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Abstract

Environmental obesogens are a newly recognized category of endocrine disrupting chemicals that 

have been implicated in contributing to the rising rates of obesity in the United States. While 

obesity is typically regarded as an increase in visceral fat, adipocyte accumulation in the bone has 

been linked to increased fracture risk, lower bone density, and osteoporosis. Exposure to 

environmental toxicants that activate peroxisome proliferator activated receptor γ (PPARγ), a 

critical regulator of the balance of differentiation between adipogenesis and osteogenesis, may 

contribute to the increasing prevalence of osteoporosis. However, induction of adipogenesis and 

suppression of osteogenesis are separable activities of PPARγ, and ligands may selectively alter 

these activities. It currently is unknown whether suppression of osteogenesis is a common toxic 

endpoint of environmental PPARγ ligands. Using a primary mouse bone marrow culture model, 

we tested the hypothesis that environmental toxicants acting as PPARγ agonists divert the 

differentiation pathway of bone marrow-derived multipotent mesenchymal stromal cells towards 

adipogenesis and away from osteogenesis. The toxicants tested included the organotins tributyltin 

and triphenyltin, a ubiquitous phthalate metabolite (mono-(2-ethylhexyl) phthalate, MEHP), and 

two brominated flame retardants (tetrabromobisphenol-a, TBBPA, and mono-(2-ethylhexyl) 

tetrabromophthalate, METBP). All of the compounds activated PPARγ1 and 2. All compounds 

increased adipogenesis (lipid accumulation, Fabp4 expression) and suppressed osteogenesis 

(alkaline phosphatase activity, Osx expression) in mouse primary bone marrow cultures, but with 

different potencies and efficacies. Despite structural dissimilarities, there was a strong negative 

correlation between efficacies to induce adipogenesis and suppress osteogenesis, with the 

organotins being distinct in their exceptional ability to suppress osteogenesis. As human exposure 

to a mixture of toxicants is likely, albeit at low doses, the fact that multiple toxicants are capable 

of suppressing bone formation supports the hypothesis that environmental PPARγ ligands 

represent an emerging threat to human bone health.
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1. Introduction

The bone marrow is a specialized microenvironment containing both bone and adipose cells. 

Because the bone tissue is undergoing near constant homeostatic remodeling, any 

perturbation in the balance of adipogenesis and osteogenesis could lead to alterations in 

bone maintenance. Bone ageing is associated with increased adiposity, reduced osteoblast 

function, and increased osteoclast activity, giving rise to osteoporotic pathologies such as 

reduced bone mass, altered bone structure, and increased risk of fracture (Rosen and 

Bouxsein, 2006). Bone loss that occurs with aging also is associated with an increase in 

peroxisome proliferator active receptor γ (PPARγ)1 expression in the marrow (Moerman et 

al., 2004).

The plasticity of bone marrow multipotent mesenchymal stromal cells (BM-MSCs) allows 

them to differentiate into either adipocytes or osteocytes. Adipocyte formation is dependent 

on PPARγ activation (Tontonoz et al., 1994), whereas bone formation is chiefly controlled 

by runt related transcription factor 2 (Runx2) (Ducy et al., 1997). MSC differentiation is 

controlled by the balance of PPARγ and Runx2 transcriptional activation and co-regulated 

by signaling through the Wnt/β-catenin pathway, which modulates the expression and 

function of both PPARγ and Runx2 (Bennett et al., 2005; Jeon et al., 2003; Kang et al., 

2007; Moldes et al., 2003).

Activation of PPARγ by the therapeutic ligand rosiglitazone drives differentiation toward 

adipogenesis and suppresses osteogenesis, a result observed both in vitro and in vivo (Lecka-

Czernik et al., 1999; Rzonca et al., 2004). Conversely, decreasing expression of PPARγ (e.g. 

by molecular knockdown) results in reduced adipogenesis and increased bone mass (Akune 

et al., 2004). Human treatment with therapeutic PPARγ ligands (e.g. thiazolidinediones) is 

associated with an increased risk of fracture in bone (Aubert et al., 2010; Bilik et al., 2010; 

Schwartz et al., 2006).

While there is a reciprocal relationship between bone formation and adipogenesis in 

response to PPARγ activation by rosiglitazone, these functions of PPARγ (along with 

insulin sensitization) are distinct and separable. For example, Rahman et al. (2012) 

demonstrated the anti-osteogenic capability of PPARγ to be independent of its pro-

adipogenic activity. Phosphorylation of PPARγ can increase insulin sensitivity 

independently of adipogenesis (Choi et al., 2014). PPARγ ligands can selectively activate 

the multiples functions of PPARγ, with the distinct abilities to activate adipogenesis and 

suppress osteogenesis not necessarily being correlated (Lecka-Czernik et al., 2002; 

Lazarenko et al., 2006; Kolli et al., 2014).

A growing number of environmental contaminants, including organotins and phthalates, are 

being recognized for their ability to activate PPARγ and therefore are members of the 
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environmental obesogen class of toxicants (Grun and Blumberg, 2006). While organotins 

primarily have been used as antifouling agents and fungicides, their pervasive distribution is 

indicated by their presence in house dust (Kannan et al., 2010). Significant human exposure 

is indicated by the presence of organotins in liver and blood (0.1–450 nM) (Antizar-

Ladislao, 2008). Despite being structurally distinct from several other PPARγ ligands, 

multiple organotins are capable of activating PPARγ and its heterodimerization partner, 

retinoid X receptor, and act as potent and efficacious adipogenic agents in pre-adipocyte and 

MSC models (Carfi et al., 2008; Grun et al., 2006; Yanik et al., 2011).

Phthalates are well known environmental PPARγ ligands (Feige et al., 2007; Hurst and 

Waxman, 2003). Over 18 billion pounds of phthalates are produced yearly, and humans are 

regularly exposed to significant levels (~10 µg/kg bw/day) of di-(2-ethylhexyl) phthalate 

(DEHP) (Koch et al., 2003). Substantial exposures occur during acute medical procedures, 

resulting in blood DEHP concentrations ranging from 50–350 µM (Tickner et al., 2001). 

MEHP, the active metabolite of DEHP, directly activates PPARγ and promotes adipogenesis 

in NIH 3T3L1 cells (Bility et al., 2004; Feige et al., 2007; Hurst and Waxman, 2003) and 

has been measured in human blood samples at µM concentrations (Li et al., 2013).

Newly recognized environmental PPARγ ligands include tetrabromobisphenol-A (TBBPA) 

(Riu et al., 2011) and mono-(2-ethylhexyl)tetrabromophthalate (METBP) (Springer et al., 

2012). TBBPA is a component of the mass produced brominated flame retardants (over 

150,000 tons annually (de Wit et al., 2010)), is detectable in home and office dust samples 

(Ali et al., 2011; D'Hollander et al., 2010), and in human breast milk and serum (at levels as 

high as 649 ng/g lipid weight) (Cariou et al., 2008). Di-(2-ethylhexyl)tetrabromophthalate, a 

component of Firemaster® 550, has been found at ppm levels in house dust and at 260 ng/g 

lipid weight in humans (He et al., 2013), and its metabolite METBP is capable of increasing 

lipid accumulation as well as activating expression of the PPARγ gene target fatty acid 

binding protein 4 (Fabp4) in NIH 3T3-L1 cells (Springer et al., 2012).

PPARγ-mediated suppression of bone formation and the substantial human exposure to 

multiple environmental PPARγ ligands highlight the need to understand their contribution to 

bone loss. Furthermore, it is unknown if the pro-adipogenic effects of these environmental 

PPARγ ligands are associated with or are distinct from anti-osteogenic effects, an important 

question because divergent effects have been shown for some natural and synthetic ligands 

(Lecka-Czernik et al., 2002; Lazarenko et al., 2006; Kolli et al., 2014). Studies described 

herein were designed to test the hypothesis that environmental PPARγ ligands, in general, 

selectively induce adipogenesis at the expense of osteogenesis. Accordingly, we examined 

the potential for a structurally diverse set of environmental PPARγ ligands (TPhT, MEHP, 

TBBPA, METBP) to induce adipogenesis and suppress osteogenesis in mouse-derived bone 

marrow MSCs (BM-MSCs) in comparison to PPARγ ligands known to suppress bone 

formation (rosiglitazone and tributyltin (TBT)). Surprisingly, despite the structural 

dissimilarities of the ligands, the efficacy of osteogenesis suppression by treatment was 

strongly negatively correlated with efficacy of induction of adipogenesis. The organotins 

were distinct in their exceptional ability to suppress osteogenesis. The data are consistent 

with the conclusion that suppression of osteogenesis is a common toxic effect of 

environmental toxicants that are capable of activating PPARγ.
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2. Materials and Methods

2.1 Materials

Rosiglitazone was from Cayman Chemical (Ann Arbor, MI). DMSO was from American 

Bioanalytical (Natick, MA). Insulin, Nile Red, p-nitrophenyl phosphate (pNPP) reagent, 

TBT chloride, TPhT chloride, and TBBPA were from Sigma-Aldrich (St. Louis, MO). 

MEHP was from TCI America (Portland, OR). METBP was synthesized by AsisChem 

(Waltham, MA). All other reagents were from Thermo Fisher Scientific (Suwanee, GA).

2.2 Cell culture

Bone marrow was isolated from 9-week-old male C57BL/6J mice (Jackson Laboratories, 

Bar Harbor, ME). All animal studies were reviewed and approved by the Institutional 

Animal Care and Use Committee at Boston University. All animals were treated humanely 

and with regard for alleviation of suffering. Mice were housed 4 per cage, with a 12 hour 

light cycle. Water and food (2018 Teklad Global 18% Protein Rodent Diet, Irradiated, 

Harlan Laboratories, Indianapolis, IN) were provided ad libitum. Animals were euthanized 

for collection of bone marrow two days after arrival. After euthanasia (cervical dislocation 

under terminal euthanasia followed by pneumothorax), limbs were aseptically dissected, and 

soft tissue was removed from the bone. Marrow was flushed from the femur, humerus, and 

tibia bones, strained through a 70 um cell strainer, and suspended in MSC medium 

consisting of α-MEM, 10% fetal bovine serum, 100 U/ml penicillin, 100 µg/ml 

streptomycin, and 0.25 µg/ml amphotericin-B. Cells from 2–4 animals were pooled and 

plated so that each pool represented an experimental n. Cells were plated either in 6-well (12 

million cells in 2 mls per well) or 12-well plates (6 million cells in 1 ml per well). Half of 

the medium was replaced 5 days after plating. At day 7, the medium was replaced with 

osteoinductive medium consisting of α-MEM, 12.5 µg/ml l-ascorbate, 8 mM β-glycerol 

phosphate, 0.5 µg/ml insulin, and 10 nM dexamethasone. Prior to the day 7 medium change, 

a naïve, undifferentiated well was harvested for gene expression analysis as described 

below. Cells received no treatment (Naïve) or were dosed with vehicle (DMSO, 0.1% final 

concentration) or with the chemical of interest. Following treatment, cells were cultured for 

7 days (mRNA expression) or 10–11 days (adipocyte and bone phenotype, cell viability). 

During these periods, medium was changed and the cultures were re-dosed 2 times for 

mRNA expression or 3 times for phenotype analysis.

2.3 Cell viability assay

Viability was assessed by 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide 

(MTT) labeling for 3 hrs by standard methods. Absorbance measurements were determined 

using a Synergy2 plate reader (BioTek, Winooski, VT). Absorbance in experimental wells 

was normalized by dividing by the absorbance in untreated cultures and reported as “Fold 

Change from Medium.”

2.4 Lipid accumulation

Cells were washed with one volume of PBS and incubated with Nile Red (1 µg/ml in PBS). 

Fluorescence (excitation 485 nm, 20 nm bandwidth; emission 530 nm, 25 nm bandwidth) 
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was measured using a Synergy2 plate reader. The fluorescence in all experimental wells was 

normalized by subtracting the fluorescence measured in Naïve cells (those that received 

osteogenic medium alone) and reported as “RFUs.”

2.5 Osteogenesis assays

Following Nile Red staining, cells were rinsed with PBS and fixed in paraformaldehyde (2% 

in PBS). To quantify alkaline phosphatase activity, cells were incubated in pNPP solution. 

After quenching with NaOH (final concentration: 0.75 M), absorbance (405 nM) was 

measured using a Synergy2 multifunction plate reader. The absorbance in all experimental 

wells was normalized by dividing by the absorbance measured in wells that received 

osteogenic medium but were not treated and reported as “Fold Change from Medium.” 

Following the pNPP assay, cells were stained with Alizarin Red (Osteogenesis Quantitation 

Kit, Millipore, Billerica, MA). Cells were extensively washed and then photographed using 

the UVP Bioimaging System (UVP, Inc., Upland, CA). The resulting images were analyzed 

for bone nodule count using Image-Pro Plus (MediaCybernetics, Bethesda, MD), and the 

number of nodules per square cm is reported. Following image capture, Alizarin Red 

staining was quantified as indicated in the manufacturer’s instructions. Absorbance (405 

nM) was measured and normalized as described above.

2.6 Gene expression analysis

Total RNA was extracted and genomic DNA was removed using the RNeasy Plus Mini Kit 

(Qiagen, Valencia, CA). cDNA was prepared from total RNA using the GoScript™ Reverse 

Transcription System (Promega), with a 1:1 mixture of random and Oligo (dT)15 primers. 

All qPCR reactions were performed using the GoTaq® qPCR Master Mix System 

(Promega). Validated primers were purchased from Qiagen (see Supplemental Table 1). 

qPCR reactions (in duplicate) were performed using a 7300 Fast Real-Time PCR System 

(Applied Biosystems, Carlsbad, CA): Hot-Start activation at 95°C for 2 min, 40 cycles of 

denaturation (95°C for 15 sec) and annealing/extension (55°C for 60 sec). Relative gene 

expression was determined using the Pfaffl method (Pfaffl, 2001) to account for differential 

primer efficiencies. The Cq value for 18s ribosomal RNA (Rn18s) was used for 

normalization. The Cq value for naïve, undifferentiated cultures was used as the reference 

point, and the data are reported as “Fold Change from Naive.”

2.7 Protein expression

Cells were collected and lysed in Cell Lysis Buffer (Cell Signaling Technology, Beverly, 

MA) followed by sonication. The lysates were cleared by centrifugation, and the 

supernatants were used for protein expression analyses. Protein concentrations were 

determined by the Bradford method. Total proteins (20 µg) were resolved on 10% 

polyacrylamide gels, transferred to a 0.2 µm nitrocellulose membrane, and incubated with 

monoclonal rabbit anti-perilipin (3470, Cell Signaling Technology (Beverly, MA)). 

Immunoreactive bands were detected using HRP-conjugated goat-anti rabbit secondary 

antibodies (Biorad, Hercules, CA) followed by enhanced chemiluminescence. To control for 

equal protein loading, blots were re-probed with a β-actin-specific antibody (A5441, Sigma).
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2.8 Reporter assays

Cos-7 cells (in 96 well plates) were transiently transfected with vectors containing mouse 

Pparg1 (plasmid 8886; Addgene, Cambridge, MA) or mouse Pparg2 (plasmid 8862; 

Addgene), with human RXRA (plasmid 8882; Addgene) (Tontonoz et al., 1994), PPRE x3-

TK-luc (plasmid 1015; Addgene) (Kim et al., 1988), and CMV-eGFP using Lipofectamine 

2000 (Invitrogen, Carlsbad, CA). Transfected cultures were incubated overnight. The 

medium was replaced, and cultures received no treatment (Naïve) or were treated with Vh 

(DMSO, 0.1%), rosiglitazone, TBT, TPhT, METBP, MEHP, TBBPA at concentrations 

ranging from 0.1 nM to 400µM and incubated for 24 hrs. Cells were lysed in Glo Lysis 

Buffer (Promega, Madison, WI), to which Bright Glo Reagent (Promega) was added. 

Luminescence and fluorescence were determined using a Synergy2 plate reader. 

Luminescence was normalized by the GFP fluorescence in the same well. The normalized 

luminescence for each well was then divided by the normalized luminescence measured in 

transfected but untreated wells to determine the “Fold Change from Naive.”

2.9 Statistical Analyses

Statistical analyses were performed with Prism 5 (GraphPad Software Inc., La Jolla, CA). 

Data are presented as means ± standard error (SE). Gene expression data were log 

transformed prior to analysis. One-way ANOVAs with the Dunnett’s post hoc test and 

Pearson’s correlations were performed where noted. All analyses were performed at α = 

0.05.

3. Results

3.1 Activation of PPARγ1 and PPARγ2

Whereas each of the toxicants being investigated in this study has been identified as a 

PPARγ ligand, they have not been characterized for their potency and efficacy all in the 

same study. Thus, we began by characterizing the dose-response of each individual ligand 

with respect to activation of mouse PPARγ1 and PPARγ2 using a PPRE-luciferase reporter 

in Cos-7 cells (Fig. 1). Curve maxima, EC50s, and Hill coefficients are reported in Table 1. 

Rosiglitazone, the positive control, was potent and efficacious at activating PPARγ1 and 2. 

The organotins, TBT and TPhT, had similar potencies and efficacies as rosiglitazone. 

MEHP, TBBPA, and METBP each acted as partial agonists, with lower efficacies and 

potencies compared to rosiglitazone.

3.2 Induction of adipogenesis in bone marrow derived MSCs

Our studies and others have demonstrated that both rosiglitazone and TBT are potent 

inducers of adipogenesis in the mouse-derived bone marrow MSC lines BMS2 and U33/γ2, 

as well as adipose-derived stromal cells (Kirchner et al., 2010; Lecka-Czernik et al., 2002; 

Yanik et al., 2011). Furthermore, rosiglitazone has been shown to concurrently suppress 

osteogenesis as it induces adipogenesis (Lecka-Czernik et al., 1999). Here, we tested the 

hypothesis that environmental PPARγ agonists would divert differentiation toward 

adipogenesis in primary bone marrow MSCs grown in osteogenic conditions.
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We established the maximal adipogenic response in our system using two known 

differentiation modulators, rosiglitazone and TBT. Primary bone marrow cultures were 

prepared from male C57BL/6J mice and treated with Vh (DMSO, 0.1%), TBT (100 nM), or 

rosiglitazone (100 nM) in the presence of osteoinductive medium. Cultures were assessed 

for lipid accumulation (10–12 days) and adipogenic gene expression (7 days). As expected, 

TBT and rosiglitazone induced significant lipid accumulation compared to Vh-treated cells 

(Fig. 2A), although TBT was less efficacious than rosiglitazone. Whereas TBT and 

rosiglitazone did not induce expression of Pparg1/2, they strongly induced its target genes 

Fabp4 and perilipin (Plin1) (Fig. 2B–2D).

Next, we tested the ability of several structurally distinct environmental PPARγ ligands to 

induce adipogenesis in BM-MSCs. Established bone marrow cultures were treated with Vh 

(DMSO, 0.1%), TPhT (10, 50, 80 nM), MEHP, METBP or TBBPA (10, 20 µM), in the 

presence of osteoinductive medium. The high concentration in each case was the maximal 

sub-toxic concentration in this model (Supplemental Fig. 1). At all concentrations, TPhT 

significantly increased lipid accumulation compared to Vh-treated cells, with an efficacy 

similar to 100 nM TBT (Fig. 3A). While there was only a trend toward an increase in 

expression of Pparg1/2 mRNA, expression of the PPARγ target genes Fabp4 and Plin1 was 

increased significantly by all concentrations of TPhT (Fig. 3A). A similar pattern of effect 

was observed with MEHP and TBBPA, with significant increases occurring in lipid 

accumulation and PPARγ-target gene expression (Fig. 3B and D). METBP showed more 

limited increases in lipid accumulation, Fabp4 expression and Plin1 expression (Fig. 3C).

Terminal adipocyte differentiation was confirmed by analyzing perilipin protein expression. 

Established cultures were treated with Vh (DMSO, 0.1%), rosiglitazone (100 nM), TBT 

(100 nM), TPhT (50 nM), MEHP, TBBPA or METBP (20 µM each), in the presence of 

osteoinductive medium for 7 days. All of the chemicals induced the expression of perilipin 

protein (Fig. 4). Rosiglitazone alone induced formation of multiple bands. Perilipin is a 

phosphoprotein, thus the multiple bands observed are likely phosphorylated and 

nonphosphorylated forms of the protein (Greenberg et al., 1991).

These data illustrate that structurally diverse environmental PPARγ ligands induce adipocyte 

differentiation and PPARγ signaling in primary bone marrow MSCs, but with different 

potencies and efficacies.

3.3 Environmental PPARγ ligands show differential efficacies of bone suppression in 
primary bone marrow MSCs

A number of studies have demonstrated that therapeutic PPARγ agonists suppress osteoblast 

differentiation and bone formation both in vitro (Jeon et al., 2003; Lecka-Czernik et al., 

1999) and in vivo (Lazarenko et al., 2007; Rzonca et al., 2004). Similarly, TBT inhibits 

differentiation of osteoblast-like (ROB) cells (Tsukamoto et al., 2004) and suppresses 

osteogenesis in multipotent adipose-derived stromal cells by a PPARγ-mediated mechanism 

(Kirchner et al., 2010). Here, we tested the hypothesis that environmental PPARγ-agonists 

would suppress osteogenic differentiation in BM-MSCs.
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Again, we began by establishing the effect of rosiglitazone and TBT in our model system. 

Primary bone marrow cultures were prepared from male C57BL/6J mice and treated with 

Vh (DMSO, 0.1%), TBT (100 nM), or rosiglitazone (100 nM) in the presence of 

osteoinductive medium. Cultures were assessed for changes in alkaline phosphatase activity, 

mineralization, and nodule number (10–12 days) and osteogenic gene expression (7 days). 

Both TBT and rosiglitazone significantly decreased alkaline phosphatase activity and the 

average number of bone nodules per square cm (Fig. 5A). TBT also significantly suppressed 

calcium deposition (Fig. 5A). Suppression of osteogenesis also was reflected in decreased 

expression of osteogenic genes (Fig. 5B). TBT and rosiglitazone significantly suppressed 

expression of Runx2, an essential transcription factor regulating osteogenesis, as well as 

expression of osterix (Osx), a direct gene target of Runx2 (Fig. 4B). Only TBT significantly 

suppressed expression of dentin matrix phosphoprotein 1 (Dmp1), a gene expressed in 

mineralizing osteocytes (Bonewald, 2011).

Next, we tested the ability of the environmental PPARγ ligands to suppress osteogenesis. 

Established bone marrow cultures were treated with Vh (DMSO, 0.1%), TPhT (10, 50, 80 

nM), MEHP, TBBPA or METBP (10, 20 µM), in the presence of osteoinductive medium. A 

concentration of TPhT as low as 10 nM significantly decreased alkaline phosphatase 

activity, nodule number, and mineralization (Fig. 6A). The other ligands were less 

efficacious at suppressing osteogenesis. MEHP, METBP and TBBPA significantly 

suppressed alkaline phosphatase activity, but only MEHP significantly suppressed nodule 

number (Fig. 6B–D). The treatment regimen and concentrations did not reduce cellularity as 

measured by MTT labeling (Supplemental Fig. 1), indicating that the effect of the ligands 

was specific and not the result of overt toxicity.

Decreases in the expression of osteoblast/osteocyte-related genes accompanied suppression 

of osteogenesis (Fig. 7). Runx2 expression was relatively resistant to toxicant exposure and 

was only reduced by treatment with MEHP and TBBPA (Fig. 7B and 7D). Osxexpression 

was the most sensitive, with all toxicants significantly reducing expression and TPhT, 

MEHP, and TBBPA reducing Osx expression at the lowest concentration (Fig. 7A, B and 

D). TPhT and MEHP also significantly reduced Dmp1 expression (Fig. 6A and 6B). As with 

the phenotypic assays, METBP had a limited capacity to suppress osteoblast-related gene 

expression (Fig. 6D).

The data support the conclusion that suppression of osteogenesis is a common toxic effect of 

environmental toxicants that are capable of activating PPARγ.

3.4 Effects on adipogenesis and osteogenesis are negatively correlated

A balance of transcriptional activity determines the fate of MSCs, with PPARγ promoting 

adipogenesis and negatively regulating Runx2, and Runx2 promoting osteogenesis 

following Wnt/β-catenin suppression of PPARγ (Kang et al., 2007). Thus, differentiation of 

MSCs has traditionally been viewed as either exclusively toward adipogenesis or 

exclusively toward osteogenesis. Despite the fact that the PPARγ ligands tested here vary 

widely in their structure, as well as their potency and efficacy for inducing adipogenesis, 

they demonstrate strong, significant relationships (p < 0.05, Pearson’s r, excluding 

organotins) between efficacy of induction of adipogenesis and efficacy of suppression of 
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osteogenesis (Fig. 8 A–C). However, the organotins appear to be more efficacious at 

suppressing bone formation than the other toxicants. We hypothesize that this is because 

they are dual RXR and PPARγ ligands, thus they were removed from the correlation 

analysis, and this greatly improved the correlation. In general, these data support the 

conclusion that suppression of osteogenesis accompanies induction of adipogenesis by 

multiple environmental PPARγ ligands. However, the relationship of the efficacies of the 

effects may be ligand-specific.

3.5 The disproportionate effect of organotins is not mediated by Wnt10b

Recently, Rahman et al. (2012) found that the adipogenic effects of PPARγ activation are 

“sequestered” via β-catenin suppression, while the anti-osteogenic capacity of PPARγ is 

maintained through suppression of wingless-type MMTV integration site family, member 

10b (Wnt10b), a secreted protein that activates the canonical Wnt-signaling pathway of 

osteogenesis. Stabilization of β-catenin suppressed PPARγ-mediated adipogenic effects, but 

PPARγ-dependent suppression of Wnt10b was maintained and resulted in an anti-osteogenic 

phenotype (Rahman et al., 2012). Given that our experiments suggest a disproportionate 

effect of osteogenic suppression by the organotins, we hypothesized that cells treated with 

organotins would show a disproportionate suppression of Wnt10b RNA expression 

compared to rosiglitazone and MEHP.

To test this hypothesis, we examined the expression of Wnt10b mRNA in osteogenic 

cultures treated with Vh (DMSO, 0.1%), rosiglitazone (100 nM), TBT (100 nM), TPhT (10, 

50, and 80 nM) or MEHP (10 and 20 µM) for 7 days. Rosiglitazone was the only ligand that 

significantly suppressed the expression of Wnt10b mRNA (Fig. 9A), supporting the 

observation reported by Rahman et al. (2012) and Lecka-Czernik et al. (2002). However, 

neither TBT nor TPhT significantly reduced Wnt10b expression (Figs. 9A and B), and the 

Wnt10b expression level was not qualitatively different from the Wnt10b expression in 

MEHP-treated cultures (Fig 9C). Thus, the data do not support a role for disproportionate 

effects on Wnt10b in organotin-induced suppression of osteogenesis.

4. Discussion

47 million individuals in the U.S. are estimated to be at risk for osteoporosis by 2020, 

representing a major public health concern among the aging U.S. population (USDHHS, 

2004). Accordingly, it is important to understand the factors that contribute to low bone 

density, a significant risk factor for osteoporosis (USDHHS, 2004). Because precursor bone 

marrow cells are capable of differentiation into pre-osteocytes or pre-adipocytes, a shift 

towards adipocyte differentiation instead of osteocyte differentiation could have deleterious 

effects on bone health. In fact, increases in lipid accumulation are associated with greater 

fracture risk and the onset of osteoporosis (for review, see Rosen and Bouxsein (2006)), and 

treatment with therapeutic PPARγ ligands is associated with greater fracture risk among 

diabetics (Aubert et al., 2010). We hypothesized that environmental PPARγ ligands would 

promote differentiation of BM-MSCs into adipocytes at the expense of differentiation into 

osteocytes and bone formation.
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A growing number of environmental toxicants have been identified as PPARγ ligands whose 

diversity of sources and high-volume production result in significant human exposures. 

Here, we examined the potency and efficacy of TBT, TPhT, MEHP, METBP, and TBBPA 

in activation of mouse PPARγ1 and PPARγ2 and then examined their pro-adipogenic and 

anti-osteogenic effects in mouse BM-MSCs. All of the toxicants tested activated both 

mPPARγ1 and γ2, with the rank potency of 

Rosiglitazone=TBT=TPhT>>TBBPA>MEHP>METBP. Their rank efficacy for PPARγ1 

and γ2 activation was Rosiglitazone=TBT=TPhT>MEHP>TBBPA=METBP. MEHP, 

METBP and TBBPA were apparent partial agonists of PPARγ with, in the cases of MEHP 

and TBBPA, EC50’s similar to values previously reported (Hurst and Waxman, 2003; Riu et 

al., 2011). Similar to our studies, others have shown TBT and TPhT have similar potency 

inducing lipid accumulation in a multipotent MSC model and for activation of human 

PPARγ compared to rosiglitazone and troglitazone (Grun et al., 2006; Kanayama et al., 

2005, Yanik et al., 2011).

The potency of PPARγ activation was largely reflected in each toxicant’s ability to stimulate 

adipocyte differentiation, as evidenced by lipid accumulation and PPARγ target gene 

expression. As expected, the potent therapeutic PPARγ ligand rosiglitazone was most 

efficacious at stimulating adipocyte differentiation in BM-MSCs, as has been observed in 

mouse and human models of preadipocytes and multipotent MSCs (Carfi et al., 2008; Grun 

et al., 2006; Kirchner et al., 2010; Yanik et al., 2011). The organotins, while apparent full 

agonists in terms of PPARγ transcriptional activation, were potent but not fully efficacious 

at stimulating lipid accumulation and PPARγ target gene expression in BM-MSCs. Our lipid 

accumulation and PPARγ activation results with TBT and TPhT confirm previous results 

showing sub-maximal efficacy in BMS2 cells (Yanik et al., 2011).

On the other hand, MEHP was an apparent partial agonist in terms of PPARγ 

transactivation, but efficaciously stimulated lipid accumulation and PPARγ target gene 

expression. The partial agonist nature of MEHP has been previously reported (Fiege et al 

2007). In our study, MEHP (20 µM, 7–10 days, insulin and dexamethasone) induced lipid 

accumulation in mouse BM-MSCs to an extent comparable to the full agonist rosiglitazone, 

whereas Feige et al. (2007) found that NIH 3T3-L1 cells treated with MEHP (100 µM, 10 

days, insulin) accumulated lipid (triglyceride content) to only 50% of rosiglitazone 

treatment. Both rosiglitazone and MEHP efficaciously induced genes important to 

adipogenesis in the BM-MSC and NIH 3T3 L1 models (e.g. Fabp4, Plin1 (BM-MSCs) and 

adiponectin (NIH 3T3-L1s)). However, other PPARγ gene targets (e.g. glycerol kinase, 

oxidized low density lipoprotein receptor 1, acyl-CoA synthetase Bubblegum 1) have been 

shown to only be efficaciously induced by rosiglitazone, mostly likely because MEHP 

selectively recruits coactivators to the PPARγ transcriptional complex (Feige et al., 2007).

METBP, the metabolite of an emerging environmental contaminant, di-(2-ethylhexyl) 

tetrabromophthalate, significantly stimulated lipid accumulation but was less efficacious at 

stimulating PPARγ-target gene expression, in line with its marginal ability to stimulate 

PPARγ transcriptional activity. These results are in accordance with a recent study showing 

that METBP induced adipocyte differentiation and PPARγ activation in NIH 3T3 L1 cells 

(Springer et al., 2012). That METBP should display an adipogenic profile similar to MEHP 
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is not entirely surprising, given previous studies showing multiple phthalate monoester 

metabolites activating PPARγ with comparable potencies and efficacies (Hurst and 

Waxman, 2003).

Like MEHP, TBBPA appears to be a partial ligand of PPARγ with significant but not 

maximal efficacy in inducing adipocyte differentiation. The receptor activation data show 

that TBBPA is a low-potency PPARγ ligand with moderate efficacy. This is similar to 

studies conducted in human PPARγ-based reporter cells, where tri- and tetrabrominated 

BPA had the greatest potency and efficacy in activating PPARγ, with decreasing 

substitution significantly decreasing activity (Riu et al., 2011). Our results confirmed the 

ability of TBBPA to induce adipogenesis, accompanied by significant increases in Pparg1/2, 

Fabp4 and Plin1 expression.

This is the first report that TPhT, MEHP and TBBPA suppress osteogenesis. We expected to 

find that those environmental toxicants that induced adipogenesis would also suppress 

osteogenesis, owing to the inhibitory interactions between PPARγ and Runx2. 

Mechanistically, PPARγ directly interacts with Runx2 to prevent Runx2 transcriptional 

activity (Jeon et al., 2003). Additionally, PPARγ activation increases β-catenin degradation 

by the proteasome, removing β-catenin’s support of osteogenesis and β-catenin’s Wnt-

mediated inhibition of PPARγ expression (Kang et al., 2007; Moldes et al., 2003). However, 

it is becoming clear that activation of adipogenesis and suppression of osteogenesis are 

distinct and separable activities of PPARγ (Choi et al., 2014), with ligands having selective 

abilities to impact adipogenesis and osteogenesis (Lecka-Czernik et al., 2002; Lazarenko et 

al., 2006; Kolli et al., 2014). Therefore, it is important to examine environmental PPARγ 

ligands for their effects on both adipogenesis and osteogenesis.

Interestingly, the effect of TBT and TPhT on osteogenesis was markedly more severe 

compared to the other ligands. The results with TBT are in line with studies demonstrating 

that TBT suppressed alkaline phosphatase activity in rat calvarial osteoblasts and reduced 

mineralization in adipose-derived stromal cells (Kirchner et al., 2010; Tsukamoto et al., 

2004). The organotins were disproportionately efficacious in suppressing bone than inducing 

adipogenesis. One potential explanation for this dichotomy is that the organotins more 

readily activate the anti-osteogenic functions of PPARγ than its pro-adipogenic functions. 

These PPARγ functions were recently shown to be separable, and the anti-osteogenic effects 

of PPARγ were shown to be dependent upon Wnt10b (Rahman et al., 2012). However, 

while treatment with TBT, TPhT and MEHP appeared to suppress expression of Wnt10b, the 

effect was not statistically significant. These data suggest that unique modulation of a 

Wnt10b-mediated pathway by organotins does not appear to explain their selective effect on 

MSC differentiation.

The toxicants studied here join a growing list of environmental contaminants that 

compromise bone quality, an effect not exclusive to PPARγ ligands. Processes mediated by 

aryl hydrocarbon receptor ligands (e.g. 2,3,7,8-tetrachlorodibenzo-p-dioxin, benzo-a-pyrene) 

contribute to increased bone resorption in vivo (Iqbal et al., 2013) and impair MSC 

differentiation in vitro (Korkalainen et al., 2009). Additionally, co-exposure to dioxin and 

TBT appears to exacerbate the effects of exposure to each toxicant individually (Koskela et 
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al., 2012). Heavy metals such as lead and arsenic are toxic to the skeleton of rats, causing 

decreased bone density, mineralization and strength (Beier, et al., 2013; Wu et al., 2014). It 

is largely unknown how complex exposures to multiple bone-suppressive toxicants may act 

cooperatively to impair bone quality.

Our results show that environmental PPARγ ligands are efficacious promoters of lipid 

accumulation and suppress osteogenesis in a mouse bone marrow-derived MSC model. 

While the efficacies varied by chemical and endpoint, it is important to note that effects 

were observed at environmentally-relevant concentrations. Additional concern should be 

directed towards identifying possible interactions and how multiple, simultaneous exposures 

could additively suppress bone formation in MSCs. While this study tested exposures on an 

individual toxicant basis, environmental exposures to these chemicals are likely to occur 

simultaneously. Further experiments should aim to assess chemical mixtures of ubiquitous 

and persistent compounds in order to more accurately characterize toxicant-induced bone 

loss.
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Abbreviations

BM-MSC bone marrow mesenchymal stromal cell

DEHP di-(2-ethylhexyl)phthalate

DMP1 dentin matrix phosphoprotein

MEHP mono-(2-ethylhexyl)phthalate

METBP mono-(2-ethylhexyl)tetrabromophthalate

MTT 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide

OSX osterix

PLIN1 perilipin

pNPP p-nitrophenyl phosphate

PPARγ peroxisome proliferator activated receptor γ

RN18S 18s ribosomal RNA

RUNX2 runt-related transcription factor 2

TBBPA tetrabromobisphenol-a

TBT tributyltin
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TPhT triphenyltin

WNT10b wingless-type MMTV integration site family member 10b
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Figure 1. Environmental toxicantss activate PPARγ1 and PPARγ2 with differing potencies and 
efficacies
Cos-7 cells transfected with mouse PPARγ1 or PPARγ2 and a PPRE-luciferase reporter 

plasmid were treated with the indicated compounds. Luminescence normalized to GFP 

fluorescence was divided by the normalized luminescence of untreated cultures to calculate 

fold change from untreated. n = 4–6 independent transfections.
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Figure 2. Known modulators of adipogenesis increase lipid accumulation and expression of 
adipogenic genes in mouse BM-MSCs
Primary bone marrow cultures were established from male C57BL/6J mice and treated with 

vehicle (Vh, DMSO), rosiglitazone (Rosi, 100 nM) or TBT (100 nM) in the presence of 

osteoinductive media for 7 (gene expression) or 11 days (lipid accumulation). (A) Lipid 

accumulation was quantified by Nile Red staining. (B–D) mRNA expression was quantified 

by RT-qPCR. Data are presented as means ± SE (n = 4–8 independent bone marrow 

preparations). *p < 0.05, **p < 0.01 compared to Vh-treated cultures (ANOVA, Dunnett’s). 

Vehicle-treated cells showed increases in expression of adipocyte-related genes relative to 

undifferentiated cells (1.9-fold for PPARγ, 7.7-fold for Fabp4, and 144.4-fold for Plin1).
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Figure 3. Structurally distinct environmental PPARγ ligands induce lipid accumulation and 
adipogenic gene expression in mouse BM-MSCs
Primary bone marrow cultures were established from male C57BL/6J mice and treated with 

Vh (DMSO), TPhT (10–80 nM; A), MEHP (10–20 µM; B), METBP (10–20 µM; C) or 

TBBPA (10–20 µM; D) in the presence of osteoinductive media for 7 (gene expression) or 

11 days (lipid accumulation). Lipid accumulation was quantified by Nile Red staining. 

mRNA expression was quantified by RT-qPCR. Data are presented as means ± SE (n = 4–8 

independent bone marrow preparations). *p < 0.05, **p < 0.01 compared to Vh-treated 

cultures (ANOVA, Dunnett’s).
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Figure 4. Environmental PPARγ ligands induce perilipin protein expression in mouse BM–
MSCs
Primary bone marrow cultures were established from male C57BL/6J mice and treated with 

Vh (DMSO), rosiglitazone (Rosi, 100 nM), TBT (100 nM), TPhT (50 nM), MEHP, TBBPA, 

or METBP (20 µM) in the presence of osteoinductive media. Cells were harvested after 7 

days. Perilipin and β-actin expression were determined in whole cell lysates by immunoblot. 

Image is representative of 4 separate experiments.

Watt and Schlezinger Page 19

Toxicology. Author manuscript; available in PMC 2016 May 04.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 5. Rosiglitazone and TBT suppress osteogenesis in mouse BM-MSCs
Primary bone marrow cultures were established from male C57BL/6J mice and treated with 

vehicle (Vh, DMSO), rosiglitazone (Rosi, 100 nM) or TBT (100 nM) in the presence of 

osteoinductive media for 7 (gene expression) or 11 days (osteogenesis assays). (A) 

Osteogenesis was assessed via alkaline phosphatase activity, alizarin staining and bone 

nodule counting. (B) mRNA expression was quantified by RT-qPCR. Data are presented as 

means ± SE (n = 5–8 independent bone marrow preparations). *p < 0.05, **p < 0.01 

compared to Vh-treated cultures (ANOVA, Dunnett’s).
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Figure 6. Structurally distinct environmental PPARγ ligands suppress osteogenesis in mouse 
BM-MSCs
Primary bone marrow cultures were established from male C57BL/6J mice and treated with 

Vh (DMSO), TPhT (10–80 nM; A), MEHP (10–20 µM; B), METBP (10–20 µM; C), or 

TBBPA (10–20 µM; D), in the presence of osteoinductive media for 11 days. Osteogenesis 

was assessed by alkaline phosphatase activity, alizarin staining and bone nodule counting. 

Data are presented as means ± SE (n = 5–8 independent bone marrow preparations). *p < 

0.05, **p < 0.01 compared to Vh-treated cultures (ANOVA, Dunnett’s).
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Figure 7. Structurally distinct environmental PPARγ ligands suppress osteogenic gene 
expression in mouse BM-MSCs
Primary bone marrow cultures were established from male C57BL/6J mice and treated with 

Vh (DMSO), TPhT (10–80 nM; A), MEHP (10–20 µM; B), METBP (10–20 µM; C), 

TBBPA (10–20 µM; D) in the presence of osteoinductive media for 7 days. mRNA 

expression was quantified by RT-qPCR. Data are presented as means ± SD (n = 4–7 

independent bone marrow preparations). *p < 0.05, **p < 0.01 compared to Vh-treated 

cultures (ANOVA, Dunnett’s).
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Figure 8. Adipogenesis is inversely correlated with osteogenesis in PPARγ-ligand treated mouse 
BMMSCs
Data points are representative of mean endpoint values for individual treatments and 

concentrations reported in Figs 2, 3, 5, 6, 7. (A) Fold change in alkaline phosphatase activity 

vs. lipid accumulation (Nile Red fluorescence) (All data Pearson’s r = −0.51). (B) Bone 

nodule number vs. lipid accumulation (All data Pearson’s r = −0.01). (C) Osx mRNA 

expression vs. Fabp4 mRNA expression (All data Pearson’s r = −0.57). ■ – Vh (DMSO); □ 

– Rosiglitazone (100 nM); ● – METBP; ○ – MEHP; Δ – TBBPA;×– TBT or TPhT. Linear 

fit excludes organotin data points (x). r = Pearson’s correlation coefficient (excluding 

organotins), number of pairs = 8.
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Figure 9. Differential suppression of osteogenic Wnt10b mRNA does not explain efficacious effect 
of organotins on osteogenesis
Primary bone marrow cultures were established from male C57BL/6J mice and treated with 

Vh (DMSO), rosiglitazone (100 nM), TBT (100 nM), TPhT (10–80 nM), MEHP (10–20 

µM) in the presence of osteoinductive media for 7 days. mRNA expression was quantified 

by RT-qPCR. Data are presented as means ± SE (n = 4–10 independent bone marrow 

preparations). *p < 0.05, **p < 0.01 compared to Vh-treated cultures (ANOVA, Dunnett’s).
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