazone (MIT) or (B) increasing amounts of Firemas-
ter™ 550 (0.1-200 uM) or with the FM550 components (C) TPP (D) IPTP (0.1-20 uM) as
described in the Materials and Methods. After 9 days cytotoxicity was assessed by DAPI
staining. Data represent mean + SEM for n = 3-5 independent experiments performed in trip-
licate.

(TIFF)

S2 Fig. Protein expression in the mature adipocyte following exposure to TBPH, TBB, or
DPP. Representative immunoblots for aP2, LPL, and PLIN in response to treatment with (A)
TBPH, (B) TBB (C) DPP for 9 days. In addition, the positive controls dexamethasone (MID)
and troglitazone (MIT) are shown. Blots are representative of at least three independent exper-
iments and B-actin was used as the loading control.

(TIFF)

S3 Fig. Temporal expression of transcription factors and terminal differentiation markers
after exposure to troglitazone. nRNA expression levels were determined in 3T3-L1 preadi-
pocytes 2, 4, 6, and 9 days post-treatment with the differentiation cocktail consisting of IBMX,
insulin, and either 100 nM and either 0.2 or 5 uM troglitazone. After the indicated time-points,
RNA was extracted and reverse transcribed, and we measured the levels of (A) Ppary (B)
Cebpa, (C) aP2, (D) and Plin which were normalized to B-actin levels and relative to time-
matched vehicle control (MI). Data represent the mean + S.E.M (n = 4).

(TIFF)

Author Contributions
Conceptualization: EA EWYT SA VP.
Formal analysis: EA EWYT SA VP.
Funding acquisition: EA.
Investigation: EWYT SA VP EA.
Methodology: EA.

Project administration: EA.
Supervision: EA.

Writing - original draft: EA SAEWYT.

Writing - review & editing: EA.

PLOS ONE | https://doi.org/10.1371/journal.pone.0175855  April 24, 2017 16/19


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0175855.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0175855.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0175855.s003
https://doi.org/10.1371/journal.pone.0175855

@° PLOS | ONE

Firemaster® 550 induces adipogenesis

References

1.

10.

1.

12

13.

14.

15.

16.

17.

18.

19.

Boucher JG, Ahmed S, Atlas E. Bisphenol S Induces Adipogenesis in Primary Human Preadipocytes
From Female Donors. Endocrinology. 2016; 157: 1397-1407. https://doi.org/10.1210/en.2015-1872
PMID: 27003841

Tung EWY, Boudreau A, Wade MG, Atlas E. Induction of Adipocyte Differentiation by Polybrominated
Diphenyl Ethers (PBDEs) in 3T3-L1 Cells. PLoS One. 2014; 9: €94583. https://doi.org/10.1371/journal.
pone.0094583 PMID: 24722056

Tung EWY, Yan H, Lefévre PLC, Berger RG, Rawn DFK, Gaertner DW, et al. Gestational and Early
Postnatal Exposure to an Environmentally Relevant Mixture of Brominated Flame Retardants: General
Toxicity and Skeletal Variations. Birth Defects Res B Dev Reprod Toxicol. 2016; 107: 157—-168. https:/
doi.org/10.1002/bdrb.21180 PMID: 27286044

Patisaul HB, Roberts SC, Mabrey N, McCaffrey KA, Gear RB, Braun J, et al. Accumulation and Endo-
crine Disrupting Effects of the Flame Retardant Mixture Firemaster® 550 in Rats: An Exploratory
Assessment. J Biochem Mol Toxicol. 2013; 27: 124—136. https://doi.org/10.1002/jbt.21439 PMID:
23139171

Li X, Ycaza J, Blumberg B. The environmental obesogen tributyltin chloride acts via peroxisome prolif-
erator activated receptor gamma to induce adipogenesis in murine 3T3-L1 preadipocytes. J Steroid Bio-
chem Mol Biol. 2011; 127: 9-15. http://dx.doi.org/10.1016/j.jsbmb.2011.03.012. PMID: 21397693

Biasiotto G, Zanella I, Masserdotti A, Pedrazzani R, Papa M, Caimi L, et al. Municipal wastewater
affects adipose deposition in male mice and increases 3T3-L1 cell differentiation. Toxicol Appl Pharma-
col. 2016; 297: 32—40. http://dx.doi.org/10.1016/j.taap.2016.02.023. PMID: 26944108

Hauner H. Complete Adipose Differentiation of 3T3 LI Cells in a Chemically Defined Medium: Compari-
son to Serum-Containing Culture Conditions. Endocrinology. 1990; 127: 865-872. https://doi.org/10.
1210/endo-127-2-865 PMID: 1695570

Fu M, Sun T, Bookout AL, Downes M, Yu RT, Evans RM, et al. A Nuclear Receptor Atlas: 3T3-L1 Adipo-
genesis. Mol Endocrinol. 2005; 19: 2437-2450. https://doi.org/10.1210/me.2004-0539 PMID:
16051663

Tontonoz P, Hu E, Spiegelman BM. Stimulation of adipogenesis in fibroblasts by PPARY2, a lipid-acti-
vated transcription factor. Cell. 1994; 79: 1147-1156. http://dx.doi.org/10.1016/0092-8674(94)90006-X.
PMID: 8001151

Tang QQ, Lane MD. Adipogenesis: From Stem Cell to Adipocyte. Annu Rev Biochem. 2012; 81: 715—
736. https://doi.org/10.1146/annurev-biochem-052110-115718 PMID: 22463691

Rosen ED, MacDougald OA. Adipocyte differentiation from the inside out. Nat Rev Mol Cell Biol. 2006;
7:885-896. https://doi.org/10.1038/nrm2066 PMID: 17139329

Tontonoz P, Graves RA, Budavari Al, Erdjument-Bromage H, Lui M, Hu E, et al. Adipocyte-specific tran-
scription factor ARF6 is a heterodimeric complex of two nuclear hormone receptors, PPAR7 and RXRa.
Nucleic Acids Res. 1994; 22: 5628-5634. PMID: 7838715

Smathers RL, Petersen DR. The human fatty acid-binding protein family: Evolutionary divergences and
functions. Hum Genomics. 2011; 5: 170-191. https://doi.org/10.1186/1479-7364-5-3-170 PMID:
21504868

Makowski L, Hotamisligil G. The role of fatty acid binding proteins in metabolic syndrome and athero-
sclerosis. Curr Opin Lipidol. 2005; 16: 543-548. PMID: 16148539

Tuncman G, Erbay E, Hom X, De Vivo I, Campos H, Rimm EB, et al. A genetic variant at the fatty acid-
binding protein aP2 locus reduces the risk for hypertriglyceridemia, type 2 diabetes, and cardiovascular
disease. Proc Natl Acad Sci USA. 2006; 103: 6970-6975. https://doi.org/10.1073/pnas.0602178103
PMID: 16641093

McGee SP, Konstantinov A, Stapleton HM, Volz DC. Aryl Phosphate Esters Within a Major PentaBDE
Replacement Product Induce Cardiotoxicity in Developing Zebrafish Embryos: Potential Role of the Aryl
Hydrocarbon Receptor. Toxicol Sci. 2013; 133: 144—156. https://doi.org/10.1093/toxsci/kft020 PMID:
23377616

Stapleton HM, Allen JG, Kelly SM, Konstantinov A, Klosterhaus S, Watkins D, et al. Alternate and New
Brominated Flame Retardants Detected in U.S. House Dust. Environ Sci Technol. 2008; 42: 6910—
6916. PMID: 18853808

Mendelsohn E, Hagopian A, Hoffman K, Butt CM, Lorenzo A, Congleton J, et al. Nail polish as a source
of exposure to triphenyl phosphate. Environ Int. 2016; 86: 45-51. http://dx.doi.org/10.1016/j.envint.
2015.10.005. PMID: 26485058

Andersson PL, Oberg K, Orn U. Chemical characterization of brominated flame retardants and identifi-
cation of structurally representative compounds. Environ Toxicol Chem. 2006; 25: 1275-1282. PMID:
16704058

PLOS ONE | https://doi.org/10.1371/journal.pone.0175855  April 24, 2017 17/19


https://doi.org/10.1210/en.2015-1872
http://www.ncbi.nlm.nih.gov/pubmed/27003841
https://doi.org/10.1371/journal.pone.0094583
https://doi.org/10.1371/journal.pone.0094583
http://www.ncbi.nlm.nih.gov/pubmed/24722056
https://doi.org/10.1002/bdrb.21180
https://doi.org/10.1002/bdrb.21180
http://www.ncbi.nlm.nih.gov/pubmed/27286044
https://doi.org/10.1002/jbt.21439
http://www.ncbi.nlm.nih.gov/pubmed/23139171
http://dx.doi.org/10.1016/j.jsbmb.2011.03.012
http://www.ncbi.nlm.nih.gov/pubmed/21397693
http://dx.doi.org/10.1016/j.taap.2016.02.023
http://www.ncbi.nlm.nih.gov/pubmed/26944108
https://doi.org/10.1210/endo-127-2-865
https://doi.org/10.1210/endo-127-2-865
http://www.ncbi.nlm.nih.gov/pubmed/1695570
https://doi.org/10.1210/me.2004-0539
http://www.ncbi.nlm.nih.gov/pubmed/16051663
http://dx.doi.org/10.1016/0092-8674(94)90006-X
http://www.ncbi.nlm.nih.gov/pubmed/8001151
https://doi.org/10.1146/annurev-biochem-052110-115718
http://www.ncbi.nlm.nih.gov/pubmed/22463691
https://doi.org/10.1038/nrm2066
http://www.ncbi.nlm.nih.gov/pubmed/17139329
http://www.ncbi.nlm.nih.gov/pubmed/7838715
https://doi.org/10.1186/1479-7364-5-3-170
http://www.ncbi.nlm.nih.gov/pubmed/21504868
http://www.ncbi.nlm.nih.gov/pubmed/16148539
https://doi.org/10.1073/pnas.0602178103
http://www.ncbi.nlm.nih.gov/pubmed/16641093
https://doi.org/10.1093/toxsci/kft020
http://www.ncbi.nlm.nih.gov/pubmed/23377616
http://www.ncbi.nlm.nih.gov/pubmed/18853808
http://dx.doi.org/10.1016/j.envint.2015.10.005
http://dx.doi.org/10.1016/j.envint.2015.10.005
http://www.ncbi.nlm.nih.gov/pubmed/26485058
http://www.ncbi.nlm.nih.gov/pubmed/16704058
https://doi.org/10.1371/journal.pone.0175855

@° PLOS | ONE

Firemaster® 550 induces adipogenesis

20.

21,

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Honkakoski P, Palvimo JJ, Penttila L, Vepsalainen J, Auriola S. Effects of triaryl phosphates on mouse
and human nuclear receptors. Biochem Pharmacol. 2004; 67: 97—106. http://dx.doi.org/10.1016/j.bcp.
2003.08.037. PMID: 14667932

Stapleton HM, Klosterhaus S, Keller A, Ferguson PL, van Bergen S, Cooper E, et al. Identification of
Flame Retardants in Polyurethane Foam Collected from Baby Products. Environ Sci Technol. 2011; 45:
5323-5331. https://doi.org/10.1021/es2007462 PMID: 21591615

Hoffman K, Garantziotis S, Birnbaum LS, Stapleton HM. Monitoring Indoor Exposure to Organophos-
phate Flame Retardants: Hand Wipes and House Dust. Environ Health Perspect. 2015; 123: 160—165.
https://doi.org/10.1289/ehp.1408669 PMID: 25343780

Wei G, Li D, Zhuo M, Liao Y, Xie Z, Guo T, et al. Organophosphorus flame retardants and plasticizers:
Sources, occurrence, toxicity and human exposure. Environ Pollut. 2015; 196: 29-46. http://dx.doi.org/
10.1016/j.envpol.2014.09.012. PMID: 25290907

Matthews J, Wihlén B, Heldring N, MacPherson L, Helguero L, Treuter E, et al. Co-planar 3,3’,4,4’,5-
pentachlorinated biphenyl and non-co-planar 2,2’,4,6,’-pentachlorinated biphenyl differentially induce
recruitment of oestrogen receptor alpha to aryl hydrocarbon receptor target genes. Biochem J. 2007;
406: 343-353. https://doi.org/10.1042/BJ20070585 PMID: 17511620

Springer C, Dere E, Hall SJ, McDonnell EV, Roberts SC, Butt CM, et al. Rodent Thyroid, Liver, and
Fetal Testis Toxicity of the Monoester Metabolite of Bis-(2-ethylhexyl) Tetrabromophthalate (TBPH), a
Novel Brominated Flame Retardant Present in Indoor Dust. Environ Health Perspect. 2012; 120: 1711—
1719. https://doi.org/10.1289/ehp.1204932 PMID: 23014847

Ogden CL, Carroll MD, Kit BK, Flegal KM. PRevalence of childhood and adult obesity in the united
states, 2011-2012. JAMA. 2014; 311: 806—814. https://doi.org/10.1001/jama.2014.732 PMID:
24570244

Holtcamp W. Obesogens: An Environmental Link to Obesity. Environ Health Perspect. 2012; 120: a62—
a68. https://doi.org/10.1289/ehp.120-a62 PMID: 22296745

Janesick A, Blumberg B. Endocrine disrupting chemicals and the developmental programming of adipo-
genesis and obesity. Birth Defects Res C Embryo Today. 2011; 93: 34-50. https://doi.org/10.1002/
bdrc.20197 PMID: 21425440

Grun F, Watanabe H, Zamanian Z, Maeda L, Arima K, Cubacha R, et al. Endocrine-Disrupting Organo-
tin Compounds Are Potent Inducers of Adipogenesis in Vertebrates. Mol Endocrinol. 2006; 20: 2141—
2155. https://doi.org/10.1210/me.2005-0367 PMID: 16613991

Pillai HK, Fang M, Beglov D, Kozakov D, Vajda S, Stapleton HM, et al. Ligand Binding and Activation of
PPARYy by Firemaster® 550: Effects on Adipogenesis and Osteogenesis in Vitro. Environ Health Per-
spect. 2014; 122: 1225-1232. https://doi.org/10.1289/ehp.1408111 PMID: 25062436

Yang W, Deeb SS. Sp1 and Sp3 transactivate the human lipoprotein lipase gene promoter through
binding to a CT element: synergy with the sterol regulatory element binding protein and reduced trans-
activation of a naturally occurring promoter variant. J Lipid Res. 1998; 39: 2054-2064. PMID: 9788252

Kimmel AR, Sztalryd C. The Perilipins: Major Cytosolic Lipid Droplet-Associated Proteins and Their
Roles in Cellular Lipid Storage, Mobilization, and Systemic Homeostasis. Annu Rev Nutr. 2016; 36:
471-509. https://doi.org/10.1146/annurev-nutr-071813-105410 PMID: 27431369

Roberts SC, Macaulay LJ, Stapleton HM. In Vitro Metabolism of the Brominated Flame Retardants 2-
Ethylhexyl-2,3,4,5-Tetrabromobenzoate (TBB) and Bis(2-ethylhexyl) 2,3,4,5-Tetrabromophthalate
(TBPH) in Human and Rat Tissues. Chem Res Toxicol. 2012; 25: 1435-1441. https://doi.org/10.1021/
tx300086x PMID: 22575079

Rosen ED, Hsu C, Wang X, Sakai S, Freeman MW, Gonzalez FJ, et al. C/EBPa induces adipogenesis
through PPARY: a unified pathway. Genes Dev. 2002; 16: 22—26. https://doi.org/10.1101/gad.948702
PMID: 11782441

Rosen ED, Walkey CJ, Puigserver P, Spiegelman BM. Transcriptional regulation of adipogenesis.
Genes Dev. 2000; 14: 1293-1307. PMID: 10837022

Furuhashi M, Hotamisligil GS. Fatty acid-binding proteins: role in metabolic diseases and potential as
drug targets. Nat Rev Drug Discov. 2008; 7: 489-503. https://doi.org/10.1038/nrd2589 PMID:
18511927

Feige JN, Gelman L, Rossi D, Zoete V, Métivier R, Tudor C, et al. The Endocrine Disruptor Monoethyl-
hexyl-phthalate Is a Selective Peroxisome Proliferator-activated Receptor y Modulator That Promotes
Adipogenesis. J Biol Chem. 2007; 282: 19152—19166. https://doi.org/10.1074/jbc.M702724200 PMID:
17468099

Bakillah A, Hussain MM. Mice subjected to aP2-Cre mediated ablation of microsomal triglyceride trans-
fer protein are resistant to high fat diet induced obesity. Nutr Metab (Lond). 2016; 13: 1.

PLOS ONE | https://doi.org/10.1371/journal.pone.0175855  April 24, 2017 18/19


http://dx.doi.org/10.1016/j.bcp.2003.08.037
http://dx.doi.org/10.1016/j.bcp.2003.08.037
http://www.ncbi.nlm.nih.gov/pubmed/14667932
https://doi.org/10.1021/es2007462
http://www.ncbi.nlm.nih.gov/pubmed/21591615
https://doi.org/10.1289/ehp.1408669
http://www.ncbi.nlm.nih.gov/pubmed/25343780
http://dx.doi.org/10.1016/j.envpol.2014.09.012
http://dx.doi.org/10.1016/j.envpol.2014.09.012
http://www.ncbi.nlm.nih.gov/pubmed/25290907
https://doi.org/10.1042/BJ20070585
http://www.ncbi.nlm.nih.gov/pubmed/17511620
https://doi.org/10.1289/ehp.1204932
http://www.ncbi.nlm.nih.gov/pubmed/23014847
https://doi.org/10.1001/jama.2014.732
http://www.ncbi.nlm.nih.gov/pubmed/24570244
https://doi.org/10.1289/ehp.120-a62
http://www.ncbi.nlm.nih.gov/pubmed/22296745
https://doi.org/10.1002/bdrc.20197
https://doi.org/10.1002/bdrc.20197
http://www.ncbi.nlm.nih.gov/pubmed/21425440
https://doi.org/10.1210/me.2005-0367
http://www.ncbi.nlm.nih.gov/pubmed/16613991
https://doi.org/10.1289/ehp.1408111
http://www.ncbi.nlm.nih.gov/pubmed/25062436
http://www.ncbi.nlm.nih.gov/pubmed/9788252
https://doi.org/10.1146/annurev-nutr-071813-105410
http://www.ncbi.nlm.nih.gov/pubmed/27431369
https://doi.org/10.1021/tx300086x
https://doi.org/10.1021/tx300086x
http://www.ncbi.nlm.nih.gov/pubmed/22575079
https://doi.org/10.1101/gad.948702
http://www.ncbi.nlm.nih.gov/pubmed/11782441
http://www.ncbi.nlm.nih.gov/pubmed/10837022
https://doi.org/10.1038/nrd2589
http://www.ncbi.nlm.nih.gov/pubmed/18511927
https://doi.org/10.1074/jbc.M702724200
http://www.ncbi.nlm.nih.gov/pubmed/17468099
https://doi.org/10.1371/journal.pone.0175855

@° PLOS | ONE

Firemaster® 550 induces adipogenesis

39.

40.

41.

42,

43.

44,

Ikonomov OC, Sbrissa D, Delvecchio K, Rillema JA, Shisheva A. Unexpected severe consequences of
Pikfyve deletion by aP2- or Ag-promoter-driven Cre expression for glucose homeostasis and mammary
gland development. Physiol Rep. 2016; 4: e12812—n/a. https://doi.org/10.14814/phy2.12812 PMID:
27273882

Meeker JD, Stapleton HM. House Dust Concentrations of Organophosphate Flame Retardants in Rela-
tion to Hormone Levels and Semen Quality Parameters. Environ Health Perspect. 2009; 118: 318—-323.

Mizouchi S, Ichiba M, Takigami H, Kajiwara N, Takamuku T, Miyajima T, et al. Exposure assessment of
organophosphorus and organobromine flame retardants via indoor dust from elementary schools and
domestic houses. Chemosphere. 2015; 123: 17-25. http://dx.doi.org/10.1016/j.chemosphere.2014.11.
028. PMID: 25532762

Peng H, Saunders DMV, Sun J, Codling G, Wiseman S, Jones PD, et al. Detection, Identification, and
Quantification of Hydroxylated Bis(2-ethylhexyl)-Tetrabromophthalate Isomers in House Dust. Environ
Sci Technol. 2015; 49: 2999-3006. https://doi.org/10.1021/es505743d PMID: 25621784

Hoffman K, Fang M, Horman B, Patisaul HB, Garantziotis S, Birnbaum LS, et al. Urinary Tetrabromo-
benzoic Acid (TBBA) as a Biomarker of Exposure to the Flame Retardant Mixture Firemaster® 550.
Environ Health Perspect. 2014; 122: 963—969. https://doi.org/10.1289/ehp.1308028 PMID: 24823833

Liu L, Salamova A, He K, Hites RA. Analysis of polybrominated diphenyl ethers and emerging haloge-
nated and organophosphate flame retardants in human hair and nails. J Chromatogr A. 2015; 1406:
251-257. http://dx.doi.org/10.1016/j.chroma.2015.06.003. PMID: 26122855

PLOS ONE | https://doi.org/10.1371/journal.pone.0175855  April 24, 2017 19/19


https://doi.org/10.14814/phy2.12812
http://www.ncbi.nlm.nih.gov/pubmed/27273882
http://dx.doi.org/10.1016/j.chemosphere.2014.11.028
http://dx.doi.org/10.1016/j.chemosphere.2014.11.028
http://www.ncbi.nlm.nih.gov/pubmed/25532762
https://doi.org/10.1021/es505743d
http://www.ncbi.nlm.nih.gov/pubmed/25621784
https://doi.org/10.1289/ehp.1308028
http://www.ncbi.nlm.nih.gov/pubmed/24823833
http://dx.doi.org/10.1016/j.chroma.2015.06.003
http://www.ncbi.nlm.nih.gov/pubmed/26122855
https://doi.org/10.1371/journal.pone.0175855

