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Benzyl butyl phthalate (BBP) has been known to induce developmental and reproductive toxicity. However, its
associationwith dysregulation of adipogenesis has beenpoorly investigated. The present study aimed to examine
the effect of BBP on the adipogenesis, and to elucidate the underlyingmechanisms using the 3T3-L1 cells. The ca-
pacity of BBP to promote adipogenesis was evaluated by multiple staining approaches combined with a High
Content Cellomics analysis. The dynamic changes of adipogenic regulatory genes and proteins were examined,
and the metabolite profile was identified using GC/MC based metabolomic analysis. The High Content analysis
showed BBP in contrast with Bisphenol A (BPA), a known environmental obesogen, increased lipid droplet accu-
mulation in a similar dose-dependent manner. However, the size of the lipid droplets in BBP-treated cells was
significantly larger than those in cells treatedwith BPA. BBP significantly inducedmRNA expression of transcrip-
tional factors C/EBPα and PPARγ, their downstream genes, and numerous adipogenic proteins in a dose and
time-dependent manner. Furthermore, GC/MC metabolomic analysis revealed that BBP exposure perturbed
themetabolic profiles that are associatedwith glyceroneogenesis and fatty acid synthesis. Altogether, our current
study clearly demonstrates that BBP promoted the differentiation of 3T3-L1 through the activation of the
adipogenic pathway and metabolic disturbance.

© 2016 Elsevier Ltd. All rights reserved.
Keywords:
Benzyl butyl phthalate
Adipogenesis
High Content Cellomics analysis (HCA)
Gene expression
Metabolomic analysis
1. Introduction

Obesity is a growing health problem and has been found to be close-
ly associated with increased risk of various disease development
(Allender and Rayner, 2007; Hossain et al., 2007; Hursting and
Dunlap, 2012; McTigue et al., 2014; Stanner and Yudkin, 2001;
Swinburn et al., 2011). Accumulating evidence suggests that exposure
to environmental chemicals, also termed “obesogens”, may alter
human metabolism, predispose some people to gain weight, and con-
tribute to the development of obesity and metabolic disorders
(Baillie-Hamilton, 2002; Janesick and Blumberg, 2011; Newbold et al.,
2009).

Phthalates are commonly used as plasticizer in polyvinyl chloride
(PVC) plastics, and therefore, are found in numerous household prod-
ucts such as food packaging, furniture, toys and even in medical devices
such as tubing and intravenous bags. Phthalates can enter the body
through inhalation, ingestion, dermal exposure, and can be rapidly de-
graded into the respective phthalate monoesters, and eliminated in
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the urine. Metabolites of phthalates have been detected in human
serum and urine, and the levels of these metabolites have been found
to be associated with increased insulin resistance, decreased insulin
sensitivity, and impaired beta cell function in overweight and obese
populations (Frederiksen et al., 2007; Gray et al., 2000; Heudorf et al.,
2007; Koch et al., 2006; Wittassek and Angerer, 2008; Yaghjyan et al.,
2015). Although phthalates have been identified to have anti-
androgenic effects on the developing male reproductive system
(Foster, 2006; Shultz et al., 2001;Wolff et al., 2014), emerging evidence
suggests a potential connection with the development of obesity
(Desvergne et al., 2009; Grun and Blumberg, 2007; Hatch et al., 2008;
Kim and Park, 2014; Newbold et al., 2009; Song et al., 2014; Stahlhut
et al., 2007; Teitelbaum et al., 2012). Epidemiology studies have re-
vealed a potential association between phthalate exposures such as
diethylhexyl phthalate (DEHP) and the development of obesity (Buser
et al., 2014; Hatch et al., 2008; Lind et al., 2012; Stahlhut et al., 2007;
Teitelbaum et al., 2012; Trasande et al., 2013). In the National Health
and Nutrition Examination Survey (NHANES) from 1999 to 2002,
concentrations of four phthalate metabolites, including mono-benzyl
phthalate (MBzP), mono-(2-ethyl-5-hydroxyhexyl) phthalate
(MEHHP), mono-(2-ethyl-5-oxohexyl) phthalate (MEOHP), and
mono-ethyl phthalate (MEP) in men, showed significant correlations
with abdominal obesity (Stahlhut et al., 2007). In addition, three phthal-
ate metabolites, including mono-butyl phthalates (MBP), MBzP, and
MEP showed significant correlations with the increased insulin
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resistance. Recently, significant increases of phthalic acid (PA) and
phthalates [mono-ethyl (MEP), di-n-butyl (DBP) in both urine and
serum were found in young obese girls, suggesting the potential corre-
lation between phthalate esters exposure and the development of obe-
sity (Choi et al., 2014). Moreover, perinatal exposure to monoethyl-
hexyl-phthalate (MEHP), a major metabolite of DEHP in mice, was
found to perturb key regulators of adipogenesis and lipogenic pathways
(Hao et al., 2012), to promote PPARγ activity and to increase the inci-
dence of obesity during fetal development (Hurst and Waxman, 2003;
Latini et al., 2006).

Benzyl butyl phthalate (BBP) has been characterized as an endo-
crine disruptor, a hormonally active compound linked to reproduc-
tive toxicity and neurotoxicity, in both animals and humans (Agas
et al., 2007; Gray et al., 2000; Harris et al., 1997; Nativelle et al.,
1999; Picard et al., 2001; Piersma et al., 2000; Swan, 2008; Weiss,
2012). BBP exposure has been found to be associated with increased
risks of various diseases, such as asthma in children (Shin et al.,
2014; Whyatt et al., 2014), endometriosis (Reddy et al., 2006), and
malformations of sexual differentiation (Agas et al., 2007; Gray
et al., 2000). BBP treatment has also been reported to activate
PPARγ (Pereira-Fernandes et al., 2013; Pereira-Fernandes et al.,
2014). So far, neither epidemiological study, nor in vivo animal ex-
periment has revealed that BBP exposure is associated with the de-
velopment of obesity. The purpose of this study is to investigate
whether BBP exposure could affect adipogenesis using an in vitro
3T3-L1 murine preadipocyte model as well as its underlying molec-
ular mechanism. We measured the lipid droplet accumulation qual-
itatively or quantitatively using Oil Red O or Nile red staining,
respectively. We further applied a neutral lipid stain, LipidTox, to
characterize the potential effects of BBP on lipid metabolism using
a cell-based High Content Cellomics assay. We examined the under-
lying molecular mechanism of pathways involved in adipogenesis by
measuring the dynamic expression of these regulatory genes. Finally,
we applied a GC/MC metabolomic tool to explore the potential met-
abolic molecules involved in adipogenesis. Our current study has
demonstrated that BBP exposure significantly promoted lipid drop-
let accumulation and intracellular triglyceride production in a
dose-dependent manner. BBP induced adipogenesis through the
alterations of dynamic changes of transcriptional factors, such as C/
EBPα and PPARγ, adipogenic-specific genes such as AdipoQ, Adipsin,
FABP4, LPL and FASN as well as the perturbation of metabolites that
are associated with glyceroneogenesis and fatty acid synthesis. Our
established Cellomics-based high-throughput screening approach
will be invaluable for a first line screening for environmental
obesogens (OECD, 2012).

2. Materials and methods

2.1. Chemicals and reagents

Dulbecco'smodified Eagle'smedium (DMEM), antibiotics (penicillin
and streptomycin), fetal bovine serum (FBS), and 0.25% trypsin were
purchased from GE Healthcare Life Sciences (Logan, Utah). Insulin,
dexamethasone (DEX), 3-isobutyl-1-methylxanthine (IBMX), benzyl
butyl phthalate (BBP), Bisphenol A (BPA), protease inhibitor cocktail,
Dimethyl sulfoxide (DMSO), and neutral red were purchased from
Sigma (St. Louis, MO).

2.2. 3T3-L1 cell culture

3T3-L1 mouse preadipocyte was kindly gifted from Dr. Cliffton
Baile's laboratory at the University of Georgia. Cells were maintained
in DMEM composed of high glucose, 10% FBS, and 100 U/ml penicillin
and streptomycin in a 37 °C, 5% CO2 humidified environment as
previously described (Brady et al., 1999). The cultured cells were
maintained at a sub-confluence condition with media changes
every 2–3 days.

2.3. 3T3-L1 differentiation and treatments

The protocol for the differentiation of adipocytes was followed as
previously reported (Madsen et al., 2003; Zebisch et al., 2012). As
shown in Fig. 1, 3T3-L1 cells were cultured to 100% confluence in 10%
FBS DMEM (M1 medium), denoted as day 0 either in 96 well-plate, or
12 well-plate, or 35 mm dish for various endpoints of examinations.
After post-confluence, cells were incubated in adipogenic inductionme-
dium(M2medium:DMEMcontaining 1 μMDEX, 0.5mM IBMX, 167nM
insulin and 10% FBS) for 2 days (day 2). Cells were then cultured in
adipogenic differentiation medium (M3 medium: DMEM containing
167 nM insulin and 10% FBS) for another 2 days (day 4), followed by
DMEMwith 10% FBS (M1) for another 4 days (day 8). The cells cultured
withM2medium for 2 days, M3medium for 2 days andM1medium for
4 dayswere used as positive controls.We applied this standardized pro-
tocol to ensure the ability of cells to differentiate. In this study, BPA, a
known environmental obesogen, was included as a comparison to eval-
uate the adipogenic effects. To examine the effects of these compounds
on the adipogenesis of 3T3-L1, BBP or BPA was added to M2 medium
without DEX for 2 days, M3medium for 2 days, andM1medium for an-
other 4 days. Cells with only the vehicle (DMSO 0.1%) in M1, M2, and
M3 media were set as the untreated control (NC1), while cells cultured
with themedium containingM2 but lacking DEX during the first 2 days
were used as another negative control (NC2).

2.4. Neutral red uptake assay

In order to select doses of BBP without affecting the cell viability of
the 3T3-L1 preadipocyte, a neutral red uptake assay was used to mea-
sure the cell viability after treatments with BBP (Repetto et al., 2008;
Yu et al., 2009). Briefly, 3T3-L1 preadipocytes were cultured in a 96-
well plate to 80% confluence, and treated with various doses of BBP for
24 and 48 h. The quantity of dye incorporated into cells was measured
by spectrometry at 540 nm (Gen5, BioTek), and the cell viability was
calculated as the ratio of the treatment versus control. The data repre-
sented the average ± standard deviation of six replicates, and were
expressed as a fold change of the treated versus untreated control.

2.5. Oil Red O staining and quantification of triglyceride content

3T3-L1 cells were seeded in 12-well plates, and treated with BBP or
BPA at indicated concentrations fromday 0 to day8. On day 8, cellswere
fixed in fresh 4% paraformaldehyde (pH 7.4) and the intracellular lipid
droplets were stained with a filtered solution of 60% Oil Red O in 100%
2-isopropanol, as previously described (Suryawan andHu, 1993). Quan-
tification of intracellular triglyceride content in the cells was stained
with Nile red using AdipoRed™ Assay according to the manufacturer's
instructions (Lonza, MD), the fluorescence intensity was measured at
572 nm (Gen5, BioTek) The experiment was performed with four tech-
nical replicates and repeated three times.

2.6. Automated quantification of lipid droplets using cellomics high content
analysis

3T3-L1 cells were seeded in a black frame 96-well plate (Corning,
NY), and treated with BBP or BPA as indicated concentrations from
day 0 to day 8. Cells were then fixedwith 4% paraformaldehyde, follow-
ed bywashingwith PBS twice. Amixed PBS solution containingHoechst
33342 (1 μM) for nuclear staining, and LipidTOX for neutral lipid stain-
ing (Life Technologies, NY) was added to each well, and the plate was
incubated at room temperature for 30 min. Lipid droplets were quanti-
fiedwith the Cellomics®ArrayScan®VTIHCS ReaderwithHCS Studio™
2.0 Cell Analysis Software (Thermo Scientific, MA). Lipid droplets were



Fig. 1. Overview of the experiment setup of differentiation and treatments in preadipocyte 3T3-L1. 3T3-L1 cells were cultured to 100% confluence in 10% FBS DMEM (M1 medium),
denoted as day 0. To differentiate the pre-adipocyte 3 T3-L1 cells as a positive control (Pos), cells were incubated in adipogenic induction medium (M2 medium: DMEM containing
1 μM DEX, 0.5 mM IBMX, 167 nM insulin and 10% FBS) for 2 days (day 2). Cells were then cultured in adipogenesis differentiation medium (M3 medium: DMEM containing 167 nM
insulin and 10% FBS) for another 2 days (day 4), followed by M1 for another 4 days for maturation (day 8). To examine the effect of compound on the adipogenesis, BBP or BPA was
added to M2 medium for two days without DEX, M3 medium for two days, and M1 medium for another four days. Cells cultured with the vehicle (DMSO 0.1%) in all medium was set
as the untreated control (NC1), while cells cultured with the M2 medium without DEX during the first 2 days was indicated as another negative control (NC2).
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detected with the provided SpotDetector® BioApplication. A fluores-
cent dye, LipidTOX, was used to visualize and quantify lipid droplets in
the differentiated adipocytes, while the nuclei were stained using
Hoechst 33342 dye. The method is based on a two-channel assay,
which uses a 20× objective (NA 0.5), a Hamamatsu ORCA-ER digital
camera in combination with a 0.63× coupler and Carl Zeiss microscope
optics for automatic image acquisition. Images were acquired in high
resolution (1024 × 1024) and auto focus mode. Channel one applies
the BGRFR 386-23 for Hoechst 33342, which was the focus channel,
and the objects (nuclei) were identified. The spots (lipid droplets)
were detected in channel two (BGRFR 549-15 filter). The default set-
tings of the SpotDetector algorithm version 4.1 were altered such that,
in channel 2 for the LipidTox, thresholds were set to ensure that these
droplets and intensity were selected for analysis of 40 fields per well.
The data of each channel were reported on a “per field” basis. Lipid
spot counts and intensity of spot countswere normalized to the number
of nucleus; and total lipid intensity per spot (average spot volume)were
calculated. The experiment was performed with 8 technical replicates
and repeated three times.

2.7. RNA isolation and quantitative real-time RT-PCR (QRT-PCR)

3T3-L1 cells were treated with BBP with the indicated doses for var-
ious periods as shown in Fig. 1. Total RNAswere isolated at day 2 (induc-
tion stage), day 4 (differentiation stage), and day 8 (maturation stage).
The quality and quantity of total RNA were measured on a Nanodrop
(Thermo Scientific, MA). cDNA was reverse-transcribed from 2 μg total
RNA using iScript Reverse Transcription (BioRad, Hercules, CA). Quanti-
tative realtime RT-PCR was conducted using an aliquot of the synthe-
sized cDNA with SsoAdvanced Universal SYBR Green Supermix
(BioRad, CA). The amplification conditions were initial denaturation at
95 °C for 10 min, followed by 40 cycles of denaturation at 95 °C for
30 s, annealing at 55–57 °C for 30 s and elongation at 72 °C for 30 s.
Melt-curve analysis was performed to confirm that the signal was that
of the expected amplification product and not of possible primer-
dimers. Oligonucleotide primers were designed according to the pub-
lished sequences or using Primer 3.0 software and UCSC Genome Bioin-
formatics (http://frodo.wi.mit.edu/cgi-bin/primer3/primer3-www.cgi;
http://genome.ucsc.edu/). The sequences of oligonucleotide primers
are listed in Table 1. Each sample was normalized to the level of the
glyceraldehydes-3-phosphate dehydrogenase (GAPDH) transcript and
the relative fold change were conducted as described previously (Yin
and Dale, 2007). Results are expressed as the relative fold change of
treatment over the control. Three independent experiments were per-
formed, and each test condition was conducted in triplicates.

2.8. Protein extraction and western blot analysis

3T3-L1 cells were treatedwith indicated concentrations of BBP, BPA,
or control media, and then harvested and lysed with ice-cold cell lysis
buffer from Cell Signaling Technology (Boston, MA). The cell lysates
were sonicated on ice and the soluble materials were collected from
the supernatants after centrifugation at 13,000 rpm for 15 min at 4 °C.
The protein concentration was determined according to the
manufacturer's instructions (BioRad, CA). Equal amounts of total pro-
tein (10 μg)were resolved by4–12% Bis-Tris polyacrylamide gel electro-
phoresis and transferred to a polyvinylidene difluoride (PVDF)
membrane (Millipore, MA). Western blot analyses were performed
with monoclonal rabbit antibodies against PPARγ, C/EBPα, Acetyl-CoA
Carboxylase (CoA), Adiponectin, FABP4, Fatty Acid Synthase (FASN),
Perilipin (Cell Signaling, MA), and housekeeping protein beta-actin
(Santa Cruz Biotechnology, Santa Cruz, CA) for overnight at 4 °C. The
blots were washed five times with Tris-buffered saline containing
0.05% Tween 20 (TBS-T), and were then incubated with a horseradish
peroxidase conjugated secondary anti-mouse antibody (Jackson
Immuno Research, PA), or anti-rabbit IgG, HRP-linked Antibody (Cell
Signaling, MA) for 1.5 h at room temperature. Immunoreactivity
bands were visualized by enhanced chemiluminescence (BioRad, CA).
The bandswere quantified bydensitometric analysis Image J 1.49 (NIH).

2.9. Gas chromatography–mass spectrometry (GC/MC) basedmetabolomic
analysis

3T3-L1 cells were inoculated in 35 mm dishes, and treated with
indicated concentrations of BBP from day 0 through day 8. Cells were
washed twice with PBS prior to being quenched with 80% cold
methanol, and subsequently suspended in methanol. Following the
quench, the methanol supernatant was evaporated from the cells, and
the remaining cellular pellets were extracted using a mixture of metha-
nol, deionized water and chloroform (CCl3). Briefly, 485 μl of a 58%
MeOH solution and 400 μl CCl3 were added stepwise. After lysis and
centrifugation, the supernatant was removed and aliquoted into GC
vial, followed by Speed Vacuum drying. Dried samples were
sequentially derivatized with O-methoxyamine-HCL (2.5 h at 60 °C)
and N,O-bis (trimethylsilyl) trifluoroacetaminde containing 10%
trimethylchlorosilane (1.5 h at 80 °C). All derivatized cellular samples
were analyzed on a HP 6890 GC coupled to a HP 5973 MSD under a
full scanmode. Metabolomic profiling datawere processed as previous-
ly (Lu et al., 2012). The data were first processed by principal compo-
nent analysis (PCA), followed by partial least square-discriminant
analysis (PLS-DA) to improve group separation and classify components
with SIMCA-P+ (Umetrics). Hierarchical clustering analysis of the fold
change of these identified molecular features between treatments and
control was conducted. Following data acquisition, chromatograms
were exported for peak alignment, retention time correction and statis-
tical analysis. Three biological replicates per condition were analyzed
for statistical significance. To profile individual metabolite differences
between control and treatment groups, a 2-tailed Welch's t-test was
used (n = 3, p b 0.05). Statistically significantly changed peaks
(p b 0.05) were further identified by matching the spectra with NIST
GC–MS library.

2.10. Statistical analysis

Three independent experiments were included in the analysis and
each test condition was performed in triplicates or more. Values are
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shown as the mean ± standard deviation from multiple experiments.
Statistical significance was determined using one-way analysis of vari-
ance, among the groups followed by Tukey's multiple comparison test,
with statistically significant at the cutoff level of p b 0.05 (GraphPad,
Prism5, CA).
3. Results

3.1. Effect of BBP on cell viability in 3T3-L1 cells

In order to select non-cytotoxic doses of BBP in 3T3-L1 cells, cell vi-
ability was determined using the neutral red uptake assay. After 24 and
48 h of treatments, no significant effect on the cell viability of 3T3-L1
cells was observed at concentrations up to 100 μM of BBP. BBP at
200 μM showed a significant decrease of cell viability compared with
the control (p b 0.001). Therefore, the concentrations below 100 μM of
BBP were selected in the following experiments to examine the effect
of BBP on the adipogenesis without obvious cytotoxicity (Fig. 2A).
Fig. 2. Benzyl butyl phthalate (BBP) induced adipocyte differentiation in 3T3-L1. A. Cell viabilit
with BBP for 24 or 48 h in 3T3-L1 cells. B. Effects of BBP or BPA on the lipid droplets accumulatio
after confluence in inductionM2medium containing DEX, IBMX and insulin (positive control, P
days, M3 medium for two days and M1 medium for maturation for four days. On day 8 of ma
conducted with AdipoRed assay in 3T3-L1 cells treated with BBP or BPA. Intensity of fluor
means ± SD of triplicates. The data was represented as three independent experiments.
comparison test. Asterisks * and ** represent statistical significance at p b 0.05, or p b 0.001, re
3.2. BBP increases lipid droplet accumulation in 3T3-L1 cells

In order to elucidate the adipogenic properties of BBP, we applied
Oil red O and Nile red staining assays to evaluate lipid droplets accu-
mulation. As a positive control for the adipogenesis, cells were treat-
ed withM2medium on day 0 to day 2, followed byM3 differentiation
medium and M1 maturation medium. Tested compounds were in-
cluded from the induction, differentiation and maturation stages
until day 8. There was no DEX in the M2 medium when cells were
treated with BBP or BPA. After 8 days of differentiation, 3T3-L1
preadipocytes underwent significant morphological changes from a
spindle-like feature to a round shape, and accumulated intracellular
lipids in the positive control. Cells in the positive control resulted in
approximately 90% of the cells with positive lipid staining, indicating
a higher degree of lipid accumulation in the maturated adipocyte.
Both tested compound BBP and BPA significantly increased the
lipid droplets at the concentration of 100 μM compared to the nega-
tive control (NC2) using Oil Red O staining (Fig. 2B). Quantitative
measurement of intracellular triacylglycerides (TGs) using AdipoRed
y (percentage of the control) was determined by Neutral red uptake assay after treatment
n using Oil Red O staining. The differentiation of 3T3-L1 preadipocytes was initiated 2 days
os). 3T3-L1 preadipocyteswere exposed to BBP or BPA inM2mediumwithout DEX for two
turation, cells were stained with Oil Red O. C. Quantification of triglyceride content was
escence was quantified with Gen 5 software (BioTek). The data shown represent the
Statistical analysis was conducted by one-way ANOVA followed by Tukey's multiple
spectively, versus the NC2 control.
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Assay (Fig. 2C) showed BBP treatment at 100 μM significantly in-
creased the production of TGs, by 93.5% TG production compared to
the NC2 control (p b 0.01), but not at a low dose of BBP (10 μM).
Fig. 3.Automated quantification of lipid droplets usingHighContent analysis in 3T3-L1 cells trea
and treatedwith BBP or BPA for eight days. The cellswere stainedwith LipidTOX for neutral lipid
a 20× objective, and 49 fields/well. A1–3 and B1–3 demonstrates the two channel images from
images of 3T3-L1 cells after treatment with BBP (C1:1 μM, C2:10 μM, C3: 25 μM, C4: 50 μM) or
single cell-based quantification of lipid droplets in 3T3-L1 cells treated with BBP or BPA. The pi
BioApplication software, and then normalized to the number of cell nucleus. Each bar represen
The cells treated with M2 induction medium without DEX was used as negative control (NC
comparison test. Asterisks **, ***, **** represent statistical significance at p b 0.01, p b 0.001, or
BPA treatment significantly increased the lipid droplets accumula-
tion by 43.5% and 48.8% at 10 and 100 μM, respectively, as compared
with NC2 control (p b 0.01).
tedwith BBP using Cellomics ArrayscanVTI. 3T3-L1 cellswere inoculated in 96-well plates,
(green) andHoechst 33327 for nuclei (blue). Each imagewas automatically obtainedwith
a negative control (NC1), and a positive control, C1–4 and D1–4 show the representative
BPA (D1:1 μM, D2:10 μM, D3: 25 μM, D4: 50 μM). Each scale bar is 50 μm). E–H show the
xel intensity of the image for the lipid droplets were evaluated using the Target Activation
ts the mean ± SD (n= 8 replicates), and the experiments were repeated for three times).
2). Statistical analysis was conducted by one-way ANOVA followed by Tukey's multiple
p b 0.0001, respectively, versus the relative control.



Fig. 3 (continued).

302 L. Yin et al. / Toxicology in Vitro 32 (2016) 297–309
3.3. Cellomics based high-content analysis (HCA) of concentration-
dependent effects of BBP and BPA on the neutral lipid accumulation

In order to develop more sensitive assay for the environmental
obesogen screening, we applied a neutral lipid staining, LipidTOX, to in-
vestigate the adipogenic effects of BBP treatment using a cell-based
Cellomics assay in a high throughput and high content format.We eval-
uated the effects of BBP on the lipid droplet accumulation in a wide
range of concentrations (1, 10, 25 50 and 100 μM). A two-channel fluo-
rescence analysis for the nuclear and lipid droplet (number of cells, size
of lipid droplet and intensity of lipid droplet) was quantified. As shown
in Fig. 3A 1–3, the control cells show evenly distributed lipid droplets
with green fluorescent lipid-labeled, with size less than 0.05 μm. The
lipid droplets in the positive control (Fig. 3B 1–3) show intensive neu-
tral lipid droplet staining with LipidTOX green, indicating the hormone
cocktail in the positive control efficiently achieved adipogenesis in 3T3-
L1. Fig. 3C and D shows the representative photo of the lipid droplets
staining after the treatments. In Fig. 3 C (1–4), the droplets size over
2 μmwas observed at concentration (1 μMand above) of BBP. The num-
ber of droplets with lipid-labeled over 2 μm was much more abundant
in the BBP treated cells compared to that of BBA treated group. There
was no significant change of nuclear numbers after exposure to both
BBP and BPA, indicating the concentrations used were within the non-
cytotoxic concentrations range (Fig. 3E). Lipid spot counts and intensity
of lipid spot counts per nucleuswere significantly increased by both BPA
Fig. 4. Dynamic gene expression changes in 3T3-L1 cells treated with BBP during adipogenes
induction M2 medium containing DEX, IBMX and insulin (positive control, Pos). 3T3-L1 pread
two days and then M1 medium for a four day maturation. Total RNA was isolated during in
(NC1) at day 2 served as controls. Changes in mRNA expression were evaluated by QRT-PCR
after normalization with glyceraldehydes-3-phosphate dehydrogenase (GAPDH). Data are
Statistical analysis was conducted by one-way ANOVA followed by Tukey's multiple compar
p b 0.0001, respectively, versus the NC1 control.
and BBP treatments at concentrations of 1, 10, 25, 50 and 100 μM as
compared to NC2 control (Fig. 3F and G). This single cell-based assay
also showed that both BBP and BPA treatments increased lipid droplets
size and lipid staining intensity with similar dose–response relation-
ships, resulting in a “U shaped” dose response curves as shown in
Fig. 3F and G. Both BBP and BPA treatments significantly increased
lipid droplet size compared to that in the positive control. Most notably,
BBP increased greater in size of lipid droplets compared to that of BPA
treatment at the concentration of 10, 25, and 50 μM (Fig. 3H).

3.4. BBP induced dynamic changes of adipogenic regulatory genes

In order to examine the potential signaling pathways involved in the
BBP induced adipogenesis, we measured the dynamic expression of
adipogenic regulatory genes during three different stages of adipogene-
sis including induction (day 2), differentiation (day 4), and maturation
(day 8). As shown in the Fig. 4, there were no significant changes of
PPARγ and C/EBPα from day 2 to day 8 in the controls (NC1), while sig-
nificant increased expressions of FABP4, AdipoQ, Adipsin and LPL from
day 4 to day 8 in the controls were observed. As a positive control for
the adipogenesis, the dynamic changes of all tested gene expression in
the cells were observed with a dramatic 100 to 1000-fold increases in
a time-dependent manner (Fig. 4H). PPARγ, C/EBPα, FASN and LPL
expressions were significantly increased at the maturation stage of
day 8, while FABP4, Adipsin and AdipoQ expression were significantly
is. The differentiation of 3T3-L1 preadipocytes was initiated two days after confluence in
ipocytes were exposed to BBP in M2 medium without DEX for two days, M3 medium for
duction on day 2, differentiation on day 4 and maturation on day 8. The vehicle control
and results are expressed as fold change of gene expression compared with the control
shown as the mean±SD of triplicate (n = 3) from three independent experiments.
ison test. Asterisks **, ***, **** represent statistical significance at p b 0.01, p b 0.001, or
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Fig. 5. BBP-induced adipogenic protein expressions in 3T3-L1 cells using Western blot analysis. The differentiation of 3T3-L1 preadipocytes was initiated two days after confluence in
induction M2 medium containing DEX, IBMX and insulin (positive control, Pos). 3T3-L1 preadipocytes were exposed to BBP or BPA in M2 medium without DEX for two days, M3
medium for two days and M1 medium for maturation for four days. Cells were harvested on day 8, and proteins were extracted. Western blot analysis of PPAR-γ, C/EBP-α, acetyl-CoA
Carboxylase (CoA), adiponectin, FABP4, fatty acid synthase (FASN), and perilipin was conducted. β-actin was used as an internal standard for the protein loading (A). The protein
expression levels were quantified (B) using densitometric program Image J V1.49 (NIH), and quantitative data are the mean ± SD (n = 3), * p b 0.05.
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increased at the stages of differentiation (day 4) and maturations
(day 8) (Fig. 4H). BBP treatment induced dynamic and dose-
dependent increase of the adipogenic transcriptional factors PPARγ
during the differentiation (4 days) and maturation periods, but not
at the early induction period (8 days, Fig. 4a). The gene expression of
C/EBPα significantly increased in the early stage of induction (2 days),
and continued to increase during differentiation (4 days) and matura-
tion periods (8 days) in a dose dependent manner (Fig. 4b). BBP treat-
ment dose-dependently up-regulated gene expression of adipocyte
differentiation markers FABP4, AdipoQ, and Adipsin over 100-fold dur-
ing the maturation period. Significant up-regulations of AdipoQ and
Adipsin were observed at a low dose of 10 μM during the initial induc-
tion period, and continued to increase over the control by 100 and
500 folds until day 8 (Fig. 4d and e). Dose-dependent increase of
FABP4 was observed during adipogenesis, with a significant increase
at a low dose of 10 μM on days 4 and 8 (Fig. 4C). The enzyme that reg-
ulates adipogenesis, Lipoprotein lipase (LPL), was significantly in-
creased in a dose and time dependent manner, statistically significant
at 10 μM treatment on days 4 and 8, and at all stages at 100 μM of BBP
(Fig. 4f). Another enzyme that regulates adipogenesis, Fatty acid syn-
thase (FASN), was also significantly induced at 100 μM of BBP during
the differentiation and maturation periods, and only significantly in-
creased during the maturation (day 8) at 10 μM of BBP (Fig. 4g). Com-
paring the gene expression during the induction period of
adipogenesis, only the genes, including C/EBPα, AdipoQ and Adipsin,
were significantly induced by BBP at a low dose, the fold changes
were 2.2, 2.5, and 4.1, respectively. All tested genes PPARγ, C/EBPα,
FABP4, AdipoQ, Adipsin, LPL, and FASN, were significantly induced at
the low dose of BBP treatments in both differentiation and maturation
stages.

3.5. BBP exposure altered adipogenic proteins expression

The adipogenic efficacy of BBP was further validated during the dif-
ferentiation process. Dose-dependent effects of BBP (10 and 100 μM) on
the protein markers including acetyl-CoA carboxylase (ACC), C/EBPα,
PPARγ, FASN, Adiponectin and perilipin were examined on day 8 (mat-
uration period), as shown in Fig. 5A. In the positive control, significant
increases of all these adipogenic protein markers were observed.
Adipogenic marker C/EBPα, PPARγ, FASN, adiponectin, and perilipin
were significantly increased at 10 or 100 μMof both BBP and BPA treat-
ments, while ACC induction were observed at 100 μM of treatments
(Fig. 5B). The expression levels of these markers at 10 μM of BBP were
comparable to the levels observed at 10 μM BPA, a positive “obesogen”.
3.6. BBP induced changes in metabolic profile during adipogenesis in 3T3-
L1 cells

In order to explore the potential metabolites involved in the adipo-
genesis disrupted by BBP, we applied GC/MC based metabolomic tool
to examine themetabolic profiles. Fig. 6A illustrated the changes ofmet-
abolic profiles in the 3T3-L1 cells under the treatments. In the positive
control, 112molecular features were identified to be statistically signif-
icant compared to the vehicle control, with 103 increased and 9 de-
ceased, respectively (Fig. 6A). BBP treatment resulted in a significant
change of 40 and 89 molecular features at concentrations of 10 and
100 μM, respectively (Fig. 6A). As shown in Fig. 6B, C, the (PCA and
PLS-DA on these identified molecular features showed a clear separa-
tion between the control versus the positive control, BBP at 10 μM, or
at 100 μM. The patterns of molecular features between the treatments
of BBP (10 μM, 100 μM) and the positive control were significantly dif-
ferent from each other (Fig. 6D). Differential pattern between the low
and high dose of BBP treatments was also observed (Fig. 6D). A number
of metabolites with N1.5-fold change between the control and
treatments were identified (Table 2). The structures of these metabo-
lites were diverse, including lipid biosynthetic process, fatty acid
metabolic process as well as steroid metabolic process. n-Butylamine,
N,N-bis (trimethylsilyl) and Octadecanoic acid, trimethylsilyl
ester were increased in the positive control and BBP treatments.
Hexadecanoic acid, trimethylsilyl ester, Myo-Inositol, 1,2,3,4,5,6-
hexakis-O-(trimethylsilyl)- and Silane, [(3β)-cholesta-5,24-dien-3-
yloxy] trimethyl- were significantly increased in the positive control
and 100 μM BBP. Silanol, trimethyl-, pyrophosphate (4:1) was signifi-
cantly decreased in the group of 10 μM BBP while 19 fold increase was
observed in the group of 100 μM BBP. (See Table 1.)



305L. Yin et al. / Toxicology in Vitro 32 (2016) 297–309
4. Discussion

As excess lipid droplet accumulation in cells is a hallmark of adipo-
genesis, a compound capable of inducing lipid accumulation could be
considered as a potential obesogen. Based on this concept, we applied
a neutral lipid staining combined with a High Content Cellomics analy-
sis, and have shown that this new approach providedmuchmore sensi-
tivity and robustness compared to the conventional Oil red O and Nile
red staining approaches. Moreover, we have further demonstrated
that BBP significantly promotes adipogenesis through the up-
regulation of adipogenic transcription factors, C/EBPα and PPARγ, and
Fig. 6. BBP exposure altered metabolite profile in 3T3-L1 cells during adipogenesis. The diffe
containing DEX, IBMX and insulin (positive control, Pos). 3T3-L1 preadipocytes were exposed
for 2 days and M1 medium for maturation for 4 days. The DMSO vehicle control was indicate
adipogenesis, with 112, 40 and 90 molecular features being significantly changed in the po
change N1.5 and p b 0.05, n = 3). (B) The principle component analysis (PCA, B) and partial l
features with 1.5-fold changes (p b 0.05, n = 3), showing a clear separation of groups amon
map constructed using molecular features with 1.5-fold changes (p b 0.05, n = 3) shows a con
multiple adipogenic specific genes and proteins in a dose dependent
and stage-specific manner. These results provide strong support for
the application of this study for growing lists of potential environmental
obesogens.

3T3-L1 preadipocytes are extensively used as an in vitro model for
testing adipogenesis and recently proposed as an alternative in vitro
model to screen environmental obesogens (Pereira-Fernandes et al.,
2013; Pereira-Fernandes et al., 2014). In this study, the lipid droplet ac-
cumulation were qualitatively evaluated by Oil Red O staining, and the
intracellular triacylglycerides (TGs) content was quantified using
AdipoRed assay. As compared with these conventional approaches, we
rentiation of 3T3-L1 preadipocytes was initiated 2 days after confluence in M2 medium
to BBP at 10 μM, 100 μM (yellow) in M2 medium without DEX for two days, M3 medium
d as (NC1, green). (A) Significant changes in metabolic profile of 3T3-L1 cells during the
sitive control, BBP at 10 μM and 100 μM, respectively, as compared with controls (fold
east-squares discriminant analysis (PLS-DA, C) models were constructed using molecular
g positive control, BBP treatment at 10 μM and 100 μM. (D). The hierarchical clustering
sistent clustering pattern within individual groups.



Table 1
Oligonucleotide primer sequences for real-time RT-PCR.

Gene name (accession no.) Forward primer (5′–3′) Reverse primer (5′–3′) Product size (bp)

PPARγ
NM_133249

TCCTGTAAAAGCCCGGAGTAT GCTCTGGTAGGGGCAGTGA 174

C/EBPα
NM_007678

CAAGAACAGCAACGAGTACCG GTCACTGGTCAACTCCAGCAC 124

FABP4
NM_024406

AAGGTGAAGAGCATCATAACCCT TCACGCCTTTCATAACACATTCC 133

LPL
NM_008509

GGGAGTTTGGCTCCAGAGTTT TGTGTCTTCAGGGGTCCTTAG 155

FASN
NM_007988

GGAGGTGGTGATAGCCGGTAT TGGGTAATCCATAGAGCCCAG 140

AdipoQ
NM_009605

TGTTCCTCTTAATCCTGCCCA CCAACCTGCACAAGTTCCCTT 140

ADIPSIN
NM_013459

CATGCTCGGCCCTACATGG CACAGAGTCGTCATCCGTCAC 129
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applied a cell-based LipidTOXHCA assay to quantify the lipid droplet ac-
cumulation. Adipogenesis is amultiple stage process, and the spontane-
ous differentiation of 3T3-L1 is regulated by a cascade of transcriptional
events. Currently, there is no consensus protocol on the “exposure sce-
narios” to evaluate the obesogenic effects using an in vitro model. Two
Table 2
Metabolites identified in GC/MC analysis. The differentiation of 3T3-L1 preadipocytes was init
(positive control). 3T3-L1 preadipocytes were exposed to BBP at 10 μMand 100 μM inM2mediu
for 4 days of maturation. DEX was included in the induction M2 medium, followed by M3 and
Cellular samples were analyzed on a HP 6890 GC coupled to a HP 5973MSD under a full scanm
tion time correction and statistical analysis. Statistically significantly changed peaks (n= 3, p b

represents metabolites significantly changed in all groups, BBP treatments at both 10 and 100

Metabolites identified RT
(min)

m/z

Control vs. positive control
Tris(trimethylsilyl)carbamate 11.0 175.
n-Butylamine, N,N-bis(trimethylsilyl) 11.3 175.
Decanedioic acid, bis(tert-butyldimethylsilyl) ester 14.5 298.
Phosphoric acid, bis(trimethylsilyl) 2,3-bis[(trimethylsilyl)oxy]propyl
ester

19.7 85.

Palmitelaidic acid, trimethylsilyl ester 23.2 199.
Hexadecanoic acid, trimethylsilyl ester 23.4 199.
Myo-inositol, 1,2,3,4,5,6-hexakis-O-(trimethylsilyl) 23.8 111.
Heptadecanoic acid, trimethylsilyl ester 24.6 75.
Octadecanoic acid, trimethylsilyl ester 25.7 181.
Hexadecanoic acid, 2,3-bis[(trimethylsilyl)oxy]propyl ester 29.1 149.
Silane, [(3β)-cholesta-5,24-dien-3-yloxy]trimethyl- 34.4 457.
Glyoxylic oxime acid, bis(trimethylsilyl)- 9.9 144.
L-Valine, N-(trimethylsilyl)-, trimethylsilyl ester 11.3 220.
Silanol, trimethyl-, phosphate (3:1) 12.2 196.

Control vs. BBP 10 μM
Ethylbis(trimethylsilyl)amine 7.6 103.
Glycine, N-(trimethylsilyl)-, trimethylsilyl ester 9.9 52.
n-Butylamine, N,N-bis(trimethylsilyl) 11.3 88.
3,6,9-Trioxa-2,10-disilaundecane, 2,2,10,10-tetramethyl- 11.7 88.
Silanol, trimethyl-, phosphate (3:1) 12.2 293.
Octadecanoic acid, trimethylsilyl ester 25.7 311.
Silanol, trimethyl-, pyrophosphate (4:1) 18.3 132.

Control vs. BBP 100 μM
Ethylbis(trimethylsilyl)amine 7.5 151.
Cystathionine, bis(triemthylsilyl) ester 9.3 301.
Phosphoric acid, bis(trimethylsilyl)monomethyl ester 10.7 133.
Tris(trimethylsilyl)carbamate 11.1 133.
n-Butylamine, N,N-bis(trimethylsilyl) 11.3 172.
Decanedioic acid, bis(tert-butyldimethylsilyl) ester 14.4 205.
L-Proline, 5-oxo-1-(trimethylsilyl)-, trimethylsilyl ester 16.3 140.
Silanol, trimethyl-, pyrophosphate (4:1) 18.3 251.
Phosphoric acid, 2-[bis(trimethylsilyl)amino]ethyl bis(trimethylsilyl) ester 20.0 302.
Hexadecanoic acid, trimethylsilyl ester 23.4 77.
Myo-Inositol, 1,2,3,4,5,6-hexakis-O-(trimethylsilyl)- 23.8 275.
Octadecanoic acid, trimethylsilyl ester 25.7 228.
Cholesterol trimethylsilyl ether 34.2 269.
Silane, [(3β)-cholesta-5,24-dien-3-yloxy]trimethyl- 34.4 351.
exposure scenarios, including “single-compound treatment” and “insu-
lin supplemented exposure”, were reported to examine the obesogenic
effect (Pereira-Fernandes et al., 2013). In the single-compound treat-
ment scenario, BBP and di-iso-butyl phthalate (DBP) were revealed as
strong and weak obesogen, respectively (Pereira-Fernandes et al.,
iated 2 days after confluence in induction M2 medium containing DEX, IBMX and insulin
mwithout DEX for two days, M3medium for two days of differentiation, andM1medium
M1, which was set as a positive control. The DMSO vehicle control was indicated as NC1.
ode. Following data acquisition, chromatograms were exported for peak alignment, reten-
0.05) were further identified by matching the spectra with NIST GC–MS library. 1, 2 or 3

μM groups, and positive control and BBP at 100 μM groups, respectively.

MQ (%) Fold change at each m/z ⁎

1/132.1 95.1 1.8/1.98
1/132.2 71.8 1.8/2.0 1

1 62.7 2.8
2/57.2 73.5 4.4/3.7

2 53.9 3.0
2/87.1 97.3 3.0/11.7 3

2/151.2/296.3 83.3 3.4/3.6/4.5 3

1 69 1.6
1 98.4 2.2 1

1/101.1/205.2/129.1/239.3/460.4/371.4 89.1 2.1/2.5/4.1/2.7/2.8/3.5/3.5
5/344.3/366.4 83 2.6/16.5/10.6 3

1 49.8 −5.3
2 53.7 −11.0
05 95.9 −1.7

2/104.1 74.9 2.7/1.5
2 87 1.8
1 60.5 1.6 1

1 70.1 1.6
2 95.3 3.7
3/72.2/285.3 97.4 2.2/2.1/2 1

1 62.4 −1.4 2

1/178.1 69.3/82.6 3.9/1.2
2 60.5 3.1
1/242.1/241.1/243.1/163.1/256.1 92.9 1.9/2.3/1.9/1.9/1.9
1 94.6 1.9
1 59.7 3.6 1

1 58.1 2.8
1/157.1/154.1 87.6 2.1/2.2/2.8
2 96.7 19.3 2

1 88 6.4
1 96.8 1.8 3

2 83.5 1.9 3

2/269.2 97.2 2.6/4.9 1

3/445.4 81.6 2.4/2.6
4/441.4 71.1 3.5/12.5 3
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2014). However, in the insulin supplemented exposure scenarios, both
BBP and DBP were shownmore potency in promoting adipocyte differ-
entiation. A strong effect of DBP on adipocyte differentiation was ob-
served in the insulin-compound co-treatment experiments, but not in
the single-compound treatment. Therefore, the “exposure scenarios” to-
ward the differentiation of adipocyte will significantly affect the sensi-
tivity in the identification of the obesogenic effects of the compound.
In the current study, we exposed BBP or BPA during the entire adipo-
genesis process, without adding DEX in the M2 medium during the
first two day period as compared to the positive control. DEX is a syn-
thetic glucocorticoid and has beenused as a critical component of differ-
entiation medium for preadipocyte differentiation. DEX removal
significantly decreased the adipocyte differentiation (Fig. 2C), as the
lipid droplets were barely detected. We found from the current treat-
ment protocol that there was a dose-dependent effect of BBP or BPA
on the lipid droplet accumulation with multiple parameters tested.
Since the differentiation of adipocyte involves inmultiple steps and sev-
eral signaling pathways, additional examinations on the “exposure sce-
nario” will be very crucial to accurately decipher the molecular
mechanisms for the identification of potential obesogen.

In a recent transcriptomic study, BBP was found to exhibit a similar
transcription pattern associated with adipocyte differentiation as BPA
(Pereira-Fernandes et al., 2014). BPA was found to play an important
role in lipid metabolism and accumulation during development and
adulthood by disrupting adipogenesis and lipogenic signaling path-
ways, and was found to be closely associated with the development of
obesity and diabetes in rodent and human mode (Bhandari et al.,
2013; Boucher et al., 2014; Masuno et al., 2005; Picard et al., 2001).
We included BPA as an experimental positive control, and found that
BPA promotes adipogenesis as evidenced by the accumulation of lipid
droplets and induction of multiple adipogenic markers, which is consis-
tent with previous findings (Boucher et al., 2014). Our current study
confirmed that BBP exposure resulted in potent adipogenic effect with
a similar extent of BPA exposure in 3T3-L1 cells.

Cellomics based HCS with LipidTOX staining showed that both BBP
and BPA exposure resulted in “U shaped” dose-dependent of lipid drop-
let accumulation. As compared to the vehicle control, BBP was found to
significantly promote lipid accumulation arranging from 1 μM to 50 μM,
which is approximately 50 timesmore sensitive than Oil Red O staining
as well as the Nile red-based AdipoRed assay. As shown in the Fig. 3,
Cellomics based HCS analysis providedmultiple cellular parameters, in-
cluding the number of nucleus, total intensity of the lipid droplets per
each well, total counts of lipid spots, and average spot volume (total
lipid intensity per spot). Therefore, it is obvious advantages to using
LipidToxHCA analysis as a high throughput screen platform for environ-
mental obesogen screening. As shown in Fig. 3C–G, the dose for
adipogenic effects of BPA or BBP were far less than those doses causing
cytotoxic effects. Interestingly, the low dose of BBP (1 μM) could poten-
tially affect the adipogenesis, while the higher dose of BBPmay have ad-
verse health effect on other organ systems, such as the reproductive
system. In our previous study, phthalates, including BBP (above
100 μM), were found to have anti-androgenic effects on the testicular
cells through the changes in expression of steroidogenic related genes
(Yu et al., 2009). It implicated that phthalates like BBP may potentiate
the development of obesity at doses far below the levels previously de-
termined to be toxicity to the male reproductive system. In additional,
previous findings suggest that the size and number of the lipid droplets
within adipocytes could affect the secretion of free fatty acids, which is
associated with the development of insulin resistance (Kubota et al.,
1999). In the current study, we have found that BBP significantly in-
creased greater in size of lipid droplet as compared with that of BPA.
The differential effects between BBP and BPA suggested divergent
mechanisms of action between BBP and BPA, and these mechanisms
may be chemical structure dependent.

Twomajor transcriptional factors PPARγ and C/EBPα are found to be
involved in the regulation of adipogenesis (Madsen et al., 2014; Ntambi
andYoung-Cheul, 2000; Rosen, 2005). BBP induced differential dynamic
changes of these two transcriptional factors, with a significant higher
expression of C/EBPα than PPARγ at the early induction stage. PPARγ
acts as regulator for adipocyte differentiation and lipid metabolism,
and proposed to be a direct link between PPARγ agonists and obesogens
(Wang et al., 2010). However, PPARγ receptor activation is neither a re-
quirement nor an assurance for adipogenesis, indicating the importance
of other mechanisms such as glucocorticoid receptor (GR) activation
(Pereira-Fernandes et al., 2013; Taxvig et al., 2012). C/EBPα has been re-
ported to be specifically involved in activating the gene program in driv-
ing insulin-stimulated glucose uptake (Tamori et al., 2002). In current
study, BBP was treated in 3T3-l1 cells throughout the whole course of
differentiation period in the absence of DEX, an agonist of glucocorticoid
receptor (GR), in order to elucidate glucocorticoid-mediated effect on
lipid metabolism. We have found that BBP significantly induced adipo-
genesis in the absence of DEX, suggesting a potential ability of BBP ago-
nists to GR.

We have demonstrated that BBP exposure altered the metabolomic
profiles. Multiple fatty acid associated pathways, such as decanedioic
acid, butylamine, and octadecanoic acid, were upregulated in BBP treat-
ments (10 and 100 μM). Decanedioic acid has been associated with the
function of glycogen storage (Bergoffen et al., 1993). Butylamine,
known as agonists of the glucocorticoid receptor (GR) signaling path-
way (Huang et al., 2011), links to the function of metabolic process.
Octadecanoic acid, a saturated fatty acid, has been clearly associated
with the development of obesity (Caron-Jobin et al., 2012). In the high
dose of BBP treatment, additional multiple metabolites such as cho-
lesterol, phosphoric acid, silane and proline, were shown to be signif-
icantly up-regulated. In consistent with the observation of the lipid
droplet accumulation and stage-specific activation of adipogenic
genes, GC/MS based metabolomic analysis represents a critical step
further toward understanding how BBP exposure promotes the
adipogenesis. We found the unique molecular metabolite silanol,
trimethyl, pyrophosphate with an opposite direction of changes at
the low and high BBP treatments. Interestingly, BBP up-regulated py-
rophosphate, a mevalonate metabolite, can activate PPARγ as an ag-
onist during adipocyte differentiation (Goto et al., 2011). These
findings suggest that high dose of BBP may function as an endoge-
nous PPARγ ligand and regulate adipocyte differentiation. Future
studies are warranted to delineate themechanistic basis of theseme-
tabolites and possibly lead to discovery of molecular metabolite bio-
marker for environmentally induced obesity. The information
generated by metabolomic analysis provides us with increased
knowledge on how the metabolic signaling pathways are perturbed
after environmental chemicals exposure (Xie et al., 2012). The differ-
ential metabolic patterns using metabolomics showed an invaluable
tool for evaluation of metabolic activities, which may contribute to
candidate biomarker discovery for obesity.

In summary, our current study provides evidence that BBP treat-
ment promoted lipid droplet accumulation and induced adipogenesis
through the alterations of dynamic transcriptional factors and their
adipogenic differentiation markers. Further in-depth in vivo research
will be crucial to fully comprehend its role in the development of obesi-
ty as well as the mechanism of action. Also, our current study
established a Cellomics-based high-throughput screening protocol,
which will be invaluable for the identification of environmental
obesogen and ultimately for the prevention of chemical-induced
obesity.
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