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Abstract

Organotins are members of the environmental obesogen class of contaminants because they
activate peroxisome proliferator-activated receptor y (PPARY), the essential regulator of
adipogenesis. Exposure to thiazolidinediones, PPARY ligands used to treat type 2 diabetes, is
associated with increased fractures. Diminished bone quality likely results from PPARY’s role in
promoting adipogenesis while suppressing osteogenesis of bone marrow multipotent mesenchymal
stromal cells (BM-MSC). We hypothesized that tributyltin (TBT) would be a potent modifier of
BM-MSC differentiation and a negative regulator of bone formation. Organotins interact with both
PPARYy and retinoid X receptors (RXR) suggesting that they activate multiple nuclear receptor
pathways. To investigate the role of RXR in the actions of TBT, the effects of PPARy
(rosiglitazone) and RXR (bexarotene, LG100268) agonists were compared to the effects of TBT in
BMS?2 cells and primary mouse BM-MSC cultures. In BMS2 cells, TBT induced the expression of
Fabp4, Abcal and Tgm2 in an RXR-dependent manner. All agonists suppressed osteogenesis in
primary mouse BM-MSC cultures, based on decreased alkaline phosphatase activity,
mineralization and expression of osteoblast-related genes. While rosiglitazone and TBT strongly
activated adipogenesis, based on lipid accumulation and expression of adipocyte-related genes, the
RXR agonists did not. Extending these analyses to other RXR-heterodimers showed that TBT and
the RXR agonists activated the liver X receptor pathway, while rosiglitazone did not. Application
of either a PPARYy antagonist (T0070907) or an RXR antagonist (HX531) significantly reduced
rosiglitazone-induced suppression of bone nodule formation. Only the RXR antagonist
significantly reduced LG100268- and TBT-induced bone suppression. The RXR antagonist also
inhibited LG100268- and TBT-induced expression of Abcal, an LXR target gene, in primary BM-
MSC cultures. These results provide novel evidence that TBT activates multiple nuclear receptor
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pathways in BM-MSCs, activation of RXR is sufficient to suppress osteogenesis, and TBT
suppresses osteogenesis largely through its direct interaction with RXR.
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INTRODUCTION

Peroxisome proliferator-activated receptor y (PPARY) plays a crucial role in multipotent
mesenchymal stromal cell (MSC) differentiation and is a negative regulator of bone
formation. PPARy haploinsufficiency is associated with increased bone mass in vivo,! which
likely results from both an increase in osteogenesis® and a decrease in osteoclast activity.?
The differentiation of MSCs into adipocytes or osteoblasts is controlled by the balance of
the transcriptional activities of PPARYy and runt-related transcription factor 2 (Runx2), an
essential mediator of osteogenesis.® Additionally, the Wnt/B-catenin pathway modulates the
expression and function of both PPARy and Runx2.# PPARY both suppresses Runx2
expression and activation® and interferes with the Wnt pathway.®

Rosiglitazone is a PPARy ligand and a member of the thiazolidinedione (TZD) class of
drugs used to treat type 2 diabetes.’” A significant side effect of TZDs is increased risk of
bone fracture.® Mice treated with rosiglitazone (17-25 mg/kg/day) for 1 to 2 months show
reduced bone formation, evidenced by decreased whole body bone mineral density,
trabecular bone volume, and osteoblast number. Concomitantly, there is an increase in bone
marrow adiposity and in bone resorption. As a result, significant decreases in bone
mechanical properties occur. The extent of bone loss may be modified significantly by the
age, genetic background, and sex of the mouse.?-12 Accordingly, treatment of human and
rodent bone marrow-derived MSC (BM-MSC) models with rosiglitazone results in
increased expression and activity of PPARYy and decreased Runx2 expression and
activity.9: 13,14

A growing number of environmental contaminants, including organotins, are being
recognized for their ability to activate PPARy. As such, organotins are members of an
emerging class of contaminants called environmental obesogens, contaminants that disrupt
the homeostatic controls of adipogenesis and energy homeostasis.1> While organotins have
been internationally banned for use as marine antifouling agents, they continue to be used in
food crop fungicides, wood preservatives and plastics manufacturing, resulting in significant
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land-based sources of these pollutants.1 Organotins are readily measurable in house
dust.17: 18 Significant human exposure is indicated by the presence of organotins in liver,
milk and blood (0.05-400 nM).19-23

Intriguingly, tri-substituted organotins (i.e. tributyltin (TBT) and triphenyltin) are dual
agonists of PPARY and its heterodimerization partners, the retinoid X receptors (RXR).15: 24
TBT and triphenyltin potently activate PPARYy and induce adipocyte differentiation in the
BM-MSC line, BMS2 (ECsg 10 nM) and in primary mouse and human bone marrow
cultures.25 26 TBT has been shown to suppress osteogenesis in rat calvarial osteoblasts,
mouse bone marrow-derived MSC and mouse adipose-derived MSC.27-2% The dual ligand
nature of the organotins raises the possibility that RXR could contribute to TBT-induced
effects on BM-MSC differentiation, independently of PPARy. RXRa, B, and y
heterodimerize with and are essential for transcriptional activation of multiple nuclear
receptors; further, they also act as homodimers (as reviewed30). Permissive RXR
heterodimer partners, such as liver X receptor (LXR) and PPARYy, may be activated by
ligand binding to either the partner or to RXR.3! Interestingly, TBT has been shown to
activate PPARS, LXR, and NURR1, all permissive RXR heterodimeric partners.1> In BMS2
cells, both bexarotene (LGD1069), a therapeutic RXR ligand,32 and TBT induced mRNA
expression of transglutaminase 2 (Tgm2), an RXR homodimer target, and ATP-binding
cassette, sub-family A, member 1 (Abcal), an LXR target.2> It remains to be determined
how engagement of RXR by TBT may alter BM-MSC differentiation.

The pervasive nature of organotin contamination (i.e. measureable even in house dust and
human tissues) and TBT’s potent interaction with nuclear receptors (e.g. affinity for human
PPARY ligand binding domain: Kq 20 nM1®; affinity for human RXRa ligand binding
domain: Kd 12.5 nM15; activation of mouse PPARy1 and 2 reporter: ECsg 10 nM33;
induction of adipocyte differentiation in mouse MSC: ECsq 10 nM2®) amplify the need to
understand their mechanisms of action in bone-forming cells. Here, we investigated the
hypothesis that TBT is a potent negative regulator of bone differentiation. Studies in
cultured bone marrow stromal cells and in primary mouse bone marrow cultures examined
the mechanisms of TBT-induced effects, in comparison to rosiglitazone (a PPARY agonist),
bexarotene (an RXR agonist) and LG100268 (an RXR agonist). The results demonstrate that
TBT activates multiple nuclear receptor pathways in an RXR-dependent manner and
potently modifies BM-MSC differentiation through its interaction with RXR.

MATERIALS AND METHODS

Materials

Rosiglitazone and T0901317 were from Cayman Chemical (Ann Arbor, MI). Bexarotene
was from LC Laboratories (Woburn, MA). The perilipin antibody was from Cell Signaling
Technology (Danvers, MA). The ABCAL antibody was from Novus Biologicals (Littleton,
CO). Human insulin, Nile Red, p-nitrophenyl phosphate (pNPP) reagent, LG100268 and
tributyltin chloride were from Sigma-Aldrich (St. Louis, MO). HX531 and T0070907 were
from Tocris Bioscience (via R&D Systems, Inc., Minneapolis, MN). All other reagents were
from Thermo Fisher Scientific (Suwanee, GA) unless noted. Caution: Tributyltin is
hazardous and should be handled carefully.
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BMS2 cells are C57BL/6 mouse-derived bone marrow stromal cells3* (provided by P.
Kincade, Oklahoma Medical Research Foundation). BMS2 cells were maintained in DMEM
with 5% FBS (Sigma-Aldrich), 5 ug/ml plasmocin (Invivogen, San Diego, CA) and 20 mM
L-glutamine. Cultures were maintained at 37° C in a humidified, 5% CO, atmosphere.
BMS2 were plated at 160,000 cells/well (6-well plates) in pre-adipocyte medium (DMEM
containing 10% FBS, 1mM sodium pyruvate, 100 U/ml penicillin, 100 pg/ml streptomycin)
and allowed to become confluent (3—4 days). Prior to dosing, the medium was replaced with
pre-adipocyte medium supplemented with insulin (0.5 pg/ml). Cultures received no
treatment (Naive) or were pre-treated with Vh (DMSO, 0.1%) or HX531 (5 uM). After 1 hr,
the cultures received no treatment (Naive) or were treated with Vh, rosiglitazone (100 nM),
bexarotene (100 nM), TBT (80 nM) or T0901317 (100 nM) for 24 hrs.

Primary bone marrow cultures were prepared from C57BL/6J mice (male, 8-12 weeks of
age) (Jackson Laboratories, Bar Harbor, ME). 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 up to 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. Bone marrow was flushed
from the femur, tibia and humerus, strained through a 70 um cell strainer, diluted in MSC
media (a-MEM containing 10% FBS, 100 U/ml penicillin, 100 pg/ml streptomycin, 0.25
pg/ml amphotericin B), and seeded at 6x108/ml in 2 ml per well in a 6-well plate (gene and
protein expression assays), 1 ml per well in a 12-well plate (gene expression assays) or 0.5
ml per well in a 24-well plate (phenotype assays) or 0.2 ml per well in a 96-well plate (cell
viability assays). Half of the medium was replaced 4 days after plating and the cultures
continued for 3 days. Prior to dosing, the medium was changed to include either insulin (500
ng/ml) or osteogenic additives: ascorbate (12.5 pug/ml), p-glycerol phosphate (8 uM),
dexamethasone (10 nM), and insulin (500 ng/ml). Naive wells were maintained in MSC
medium, received no treatments and were harvested after 1 week in culture. Medium wells
were maintained in differentiation medium but received no treatment and were harvested
along with treated cultures. For single exposure experiments, cultures were treated with Vh
(DMSO, 0.1% final concentration), rosiglitazone, TBT, LG100268, or bexarotene (10-200
nM). For mixed exposure experiments, cultures were treated first with VVh, or TBT (10-40
nM) and then treated with Vh, rosiglitazone (10-50 nM) or LG100268 (10-50 nM). For
antagonist experiments, cultures were treated first with Vh, HX531 (2 uM) or T0070907 (2
uUM) and then treated with Vh, rosiglitazone (20 nM (phenotype), 100 nM (gene
expression)), LG100268 (20 nM (phenotype), 100 nM (gene expression)), TBT (20 nM
(phenotype), 80 nM (gene expression)) or T0901317 (100 nM (gene expression)). Medium
was changed, and the cultures were redosed, every other day for a total exposure period of
2-14 days.
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Adipogenesis and Osteogenesis Assays

Lipid accumulation was quantified by Nile Red staining.2> Following Nile Red staining,
cells were fixed in 2% paraformaldehyde. To quantify alkaline phosphatase activity, cells
were incubated with pNPP solution (Sigma). After quenching with NaOH, absorbance (405
nM) was measured. 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
images were analyzed for bone nodule number using Image-Pro Plus (Media Cybernetics,
Inc., Rockville, MD). Following image capture, Alizarin Red staining was quantified
according to the manufacturer’s instructions. All absorbance and fluorescence measurements
were determined using a Synergy?2 plate reader (Biotek, Inc.). For lipid accumulation,
fluorescence in experimental wells was normalized either by dividing by fluorescence
measured in medium wells (Reported as “Fold Change”) or by subtracting fluorescence
measured in medium wells (Reported as relative fluorescence units, “RFUs™). Absorbance
was normalized by dividing by absorbance measured in medium wells, and data were
reported as “Fold Change from Medium.” For bone nodule counts, the medium wells and
Vh wells were averaged for each experiment and reported as “Med/Vh.”

MRNA Expression

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)45 primers.
All gPCR reactions were performed using the GoTag® qPCR Master Mix System
(Promega). Validated primers were purchased from Qiagen Inc. (Valencia, CA)(Table S1).
Sequences for the Abcal and Srebplc primers, which were synthesized, were previously
reported.3> gPCR reactions were performed using a 7500 Fast Real-Time PCR System
(Applied Biosystems, Carlshad, 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,36 using the threshold value for 18s
ribosomal RNA (Rn18s) for normalization. No significant differences were observed in the
expression of Rn18s across the different times or treatments (data not shown). The Cq value
from naive, undifferentiated cultures was used as the reference point, and data were reported
as “Fold Change from Naive.” Expression data from medium wells and VVh wells were
averaged for each experiment and reported as “Med/Vh.”

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 (40 ug) were resolved on 7.5% (ABCAL,
220 kDa) or 10% (perilipin, 62 kDa) polyacryalmide gels, transferred to a 0.2 pm
nitrocellulose membrane, and incubated with primary antibody (polyclonal rabbit anti-
ABCAL (NB400-105) or monoclonal rabbit anti-perilipin (9349)). Immunoreactive bands
were detected using HRP-conjugated goatanti rabbit secondary antibodies (Biorad, Hercules,

Chem Res Toxicol. Author manuscript; available in PMC 2016 June 15.



1duosnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Baker et al.

Statistics

RESULTS

Page 6

CA) followed by enhanced chemiluminescence. To control for equal protein loading, blots
were re-probed with a p-actin-specific antibody (A5441, Sigma) and analyzed as above.

Statistical analyses were performed with Prism 5 (GraphPad Software, Inc., La Jolla, CA).
Data are presented as means + standard error (SE). The n value indicates the number of
independent experiments or bone marrow preparations that were evaluated. Gene expression
data were log transformed prior to analysis. One-factor ANOVAs (Dunnett’s) and Student’s
T tests were used to analyze data.

RXR contributes to TBT-induced changes in gene expression

We have shown previously that TBT induced the expression of target genes of multiple
nuclear receptors.2> Here, we evaluated the contribution of RXR to TBT-induced changes in
gene expression using the bone marrow multi-potent stromal cell line BMS2 and the RXR
antagonist HX531.37 Confluent BMS2 cells were pretreated with Vh (DMSO, 0.1%) or
HX531 (5 pM) for 1hr and then treated with Vh, TBT (80 nM), or ligands for specific
nuclear receptors (100 nM rosiglitazone, PPARy;” 100 nM bexarotene, RXR;32 100 nM
T0901317, LXR38) for 24 hrs. We measured mRNA expression of fatty acid binding protein
4 (Fabp4, PPARY target)3?, Abcal (LXR target)*C, and Tgm2 (RXR target)30. Rosiglitazone
and TBT significantly induced the expression of Fabp4 mMRNA; however, HX531 only
significantly reduced TBT-induced Fabp4 expression (Figure 1A). Bexarotene, TBT and
T0901317 significantly induced the expression of Abcal, and HX531 completely suppressed
Abcal expression induced by bexarotene and TBT (Figure 1B). Bexarotene and TBT
significantly induced the expression of Tgm2, and this induction was completely suppressed
by HX531 (Figure 1C). These data show that TBT induces expression of genes that are
targets for PPARy, LXR and RXR and that activation of RXR contributes significantly to
the biological activity of TBT.

TBT suppresses osteogenesis in primary BM-MSCs

We evaluated the physiological effects of TBT using primary, BM-MSCs. Given TBT’s
ability to interact directly with both PPARY and its heterodimerization partner RXR,1% 24 we
compared its actions to agonists specific for either PPARYy (rosiglitazone) or RXR
(bexarotene) to help dissect the mechanisms by which TBT exerts its effects on BM-MSC
differentiation. Based upon previous dose response analyses for adipocyte differentiation in
a bone marrow MSC line (BMS2), TBT concentrations of 10 nM (ECsp) and 100 nM
(maximal non-toxic dose) were used.2® In that study, TBT was shown to have similar
potency but lower efficacy in inducing lipid accumulation relative to rosiglitazone (ECsq 60
nM) and similar potency but greater efficacy in inducing lipid accumulation relative to
bexarotene (ECsg 5 nM). Given the similar potencies of the experimental compounds,
responses to TBT were compared to responses to 10 and 100 nM rosiglitazone and
bexarotene. Most importantly, these TBT concentrations are well within organotin levels
measured in human liver, milk, and blood (0.05-400 nM).19-23
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We determined that the concentrations of the ligands used were not toxic to BM-MSC.
Cellularity, apoptosis, and necrosis were assessed by MTT labeling, caspase-3 activity, and
dead cell protease release, respectively (Figure S1). None of the ligands at the tested
concentrations caused a loss of cellularity or overt toxicity.

Next, we examined the effect of the PPARy and RXR ligands on BM-MSC osteogenic
differentiation. Primary bone marrow cultures were prepared from male C57BL/6J mice and
induced to undergo osteogenesis. At the initiation of differentiation, cultures were treated
with Vh (DMSO, 0.1%), rosiglitazone, bexarotene, or TBT (10-100 nM), incubated for 12
days and assessed for osteogenesis (alkaline phosphatase activity, mineralization and bone
nodule number). All three ligands (rosiglitazone, bexarotene and TBT) reduced osteogenesis
in BM-MSCs (Figure 2). Dose response analyses revealed that a dose as low as 10 nM was
sufficient for either rosiglitazone or TBT to suppress alkaline phosphatase activity (Figure
2A) and bone nodule number, while a concentration of 100 nM was required to suppress
calcium deposition (Figure 2B—C). Bexarotene was less potent at suppressing osteogenesis,
with only the 100 nM dose significantly reducing alkaline phosphatase activity and bone
nodule number (Figure 2A—-C). When applied in a mixed exposure, TBT had no effect on
rosiglitazone- or LGD100268 (an RXR ligand*1)-induced changes in alkaline phosphatase
activity (Figure S2A). TBT enhanced the reduction in bone nodule formation induced by
LG100268 (Figure S2B).

To examine changes in gene expression, established BM-MSC cultures were transitioned to
osteogenic medium and were treated as above for 2-10 days. Total RNA was isolated, and
gene expression relative to that of naive, undifferentiated cultures was determined by RT-
gPCR (Figure 3). Runx2 is the master regulator of osteogenesis and controls the expression
of osterix (Osx), which also is an essential osteogenic transcription factor. Osteocalcin (bone
gamma-carboxyglutamate protein, Bglap) is expressed by late osteoblasts and is involved in
mineralization. Dentin matrix phosphoprotein 1 (Dmpl) is expressed by mineralizing
osteocytes and regulates biomineralization and mineral metabolism.*2 The expression of
Osx, Bglap, and Dmp1 significantly increased over the course of osteogenesis. Rosiglitazone
reduced the expression of Runx2 and suppressed the upregulation of Osx, Bglap, and Dmp1l
expression. While bexarotene and TBT did not significantly affect Runx2 expression, they
suppressed the upregulation of Osx, Bglap, and Dmpl expression. Taken together, these
results suggest that TBT potently suppresses osteogenesis and that RXR ligands can
suppress osteogenesis.

TBT engages the PPARy pathway in primary BM-MSCs

TBT is a PPARY ligand,!® and PPARY ligands are known to suppress osteogenesis and
activate adipogenesis.? Thus, we investigated TBT-induced adipogenesis and PPARy-
mediated gene transcription. Both cultured and primary BM-MSCs from mouse undergo
PPARYy ligand-driven adipocyte differentiation without the addition of exogenous
hormones.13 Furthermore, another environmental PPARY ligand, mono-(2-ethylhexyl)
phthalate, has been shown to stimulate adipocyte differentiation in NIH 3T3 L1 cells in the
presence of serum and insulin alone.#® Thus, we began by investigating the effects of the
ligands on adipogenesis by testing their effect on BM-MSC differentiation in medium that
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was supplemented only with serum and insulin. Established cultures were treated with Vh
(DMSO, 0.1%), rosiglitazone, bexarotene or TBT (10-100 nM). Lipid accumulation was
assessed by Nile Red staining after 12-14 days in culture. Consistent with our and other’s
studies in mouse bone marrow cell lines and primary cultures,0: 25 26 rgsiglitazone and
TBT significantly increased lipid accumulation in primary BM-MSCs with minimal
hormonal support (Figure 4A). However, in contrast to the bone marrow stromal cell line,
bexarotene did not induce lipid accumulation in primary BM-MSCs.

Next, we assessed the ability of the ligands to divert BM-MSC differentiation toward
adipogenesis in cultures grown in osteogenic conditions. Even in the presence of osteogenic
additives, rosiglitazone and TBT both induced lipid accumulation, indicative of adipocyte
differentiation, in BM-MSCs, but bexarotene did not (Figure 4B). Terminal adipocyte
differentiation was confirmed by assessing perilipin protein expression by immunoblot
(Figure 4C). Rosiglitazone and TBT induced the expression of perilipin, while bexarotene
did not. Perilipin is a phosphoprotein, thus the multiple bands observed are likely
phosphorylated and non-phosphorylated forms of the protein.*4

We have previously shown that bexarotene and TBT each have a small but significant effect
on adipocyte differentiation stimulated by rosiglitazone in BMS2 cells.?> When applied as a
mixed exposure (Figure S2C), TBT had little effect on rosiglitazone-induced lipid
accumulation in primary mouse BM-MSCs. TBT and LG100268 each had little impact on
the lipid accumulation stimulated by the other compound; additive action was not apparent.

To examine changes in adipocyte-related gene expression during osteogenesis, established
BM-MSC cultures were transitioned to osteogenic medium and were treated as above for up
to 10 days. Total RNA was isolated, and gene expression relative to that of naive,
undifferentiated cultures was determined by RT-gPCR (Figure 5). PPARy (Pparg) is the
master regulator of adipocyte differentiation. RXRs (Rxra) are the ubiquitously expressed
heterodimeric partner of nuclear receptors. CCAAT/enhancer binding protein alpha (Cebpa)
is an early adipogenic transcription factor. Fabp4 is a PPARY target gene. Perilipin (Plinl)
regulates lypolysis and is expressed by differentiated adipocytes.** 4> Low level
adipogenesis occurred concurrently with osteogenesis in Vh-treated cultures, as indicated by
the significant increase in expression of the adipogenic transcription factors, Pparg and
Cebpa, and the adipocyte markers, Fabp4 and Plinl, on days 7 and 10 of differentiation
(Figure 5). The ligands exerted little effect on the expression of the adipogenic transcription
factors, Pparg and Cebpa, with increases in expression stimulated by rosiglitazone and TBT
only at day 2 of differentiation, and had no effect on the expression of Rxra. Rosiglitazone,
bexarotene and TBT all significantly increased the expression of the PPARy gene target
Fabp4, although expression induced by rosiglitazone and TBT was more robust and
sustained. Only rosiglitazone and TBT strongly induced the expression of Plinl, a marker of
terminal adipocyte differentiation. Bexarotene appeared to have a much lower efficacy than
rosiglitazone and TBT at simulating adipogenic gene transcription (Figure 5), consistent
with the lack of lipid accumulation and adipocyte-specific protein expression (Figure 4).
These results indicate that TBT potently suppresses osteogenesis while concomitantly
activating adipogenesis, but that an RXR ligand may suppress osteogenesis without strongly
inducing adipogenesis.
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Direct interaction of TBT with RXR contributes significantly to TBT’s effects on BM-MSC
differentiation

Given the results that both rosiglitazone, a PPARY ligand, and bexarotene, an RXR ligand,
could modify BM-MSC differentiation, we hypothesized the TBT can directly engage each
of these receptors to mediate its effects on MSC differentiation. Therefore, we investigated
the relative contribution of PPARYy and RXR activation to the bone suppressive effects of
rosiglitazone, LG100268 and TBT using a PPARY antagonist (T0070907, IC 1 nM*6) and an
RXR antagonist (HX531, IC5q 18 nM37). GW9662, a more commonly used PPARy
antagonist, is not appropriate to use in this context because it does not block the anti-
osteogenic effects of PPARy.4” The maximum tolerated concentration (2 uM) of each
antagonist was used. Established BM-MSC cultures were transitioned to osteogenic medium
and were treated first with Vh (DMSO, 0.1%), T0070907 (2 uM) or HX531 (2 uM) and then
treated with Vh, rosiglitazone (100 nM), LG100268 (100 nM) or TBT (80 nM) for 7 days.
Alkaline phosphatase activity and bone nodule number were determined (Figure 6A-B,
Figure S3). While rosiglitazone, LG100268 and TBT all significantly decreased alkaline
phosphatase activity, neither antagonist had a significant effect (Figure 6A). In contrast,
treatment with the PPARY antagonist alone significantly increased bone nodule number and
significantly counteracted the effect of rosiglitazone; however, it did not have a significant
effect on either the LG100268- or TBT-induced reduction in bone nodule number (Figure
6B). Interestingly, the RXR antagonist also showed a trend toward increasing bone nodule
number alone and significantly reduced loss of bone nodule formation by all three agonist
types (Figure 6B). Surprisingly, lipid accumulation was relatively resistant to suppression by
either the PPAR or RXR antagonist (Figure S4A). Indeed, the RXR antagonist alone and in
the presence of LG100268 enhanced lipid accumulation, which is in contrast to previous
reports.*® We confirmed that there was no contamination with a PPARY ligand using a
mouse PPARy2-based reporter assay (Figure S4B). Lipid accumulation stimulated by
rosiglitazone and TBT was marginally reduced in the presence of the PPARy antagonist,
T0070907, even though the antagonist blocked early Fabp4 expression (Figure S4C). Taken
together, the data show that effects on bone nodule formation were most sensitive to
inhibition by the antagonists and that direct interaction with RXR contributes to TBT-
induced loss of bone formation.

TBT engages an alternative permissive RXR heterodimer nuclear receptor pathway in BM-

MSCs

Because TBT can bind and activate transcription via RXR,15 we hypothesized that TBT may
activate permissive nuclear receptors in BM-MSCs during differentiation. Interestingly, a
small but growing body of evidence suggests that other nuclear receptors such as LXR may
regulate bone homeostasis.? The LXRs (Lxra, Lxrb) are physiological mediators of lipid,
cholesterol, and glucose homeostasis and metabolism and regulate expression ABCAL, a
cholesterol transporter, and steroid regulatory element binding transcription factor 1
(Srebf1), a lipogenic transcription factor.>% In BM-MSC cultures induced to undergo
osteogenesis, expression of Lxra, Abcal and Srebf1 increased significantly over time in Vh-
treated cells, while Lxrb expression did not change (Figure 7A). All of the ligands induced
the expression of Lxra, although expression induced by rosiglitazone and TBT was more
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robust and sustained than expression induced by bexarotene. None of the ligands
significantly modified expression of Lxrb. All three ligands induced expression of Srebfl,
although only bexarotene and TBT induced a sustained increase in expression. Only TBT
and bexarotene induced Abcal expression (Figure 7A). Increased expression of ABCA1
protein was confirmed by immunablot (Figure 7B). An RXR antagonist (HX531), but not a
PPARYy antagonist (T0070907), significantly suppressed the expression of Abcal stimulated
by LG100268 and TBT (Figure 7C). Unlike LXR, retinoic acid receptor (RAR) forms a non-
permissive heterodimer with RXR and thus cannot be activated by ligand binding to RXR
alone.>1 We examined the ability of rosiglitazone, bexarotene and TBT to stimulate gene
expression in the RAR pathway, for comparison. All three of the ligands enhanced Rarb
expression and decreased Alpl expression; otherwise TBT did not uniquely upregulate RAR
target genes (Figure S5). The results suggest that activation of RXR, but not PPARYy,
contributed to ABCA1 upregulation. These data show that TBT is capable of activating at
least three nuclear receptor pathways (PPARy, RXR and LXR), opening the possibility for
multifaceted effects on BM-MSC differentiation and function.

DISCUSSION

Osteoporosis is one of the most pervasive and fastest growing chronic health care problems
in the industrialized world. Recent studies have shown that therapeutic PPARy agonists
increase fracture risk® and that bone loss seen with thiazolidinedione treatment is likely due
at least in part to the ability to increase marrow adiposity while suppressing

osteogenesis.% 10 These findings point to the need for serious consideration as to whether
ubiquitous environmental PPARY ligands (e.g., phthalates and organotins) also have
detrimental effects on bone health. In vitro, we examined the hypotheses that TBT is a
modifier of BM-MSC differentiation at concentrations seen in humans and that TBT
exposure leads to skewing of differentiation away from osteogenesis. Organotins bind and
activate both PPARy and RXRs;1% 24 therefore, engagement of multiple nuclear receptor
pathways could contribute to the effects of these toxicants on bone physiology. Thus, we
also investigated the contribution of interaction with RXR to TBT’s biological effects.

We used an ex vivo primary BM-MSC culture model to isolate the molecular pathways that
are recruited and/or disrupted by TBT during osteoblast differentiation. Given TBT’s ability
to interact directly with both PPARy and RXR, we included specific ligands for these
receptors (rosiglitazone (PPARY), bexarotene (RXR), and LG100268 (RXR)) for
comparison. Direct activation of PPARy apparently was required to induce BM-MSC
adipogenesis efficiently. Human and mouse PPARYy activation by TBT occurs at similar
concentrations; we measured an ECsgq of ~10 nM in reporter assays of transactivation of
either human or mouse PPARY’s and an ECsg of 10 nM for stimulation of adipogenesis in a
mouse-derived BMS2 cells.2%: 33 |n addition, binding affinities of rodent and human
PPARy’s for rosiglitazone are similar.52 In contrast, both PPARy and RXR agonists had
anti-osteogenic capabilities.

TBT both induced adipocyte differentiation and suppressed bone formation in BM-MSC
cultures. Importantly, modulation of BM-MSC differentiation by TBT occurred at a
concentration of 10 nM, a concentration well within what has been observed in human
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blood, liver, and milk.1%-23 TBT’s ability to inhibit osteogenic differentiation was evidenced
by the suppression of Runx2-driven gene expression pathways and suppression of alkaline
phosphatase activity and mineralization. The reduction in bone nodule number suggests that
TBT suppressed not only osteoblast activity but also osteoblast differentiation. The
concomitant activation of PPARy-mediated pathways during the suppression of osteogenesis
suggests that PPARY is a significant contributor to the TBT-induced suppression, like in
rosiglitazone-induced suppression.>3

However, TBT may act distinctly from rosiglitazone. TBT, bexarotene and LG100268
engage multiple nuclear receptors. We have previously shown that TBT and bexarotene
induce the LXR target Abcal in a BM-MSC line, but that rosiglitazone does not.2> Here, we
demonstrated that RXR contributes significantly to the activation of PPARy and LXR gene
expression by TBT both in BMS2 cells and primary mouse BM-MSCs. Interestingly, a
distinct pattern of expression was seen with an alternate LXR target, Srebf1, which was
induced by all three ligand types. The expression of Srebfl was more strongly correlated
with the expression of Lxra than was Abcal (data not shown), and likely reflects the
PPARy-dependent upregulation of the LXRa. pathway.>* RXR ligands have been shown to
activate LXR-mediated pathways either by direct activation of RXR/LXR or by indirect
activation through PPARY.%% RXR ligands and TBT appear to engage both LXR activation
pathways. The LXR pathway has only recently been investigated for its involvement in bone
homeostasis, and it has been suggested to have both pro- and anti-osteogenic as well as
modulate osteoblast/osteoclast crosstalk.%: 6. 57 The significance of LXR modulation by
TBT remains to be determined.

While the role of PPARY ligands in modifying BM-MSC differentiation is well known, this
is the first report of suppression of osteogenesis by RXR ligands. Binding of bexarotene or
LG100268 to RXR may initiate RXR homodimer activation or RXR-driven activation of
permissive heterodimers such as LXR and PPARY.30 Indeed, we show that antagonism of
RXR decreases both RXR- and LXR-mediated gene transcription stimulated by bexarotene
and LXR-mediated transcription by LG100268. In contrast to our work in a bone marrow
stromal cell line25 and others” work in which NIH 3T3 L1 cells were exposed to RXR
ligands,1° bexarotene did not induce lipid accumulation in primary BM-MSC and minimally
induced adipogenic gene expression, either in insulin-supplemented media or in osteogenic
conditions. Interestingly, it also has been shown that while RXR ligands induce
adipogenesis in human, adipose-derived MSCs, they do not induce adipogenesis in mouse,
adipose-derived MSCs,28 suggesting that human MSCs may be more sensitive to the effects
of RXR ligands. In contrast, both bexarotene and LG100268 significantly suppressed
osteogenesis. These results are reminiscent of previous studies in which some PPARy
ligands have anti-osteogenic capabilities without having any pro-adipogenic ones, or vice
versa.?8 Importantly, RXR recently has been shown to play an essential role in postnatal
bone remodeling.>® It remains to be determined if TBT, bexarotene and LG100268 are
recruiting RXR homodimer- or RXR heterodimer-mediated pathways to alter osteogenesis.

In summary, we show that TBT can induce bone loss and can modify BM-MSC
differentiation leading to suppression of osteogenesis at nM concentrations, similar to
human body burdens. Results from these studies, coupled with the facts that a growing
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number of environmental contaminants are being recognized as PPARY agonists (e.g.
phthalates, tetrabromobisphenol A, triflumizole)#3: 60.61 and that other toxicants (e.g. lead,
arsenic, alcohol, dioxin) suppress osteogenesis via PPARy-independent

mechanisms,27: 62-64 support the hypothesis that environmental exposures could contribute
significantly to the pathology of osteoporosis. Exposure to multiple toxicants that act
through different pathways may be particularly deleterious, as co-exposure to dioxin and
TBT was shown to enhance suppression of osteogenic gene expression.2’ Furthermore,
recent studies suggest that PPARYy ligand exposure not only enhances the risk of fracture but
also is deleterious to new bone formation required for healing.® Finally, the novel finding
that RXR ligands also suppress osteogenesis, and that direct interaction of TBT with RXR
contributes to its biological effects, suggests that multiple nuclear receptor pathways could
be targeted by environmental contaminants to impact bone homeostasis. In vivo exposure
studies are needed to assess the ability of environmental toxicants to reach the bone marrow
and induce physiological effects in human-relevant exposure scenarios.
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ABCA1 ATP-binding cassette, sub-family A, member 1
ALPL alkaline phosphatase
BGLAP bone gamma-carboxyglutamate protein
BM-MSC bone marrow multipotent mesenchymal stromal cells
CEBPA CCAAT/enhancer binding protein o
DMP1 dentin matrix phosphoprotein
ETS1 E26 avian leukemia oncogene
FABP4 fatty acid binding protein 4
LXR liver X receptor
MMP13 matrix metallopeptidase 13
MTT 3-[4,5-dimethylthiazol-2-ylI]-2,5-diphenyltetrazolium bromide
0OSsX osterix
PLIN1 perilipin
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PPARYy peroxisome proliferator-activated receptor y

RAR retinoic acid receptor

RFU

S relative fluorescence units

RN18S 18s ribosomal RNA

RUNX2 runt-related transcription factor 2

RXR retinoid X receptor

SREBF1 steroid regulatory element binding transcription factor 1
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Figure 1. Antagonism of RXR suppresses expression of multiple TBT-induced genes
Confluent BMS2 cells were treated first with Vh (DMSO, 0.1%) or HX531 (5 uM) for 1hr

and then treated with Vh, rosiglitazone (100 nM), bexarotene (100 nM), TBT (80 nM) or
T0901317 (100 nM) in the presence of insulin (0.5 pg/ml) for 24 hrs. Gene expression was
quantified by RT-gPCR. (A) PPARY target. (B) LXR target gene. (C) RXR target gene. Data
are presented as means + SE (n=4-5). Statistically different from Vh+Vh-treated ("p<0.05,
""p<0.01, ANOVA, Dunnett’s). Statistically different from Vh+agonist-treated (*p<0.05,
**p<0.01, ANOVA, Dunnett’s).
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Figure 2. PPARy and RXR ligands suppress osteogenic differentiation in BM-MSCs
Primary bone marrow cells were isolated from 8-10 week old male C57BL/6 mice, plated,

and allowed to adhere for 7 days. The medium was replaced with MSC medium containing
the osteogenic additives, B-glycerol phosphate, ascorbate, insulin and dexamethasone.
“Medium” wells were left untreated. Cultures were treated with Vh (DMSO, 0.1%),
rosiglitazone (Rosi), bexarotene (Bex) or TBT (10-100 nM), cultured for 12 days and
analyzed for osteogenesis. (A) Alkaline phosphatase activity. (B) Alizarin staining. (C)
Quantification of mineralization and bone nodule number from Alizarin staining. Data are
presented as means + SE (n=3-6). Statistically different from Vh-treated (*p<0.05,
**p<0.01, ANOVA, Dunnett’s).
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Figure 3. PPARy and RXR ligands suppress osteogenic gene expression in BM-MSCs
Primary bone marrow cultures were established and osteogenesis was initiated as in Figure

2. Cells were treated with Vh (DMSO, 0.1%), rosiglitazone (Rosi), bexarotene (Bex) or TBT
(100 nM), cultured for 2-10 days and analyzed for gene expression by RT-qPCR. Data are
presented as means + SE (n=4-8). Statistically different from day 2, Vh-treated ("p<0.05,
“"p<0.01, ANOVA, Dunnett’s). Statistically different from Vh-treated on the same day
(*p<0.05, **p<0.01, ANOVA, Dunnett’s).
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Figure 4. Rosiglitazone and TBT stimulate adipocyte differentiation in BM-MSCs even in the
presence of osteogenic signals

(A) Primary bone marrow cells were isolated from 8-10 week old male C57BL/6 mice,
plated, and allowed to adhere for 7 days. The medium was replaced with MSC medium
containing insulin (500 ng/ml). “Medium” wells were left untreated. Cultures were treated
with Vh (DMSO, 0.1%), rosiglitazone (Rosi), bexarotene (Bex) or TBT (10-100 nM),
cultured for 12-14 days and analyzed for lipid accumulation (Nile Red staining). Data are
presented as means + SE (n=4-9). Statistically different from Vh-treated (*p<0.05,
**p<0.01, ANOVA, Dunnett’s). (B) Primary bone marrow cultures were established and
osteogenesis was initiated as in Figure 2. Cultures were treated Vh, rosiglitazone, bexarotene
or TBT (100 nM), cultured for 12 days and analyzed for lipid accumulation. Data are means
+ SE (n=3). Statistically different from Vh-treated (** p<0.01, ANOVA, Dunnett’s). (C)
Primary bone marrow cultures were established and osteogenesis was initiated as in Figure
2. Cultures were treated with Vh, rosiglitazone, bexarotene or TBT (100 nM) and cultured
for 5 days. Perilipin expression was determined in whole cell lysates by immunoblot.
Rosiglitazone-treated samples were loaded with 2-fold less protein. Data are representative
of 4 independent bone marrow preparations.
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Figure 5. Rosiglitazone and TBT engage the PPARy pathway during osteogenesis
Primary bone marrow cultures were established and osteogenesis was initiated as in Figure

2. Cultures were treated with Vh (DMSO, 0.1%), rosiglitazone (Rosi), bexarotene (Bex) or
TBT (100 nM), cultured for 2-10 days and analyzed for gene expression by RT-gPCR. Data
are presented as means + SE (n=3-4). Statistically different from day 2, Vh-treated
("p<0.05, p<0.01, ANOVA, Dunnett’s). Statistically different from Vh-treated on the same
day (*p<0.05, **p<0.01, ANOVA, Dunnett’s).
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Figure 6. TBT’s effects on osteogenesis are dependent upon direct interaction with RXR
Primary bone marrow cultures were established and osteogenesis was initiated as in Figure

2. Cultures first were treated with Vh (DMSO, 0.1%), HX531 (RXR, 2 pM) or T0070907
(PPARY, 2 uM) and then treated with Vh, rosiglitazone, LG100268 or TBT (20 nM),
cultured for 10 days and analyzed for alkaline phosphatase activity (A) and bone nodule
number (Alizarin staining, B). Data are presented as means + SE (n=4-7). Statistically
different from VVh+Vh-treated ("p<0.05, ~"p<0.01, ""p<0.001, ANOVA, Dunnett’s).
Statistically different from Vh+agonist-treated (*p<0.05, **p<0.01, ANOVA, Dunnett’s).
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Figure 7. TBT engages a permissive nuclear receptor, LXR, in BM-MSCs, in an RXR-dependent
manner
Primary bone marrow cultures were established and osteogenesis was initiated as in Figure

2. (A) Cultures were treated with Vh (DMSO, 0.1%), rosiglitazone (Rosi), bexarotene (Bex)
or TBT (100 nM), cultured for 2-10 days and analyzed for gene expression by RT-qPCR.
Data are presented as means + SE (n=4). Statistically different from day 2, Vh-treated
("p<0.05, p<0.01, ANOVA, Dunnett’s). Statistically different from Vh-treated on the same
day (*p<0.05, **p<0.01, ANOVA, Dunnett’s). (B) Cultures were treated with Vh,
rosiglitazone, bexarotene or TBT (100 nM) and cultured for 5 days. ABCAL expression was
determined in whole cell lysates by immunoblot. Data are representative of 4 independent
bone marrow preparations. (C) Cultures were treated first with VVh, HX531 (2 uM) or
T0070907 (2 uM) and then treated with Vh, rosiglitazone (100 nM), LG100268 (100 nM),
TBT (80 nM) or T0901317 (100 nM), cultured for 2 days and analyzed for gene expression
by RT-gPCR. Data are presented as means + SE (n=5-6). Statistically different from Vh
+Vh-treated ("p<0.05, “"p<0.01, ""p<0.001, ANOVA, Dunnett’s). Statistically different
from Vh+agonist-treated (*p<0.05, **p<0.01, ANOVA, Dunnett’s).
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