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Abstract

PPARY, a ligand-activated nuclear receptor, regulates fundamental aspects of bone homeostasis
and skeletal remodeling. PPARy-activating anti-diabetic thiazolidinediones in clinical use promote
marrow adiposity, bone loss, and skeletal fractures. As such, delineating novel regulatory
pathways that modulate the action of PPARY, and its obligate heterodimeric partner RXR, may
have important implications for our understanding and treatment of disorders of low bone mineral
density. We present data here establishing retinaldehyde dehydrogenase 1 (Aldhlal) and its
substrate retinaldehyde (Rald) as novel determinants of PPARy-RXR actions in the skeleton.
When compared to wild type (WT) controls, retinaldehyde dehydrogenase-deficient (A/dhial™")
mice were protected against bone loss and marrow adiposity induced by either the
thiazolidinedione rosiglitazone or a high fat diet, both of which potently activate the PPARy-RXR
complex. Consistent with these results, Rald, which accumulates in vivoin Aldhlal™" mice,
protects against rosiglitazone-mediated inhibition of osteoblastogenesis /n vitro. In addition, Rald
potently inhibits /n vitro adipogenesis and osteoclastogenesis in WT mesenchymal stem cells
(MSCs) and hematopoietic stem cells (HSCs) respectively. Primary Aldhlal™~HSCs also
demonstrate impaired osteoclastogenesis /n vitro compared to WT controls. Collectively, these
findings identify Rald and retinoid metabolism through Aldhlal as important novel modulators of
PPARY-RXR transactivation in the marrow niche.
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INTRODUCTION

Retinoids are a large, diverse family of vitamin A (retinol) metabolites that regulate
fundamental cellular processes including differentiation, proliferation, and functional
responses in a cell- and tissue-specific manner (1-3). A set of specific enzymes and proteins
tightly govern the generation, catabolism, and transport of distinct, biologically active
retinoid species. Retinoids like retinoic acid (RA) exert their effects mainly by modulating
the activity of retinoid X receptors (RXR) and the retinoid activated receptors (RAR) —
nuclear receptors (NRs) that function as ligand-activated transcription factors. RXR is
particularly important given its role as the obligate heterodimeric partner for other NRs
including the peroxisome proliferator-activated receptor-gamma (PPARy) (4. In addition
to its important role in adipogenesis and metabolism, PPARYy also regulates skeletal
remodeling and marrow adipogenesis through fundamental effects on bone differentiation
programs (6-8). PPARYy activation preferentially shifts mesenchymal stem cell (MSC)
allocation toward an adipocyte lineage, thereby promoting bone marrow adiposity while also
inhibiting osteoblastogenesis (% 10). PPARY also controls key transcriptional programs in
osteoclastogenesis in hematopoietic stem cells (HSCs) through coordinated effects on
nuclear factor-kappa f ligand signaling (11 12). Consistent with these effects, both high fat
diet (HFD), which can activate PPARYy, as well as PPARy-activating anti-diabetic
thiazolidinediones (TZDs) have been linked to bone loss, marrow adiposity, and

fractures (13-17), The deleterious skeletal effects of TZDs have significantly limited their
clinical use.

PPARY and RXR belong to the same superfamily of ligand-activated NRs; however,
important distinctions exist in their ligand selectivity and specificity. Although the
endogenous ligands of PPARy remain poorly defined, fatty acids and their metabolic
derivatives bind and activate PPARY. In contrast, RXR is activated by specific retinoids. The
9 cis isomer of retinoic acid (9cRA) retinoic acid is a putative RXR ligand, although it has
only been demonstrated definitively /7 vivo in pancreatic islets (20). RXR functions as an
obligate heterodimeric partner for multiple NRs including PPARY. Importantly, selective
synthetic RXR agonists can also modulate the PPARy-RXR complex independent of
exogenous PPARY ligand stimulation (21-23), These observations combine to establish RXR
and the pathways of retinoid metabolism that modulate RXR activity as critical nodal points
for PPARYy transcriptional networks and metabolism in general. Despite the well-
documented importance of PPARYy in bone metabolism and the central role of RXR in
determining PPARY responses, essentially nothing is known about how specific retinoid
pathways modulate PPARy-RXR action in bone and skeletal responses to other stimuli
known to alter bone remodeling, like high fat diet (HFD) and TZDs.

Retinoic acid (RA) is formed by the enzymatic action of retinaldehyde dehydrogenases
(Aldhlal, Aldhla2, Aldhla3) on retinaldehyde (Rald). While global Aldhla2 and Aldhla3
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deficiency cause RA deficiency and embryonic/perinatal lethality due to severe
developmental defects (20:21) Aldh1al deletion, a known model of high endogenous Rald
levels, does not produce these abnormalities (27). Previously, we and others reported
evidence that Rald may exert effects independent of its conversion to RA (28-33) including
inhibition of the PPARy-RXR complex and repression of adipogenesis (28). Recently, we
demonstrated that Rald and Aldhlal modulate bone morphogenetic protein 2 (BMP2)
expression in the skeleton, altering peak bone mass acquisition /7 vivo (?4). Given these
observations, we hypothesized that Rald and Aldhlal influence fundamental aspects of
mesenchymal and hematopoietic stem cell differentiation through effects on PPARy-RXR
transactivation, thereby offsetting known effects of high fat diet HFD and TZDs on bone
density and marrow adiposity. We show here that Aldhlal-deficient (A/dhIal™") mice are
protected from the bone loss and marrow fat accumulation seen in WT mice when both are
exposed to the TZD rosiglitazone or a HFD. Consistent with these findings, Rald stimulation
and Aldhlal deficiency modulated key PPARy-mediated effects on MSC and HSC
differentiation /n vitro and /n vivo. Collectively, these findings establish Rald and Aldhlal
as novel modulators of PPARY activity in bone and provide insight into retinoid metabolism
as a potentially novel therapeutic target for limiting untoward bone effects of PPARYy
activation in the context of age-related bone loss, obesity, and treatment of diabetes.

MATERIALS AND METHODS

Mice

Histology

Aldhlal™" mice have been previously described (27.28.31) For rosiglitazone experiments,
18 week-old WT and Aldhlal™~ females (n = 5 per group) were fed 10% kcal % fat diet
(D12450B, Research Diets Inc.) supplemented with rosiglitazone (Cayman Chemicals) at a
dose of 20 mg/kg/day for 12 weeks. For HFD experiments, 12 week-old WT and Aldhlal™~
females (n = 9 per group) were fed a 60% kcal % HFD (D12492, Research Diets Inc.) for 18
weeks. All experiments and animal use were in accordance with NIH guidelines for the use
of laboratory animals and were approved by the Harvard Medical School IACUC.

Static histomorphometry was performed as previously described (6. 37). Briefly, tibias were
collected, fixed in 70% ethanol, dissected, and embedded in methyl methacrylate.
Longitudinal sections that were 5 um thick were prepared using a Micron microtome
(Richard-Allan Scientific) and then stained with toluidine blue. Quantification of marrow fat
was performed as previously described (38, The terminology and units used are in
accordance with guidelines established by the Histomorphometry Nomenclature Committee
of the American Society for Bone and Mineral Research (39,

Dual-energy x-ray absorptiometry (DXA)

Dual-energy x-ray absorptiometry (DXA) scanning was performed using the PIXImus
system (GE-Lunar) as previously described (38). The PIXImus was used to assess femoral
bone mineral density (BMD), and bone mineral content (BMC) in W7 and Alahlal™" mice
after rosiglitazone treatment and high fat diet. A phantom standard provided by the
manufacturer was assessed each day for instrument calibration.
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Micro-computed tomography (UCT)

Microarchitecture of the trabecular bone and midshaft cortical bone of the femur was
analyzed by UCT (resolution 10 um, VivaCT-40; Scanco Medical AG). Bones were scanned
at an energy level of 55 kVp and intensity of 145 pA. Trabecular bone volume fraction and
microarchitecture were evaluated starting approximately at 0.6 mm proximal to the distal
femoral growth plate and extending proximally 1.5 mm. Measurements included bone
volume/total volume (BV/TV), trabecular number (Tb.N.), trabecular thickness (Tb.Th.),
and trabecular spacing (TbS). Scans for the cortical region were measured at the midpoint of
each femur, with an isotropic pixel size of 21 um and slice thickness of 21 um, and used to
calculate the average BA, total cross-sectional area, BA/total cross-sectional area, and
Ct.Th. All scans were analyzed using manufacturer software (version 4.05; Scanco Medical
AG).

MRI of Marrow Fat

Mice were scanned for quantification of marrow adiposity by spectroscopy of marrow fat
using a BRUKER PharmaScan 7 T magnet (3D RARE32 method respiration gated with fat
suppression off; TE=6.15ms; TR=600ms; 4averages; FOV=4x4x1cm; axial slice placed
over right kidney slice thickness=10 mm; Matrix= 256x256x 256; resolution 156 microns
per pixel). Ex vivo T1-weighted imaging and MR spectral peak analysis of marrow tibial fat
was performed in WT and A/dhlal™" mice that were 30 weeks of age after 12 weeks of
rosiglitazone treatment, and 30 weeks of age after 18 weeks of HFD.

Bone Marrow Isolation and in vitro Differentiation Assays

Bone marrow was isolated from 12-16 week-old female WT and A/ahZal™~ mice as
previously described (40), Briefly, tissue was dissected away from femurs and tibiae of age
and sex matched WT and A/dhIal™" mice. Bone marrow was then flushed from the bones
with aMEM media (Life Technologies) supplemented with 10% lot-selected Hyclone fetal
bovine serum (FBS) (VWR International) and 1% penicillin-streptomycin (Life
Technologies). Cells were then strained with 70uM filter and then seeded for differentiation
assays as outlined below.

In vitro Osteoblastogenesis Culture

In vitro osteoblastogenesis assays were performed by plating marrow stromal cells isolated
as described above at a density of 10 x 106 cell/well in 6 well dishes (1 x 108 cells/cm?).
The cells were grown in basal media consisting of aMEM media (Life Technologies)
supplemented with 10% Hyclone fetal bovine serum (VWR International) and 1%
penicillin-streptomycin (Life Technologies) for 7 days, and then osteogenic media (basal
media supplemented with ascorbic acid [AA] at 50 ug/mL and beta-glycerol phosphate
[BGP] at 10 mM) either in the presence or absence of rosiglitazone (1 pm) for another 7
days. Alkaline phosphatase (ALP) staining (Sigma 86R-KT) was then performed.

In vitro Marrow Adipogenesis Culture

For /n vitro adipogenesis differentiation assays, WT marrow cells were seeded in 24 well
dishes (1 x 108 cells/cm?) and grown in basal media for 10 days. Treatment with either
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DMSO or Rald 1 uM (Sigma Aldrich) was started on day 3, and continued throughout
differentiation. On day 10, the cells were treated with adipogenesis induction media (basal
media supplemented with rosiglitazone 1 pM [Cayman Chemicals], insulin 25 mg/mL
[Sigma Aldrich], dexamethasone 1 nM [Sigma Aldrich], IBMX 0.5mM [Sigma Aldrich]) for
48 hours followed by adipogenesis maintenance media (basal media supplemented with
rosiglitazone 1 pM, insulin 25 mg/mL) for 5 days, in the presence of either DMSO or Rald.
Oil Red O (ORO) staining (1) and the Adipored assay (Lonza) were performed to quantitate
intracellular lipid accumulation.

In vitro Osteoclastogenesis Cultures

Bone marrow cells were isolated from femurs and tibias of matched 12-week old female WT
and Aldhlal™" mice as described above. Bone marrow cells (4.5x10° cells/well) were then
plated in a 96-well dish in differentiation medium consisting of aMEM supplemented with
10% fetal calf serum (VWR), 1% Penicillin-Streptomycin 1000U (Invitrogen), 30 ng/mL
macrophage colony-stimulating factor (m-CSF) and 100 ng/mL soluble receptor activator of
nuclear factor-xB ligand (SRANKL) (PeproTech, Inc.). When indicated, cells were treated
with either 1uM of Rosiglitazone (Cayman Chemicals), Rald, (Sigma Aldrich), or the
combination of rosiglitazone and Rald. The culture medium and treatments were changed at
day 3 and day 6. At day 7, the culture was terminated; cells were then fixed with 2.5%
glutaraldehyde (Electron Microscopy Sciences) and stained for tartrate-resistant acid
phosphatase activity (TRAP5b) using the Sigma Leucocyte acid phosphatase (TRAP) Kit.
Osteoclasts were identified by TRAP5b positive multinucleated cells (more than four nuclei)
using light microscopy.

ST2 Marrow Stromal Cell Culture

ST2 cells were purchased from Riken (Japan) and maintained in 1640 RPMI media
supplemented with 10% FBS and 1% penicillin-streptomycin (Life Technologies). ST2 cells
were differentiated into osteoblasts using osteogenic media consisting of basal growth media
basal media supplemented with AA at 50 ug/mL and BGP at 10 mM) in the presence of
DMSO, rosiglitazone (1 um), Rald (1 um), AGN 193109 (Sigma), or HX531 (a kind gift
from Dr. H. Kagechika, University of Tokyo) for 7 days. Alkaline phosphatase (ALP)
staining (Sigma 86R-KT) was then performed. For the siRNA studies, either Co siRNA,
RARYy siRNA or RXRa siRNA was transfected into ST2 cells using the DeliverX™ siRNA
transfection system (Affymetrics/Panomics) as per the manufacturer’s protocol. Following
transfection, the ST2 cells were then treated with Rald (1 pm) for 24 hours prior to staining
for ALP.

Bone resorption assay

Bone marrow cells were cultured and treated as described above, and the resorption assay
was performed as before (36). Briefly, cells were plated in the Corning Osteo Assay Surface
96-well plates (VWR). The culture medium and treatments were changed every 3 days until
day 13. Cells were then washed with PBS, incubated with 10% sodium hypochlorite for 5
minutes at room temperature. The wells were washed twice with water and stained with a
modified von Kossa stain [5% (w/v) aqueous silver nitrate solution] for 30 minutes in the
dark at room temperature. Following staining, wells were then soaked in water for 5 minutes
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and treated with 100pl of 5% sodium carbonate (w/v in 10% formalin) for 5 minutes. Pit
formation was quantified and analyzed using Image Pro Software.

Reverse Transcriptase (RT) PCR and Quantitative Real Time PCR

RNA was harvested using Trizol (Invitrogen) and RT-PCR was performed using 0.5-1 pg of
RNA using the High Capacity cDNA synthesis kit (Applied Biosystems). Gene expression
analysis was performed using an iQ quantitative real time thermal cycler system (Bio-Rad).
One pL of diluted cDNA (diluted 1:5) generated from RT-PCR was then used as template
for gPCR amplification using 2X iQ SYBR green mastermix (Bio-Rad) in a total reaction
volume of 25 pL. Gene expression was normalized using 36B4.

Statistical Analysis

RESULTS

Unpaired student t-tests were employed in the statistical analysis of WT and A/dhlal™~
body weights, fat depot weights, MRI fat spectral peaks, and /n vitro assays (ORO,
Adipored, gene expression). For the WT osteoclastogenesis assays, the ANOVA statistical
method was used in analyzing differences in TRAP positive multinucleated cells and gene
expression between rosiglitazone, Rald, or combined rosiglitazone and Rald treatments.

Aldhlal deficiency protects mice against rosiglitazone-induced bone loss and marrow

adiposity

To investigate whether Aldhlal modulates PPARy-RXR skeletal responses in vivo,
matched, standard chow-fed 18 week-old female WT and A/dhIal™" mice were treated with
the PPARY agonist rosiglitazone (20 mg/kg/day in chow) for 12 weeks. At the conclusion of
these studies, total body weight (TBW) was similar in WT and A/ghlal™" mice (Fig. 1A)
(27.8 £1.2 g versus 25.5 £ 2.8 g, p= 0.17). To determine body fat composition of the treated
animals, perigonadal visceral white fat and interscapular brown fat (BAT) pads were
dissected and weighed individually. A/ghZal™~ mice had less visceral white adipose tissue
(VWAT) than WT mice as a percentage of TBW (0.80 + 0.19% versus 1.95 + 0.23% of
TBW, p<0.05) when treated with rosiglitazone (Fig. 1B). Compared to WT controls, there
was also a trend toward less interscapular brown fat (0.64 + 0.07 versus 0.80 + 0.18% of
TBW, p= 0.08) in Aldhlal™" mice treated with rosiglitazone, which is known to increase
murine BAT depot size 34) (Fig. 1B). Liver weight and femur length were not significantly
different in the two groups (data not shown). When we examined bone density in WT and
Aldhlal™" mice treated with rosiglitazone, dual energy x-ray absorptiometry (DEXA)
scanning (Fig. 1C) and micro computed tomography (UCT) demonstrated significantly
higher bone mass in the A/ahlal™~ group. Both total femoral mineral content (8.58 + 0.153
ug vs 1.02 + 0.286 pg, p< 0.001) and bone density (0.0722 + 0.00150 versus 0.0607 +
0.00133 g/cm?, p< 0.001) were significantly higher in the A/dhlal™" mice, as measured by
PIXImus densitometry.

Micro CT (UCT) demonstrated significant microarchitectural differences between WT and
Aldhlal™" mice exposed to rosiglitazone (Figure 1D). Femoral bone volume/total volume
(BVITV) was significantly lower in WT mice as compared to the A/ghZal™~ group (0.0126

Bone. Author manuscript; available in PMC 2015 October 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Nallamshetty et al.

Page 7

+0.00185 % versus 0.0493 + 0.00435 %:; p <0.0001). AldhIal™’~ mice on a standard chow
diet have higher femoral BV/TV at multiple developmental time points (24); however,
rosiglitazone treatment led to a greater decrease in bone mass in the WT cohort. WT mice
treated with rosiglitazone demonstrated a larger relative decline in femoral BV/TV on uCT
as compared to the A/dhlal™~ group (-66% vs —35%) as determined by comparison to
relevant historical controls (18 week old female WT and A/ah1al~~ on a standard chow
diet; supplementary data, Fig. S1). The higher femoral BV/TV seen in rosiglitazone-treated
Aldhlal™~ mice was also accompanied by greater trabecular number (TbN) (3.035 + 0.200
versus 2.175 £ 0.226 /mm, p<0.005) and trabecular thickness (TbTh) (0.0399 + 0.00210
versus 0.0333 £ 0.00330 um, p<0.005), and lower trabecular spacing (TbS) (0.330 + 0.0210
versus 0.4621 + 0.0556, p<0.005). Notably, histomorphometry (Table 1 and Fig 1E)
demonstrated significantly lower number of osteoclasts per total area (N.Oc/T.Ar) and bone
perimeter (N.Oc/B.Pm) in the A/ahlal™" group as compared to WT mice (p< 0.05). The
osteoclast surface to bone surface ratio (Oc.S/BS) was also lower in the A/dhZal™~ mice
(3.96 + 1.18 versus. 8.55 + 1.82, p< 0.01) compared to WT mice. In addition, there were
trends toward higher osteoid volume to total volume (OV/TV), osteoid surface to bone
surface (OS/BS), number of osteoblasts per total area (N.Ob/T.Ar) and TbN in Aldhlal™~
mice as compared to WT controls.

Given the well-characterized effects of PPARy-RXR activation on marrow adiposity G4), we
then examined marrow fat accumulation in WT and A/dhZal™" mice treated with
rosiglitazone. Although A/dhIal™~ mice on a standard chow diet have higher marrow
adipocyte content by histological analysis at baseline (24), after 12 weeks of rosiglitazone
treatment, MRI spectroscopy of the proximal and mid shaft of the tibiae demonstrated a
significantly lower fat peak in the A/ahZal™~ group as compared to control mice (Fig 2A).
In addition, T1-weighted MRI imaging of tibiae revealed greater fat accumulation
(hyperintense signal) in WT vs Alghlal™" mice (Fig 2A); quantitative MRI spectral
analysis of fat peaks showed significantly less marrow adiposity in A/dhZal™" mice as
compared to WT controls (2.38 x 109 versus 4.1 x 109 A.U, p<0.05; Fig 2A). On
histological analysis, A/ahlal™" mice treated with rosiglitazone had significantly less
marrow adipocytes (18.6 + 3.5 versus 24.7 + 1.8 adipocytes/mm?, p<0.05) than WT
controls, as seen by quantification of adipocyte ghosts adjacent to the growth plate of the
tibia (Fig. 2B).

Aldhlal™~ mice challenged with a HFD have higher bone density and develop significantly
less marrow adiposity than WT controls

Since Aldhlal™" mice were protected from rosiglitazone-mediated bone loss and marrow
adiposity, we were interested in determining whether the effect of Aldhlal deficiency in
offsetting the skeletal effects of rosiglitazone extended to other models in which PPARYy
activation is thought to cause skeletal remodeling, namely HFD feeding (42-45), We studied
bone density and marrow adiposity in matched 12-week-old WT and A/dhlal™~ female
mice maintained on a HFD (60% fat kCal) for 18 weeks. Consistent with our prior

studies (28), despite having similar baseline weights, A/dhIal™~ mice weighed less than WT
controls (Fig. 3A) after 18 weeks of HFD (22.6 £ 2.0 g versus 38.5 £ 6.7 g, p < 0.0005).
High fat-fed A/dhIal™~ mice also had less VWAT than WT mice (1.9 + 2.7% versus 10.7 +
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1.1%, p<1.0 x 107), with no significant difference in BAT content (Fig. 3A). In terms of
bone, Aldhlal™~ mice had significantly higher femoral BV/TV (0.063 + 0.018 % vs. 0.018
+ 0.012 % p< 0.001) and cortical thickness (0.278 + 0.022 pm vs. 0.232 £+ 0.0079 pm,
p<0.001) in response to HFD as compared to WT mice (Fig. 3B). In addition, T1-weighted
MRI imaging of tibiae of WT and A/ghZal™~ mice maintained on a HFD demonstrated
significantly greater bone marrow fat accumulation in the WT group (Fig. 3C). Quantitative
MRI spectroscopy of the proximal and mid shaft of the tibia demonstrated a significantly
lower fat peak in the A/dhial™~ group (1.9 x 107 versus 2.92 x 108 A.U., p< 0.05, Fig. 3C).

Rald and Aldhlal deficiency modulate PPARy-RXR effects on MSC lineage determination

Given these results, we were interested in exploring mechanisms contributing to the
protection seen in Aldhlal deficiency against TZD and HFD-induced skeletal remodeling.
Activation of the PPARy-RXR transcriptional complex inhibits /n7 vitro osteoblastogenesis
by multiple mechanisms including the inhibition of expression and activity of key
osteogenic transcription factors such as runt-related transcription factor 2 (Runx2) (34: 46, 47),
Simultaneously, PPARY agonists such as rosiglitazone promote /n vitro MSC adipogenesis,
thereby skewing MSC allocation toward an adipocyte lineage (34). Given the impact of
Aldhlal deficiency on PPARy-RXR effects on bone density and marrow adiposity /in vivo,
next we examined how Rald and Aldhlal modulate PPARy-RXR-mediated transcriptional
responses during MSC osteoblastogenesis and adipogenesis. In both primary WT and
Aldh1a1™~ murine marrow stromal (MSC) cultures induced to differentiate into osteoblasts
with ascorbic acid (AA) and beta-glycerol phosphate (BGP), rosiglitazone (1 uM) decreased
expression of alkaline phosphatase (ALP), a marker of early osteoblasts; however, this
inhibitory rosiglitazone effect was significantly diminished in A/dhal™~ versus WT MSCs
(Fig 4A). Aldhlal™= MSCs exposed to rosiglitazone during osteoblastogenesis expressed
significantly higher levels of ALP as compared to WT control cultures (Fig. 4A). To
investigate if these pro-osteoblastic effects in Aldhlal deficiency were due to Rald itself, we
repeated experiments under osteoblastic conditions in the murine bone marrow stromal cell
line ST2 (“48), Although rosiglitazone completely blocked ALP expression in ST2 cells
treated with AA and BGP, this inhibitory effect of rosiglitazone was completely abrogated
in the presence of Rald (1 uM) (Fig. 4B). Moreover, Rald directly induced ALP expression
in ST2 cells even in the absence of AA and BGP (Fig. 4B). To test if the action of Rald on
inducing osteoblastic markers were due to changes in retinoid receptor responses, the
experiments in ST2 cells were repeated in the presence of chemical inhibitors or validated
siRNA-mediated knockdown of RAR and RXR. Indeed, in the presence of either the RAR
inhibitor AGN193109 and the RXR inhibitor HX531, or siRNA directed against RAR or
RXR, the Rald-mediated induction of ALP expression was significantly diminished (Fig.
4B).

These results suggested fundamental switches in osteoblast versus adipogenic MSC
differentiation in the presence of Rald. To further evaluate this, we induced WT MSCs to
undergo adipogenesis by stimulation with the PPARY agonist rosiglitazone (1 uM) and a
standard pro-adipogenic cocktail consisting of 3-isobutyl-1-methylxanthine, dexamethasone,
and insulin (MDI). As expected, rosiglitazone enhanced adipogenesis of primary WT MSC
cultures, as evident on oil red O (ORO) staining and expression of the adipogenic marker

Bone. Author manuscript; available in PMC 2015 October 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Nallamshetty et al.

Page 9

aP2. In marked contrast to the stimulatory effect on osteoblastogenesis demonstrated above,
Rald potently inhibited adipogenesis in primary WT MSCs (Fig. 4C).

Rald blocks PGC-18 induction and inhibits in vitro osteoclastogenesis

PPARy-RXR signaling plays a central role in osteoclastogenesis (12: 35. 36) syggesting
another mechanism through which Rald may preserve bone mass in the setting of TZD
treatment and HFD. Given the significantly lower number of osteoclasts observed on
histomorphometry in A/ghlal™~ mice after treatment with rosiglitazone (Table 2), we
studied the impact of Rald and Aldhlal deficiency on /in vitro osteoclastogenesis in primary
WT and Aldhlal™ bone marrow cultures differentiated with m-CSF and RANKL (Fig 5).
Under these conditions, primary A/ahlal™~ bone marrow cultures manifested fewer
multinucleated osteoclasts on tartrate-resistant acid phosphatase (TRAP) staining when
compared with WT cultures (Fig 5A). In considering potential drivers of this response, we
found that the mMRNA expression of peroxisome proliferator-activated receptor gamma
coactivator-1 beta (PGC-1p), a transcriptional co-activator that is potently induced by both
RANKL and PPARYy during osteoclastogenesis (12 51) was significantly lower in
Aldhlal™" osteoclast cultures compared to WT controls (Fig 5B). Recent evidence
indicates that PGC-1 is necessary for osteoclastogenesis i vitroand in vivo ®b, and is
required for PPARy and TZD-mediated stimulation of osteoclastogenesis and bone
resorption (12), Furthermore, the expression of c-Fos, a key upstream regulator of
osteoclastogenesis that is a direct transcriptional target of PPARY, was also lower in
Aldhlal™" osteoclast cultures (0.20 + 0.081 versus 1.0 + 0.24, p< 0.05). Consistent with
these findings, expression of Trap5b, a marker of mature osteoclasts, was lower in
Aldhlal™" osteoclast cultures (0.39 + 0.066 versus 1.0 + 0.33, p= 0.051). Despite trending
lower in Aldhlal™" osteoclasts, cathepsin K (CatK) expression did not differ significantly
between WT and Alahlal™" osteoclast cultures (1.0 + 0.086 versus 1.27 + 0.39, p=0.31). In
addition, A/dhlal™" osteoclasts demonstrated corresponding decreases in functional
osteoclast activity with evidence of attenuated pit formation over a synthetic inorganic bone
surface (Fig 5C). To determine whether Rald, the metabolic intermediary that accumulates
in vivoin Aldhlal deficiency (27 28) mediated these inhibitory effects on osteoclastogenesis
through modulation of PPARY signaling, osteoclast differentiation assays were repeated
using WT marrow cultures in the presence of rosiglitazone and/or Rald (Figs 5D and 5E).
As expected, rosiglitazone increased the formation of multinucleated osteoclasts and pits
over a synthetic inorganic bone surface compared to mCSF/RANKL alone (Fig 5D).
Consistent with the findings of reduced osteoclastogenesis in A/dh1a1~~ cultures, Rald
potently blocked osteoclastogenesis by TRAP staining and pit formation in WT marrow
cultures treated with mCSF/RANKL (Fig 5D). Furthermore, Rald completely blocked the
stimulatory effects of rosiglitazone in WT osteoclast cultures in these assays (Fig 5D). These
findings were accompanied by corresponding shifts in gene expression patterns (Fig 5E).
Rosiglitazone increased PGC-10, Trap5b, and CatK expression in WT marrow cultures
stimulated with mCSF and RANKL. As expected, Rald blocked these rosiglitazone
transcriptional effects. In addition, Rald decreased PGC-1p, Trap5b, and CatK expression in
WT marrow cultures treated with mCSF and RANKL (Fig 5E).
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DISCUSSION

In this report, we present evidence establishing Aldhlal and its substrate Rald as novel
determinants of PPARy-RXR responses in the skeleton. The absence of Aldhlal in mice
and the known associated accumulation of Rald /7 vivo (27: 28) strongly protect against the
deleterious skeletal effects of PPARY transactivation. A/dfhIal™~ mice demonstrate higher
bone density (by uCT) and less marrow fat (by MRI spectral analysis) than WT controls
when challenged with either rosiglitazone (Fig 1, 2) or a HFD (Fig 3). Importantly, both
rosiglitazone and HFD potently activate PPARy-RXR and have been linked to bone loss,
marrow adiposity, and fractures in humans (13.14. 16,17, 19) Tg jnvestigate the basis for this
protection, we systematically examined how Rald and Aldhlal deficiency modulate key
PPARy-regulated MSC and HSC differentiation events. Consistent with our /in vivo data,
Aldhlal™ MSCs manifest distinct stem cell lineage determination events when compared
to WT MSCs (Fig 4, 5). Although rosiglitazone decreased osteoblastogenesis in both WT
and Aldhlal™~ MSCs, Aldhlal™" osteogenic cultures demonstrated significantly higher
ALP expression (Fig 4A). In ST2 marrow stromal cells, Rald blocks the inhibitory effect of
rosiglitazone on osteoblastogenesis and directly induces ALP expression in an RAR and
RXR-dependent manner (Fig 4B). Collectively, these data suggest Rald and Aldhlal
deficiency limit PPARy-mediated inhibition of osteoblastogenesis. In contrast, Rald potently
blocks PPARy-dependent adipogenic responses in MSC models (Fig 4) while limiting
osteoclastogenesis in HSCs /n vitro (Fig 5) and in response to rosiglitazone /n vivo (Fig 1,
Table 2). Collectively, these findings argue that specific retinoids and retinoid metabolizing
enzymes exert coordinated effects on PPARy control of MSC and HSC differentiation /in
vitroand in vivo.

The nuclear receptor PPARY is a master regulator of adipogenesis that controls the
expression of multiple genes within complex transcriptional networks 2). Increasing
evidence argues for a similar integrative role for PPARy in bone remodeling. Recent studies
link age-dependent increases in skeletal PPARy expression to dysregulated bone
homeostasis and disorders of low bone mineral density like osteoporosis (°3). On balance,
PPARYy activation promotes bone resorption while decreasing bone formation by
coordinating stem cell differentiation and lineage commitment events in the marrow

niche (). PPARy-deficient murine embryonic stem cells fail to differentiate into adipocytes
and spontaneously form bone nodules, while PPARy haploinsufficiency increases bone mass
and promotes osteoblastogenesis in vivo (9). PPARy-RXR transactivation also promotes
osteoblast apoptosis (>4) and inhibits MSC osteoblastogenesis through multiple mechanisms,
including Runx2 repression (%5 56)_ At the same time, PPARY agonists promote MSC
adipogenesis in vitroand in vivo ® 34 47)_ In further support of this coordinating role for
PPARY in bone, recent work indicates that PPARYy also controls osteoclastogenesis in HSCs
through PGC1p-dependent induction of c-Fos (12:49). Indeed, PPARy may help support
normal remodeling since genetic deletion of PPARY in HSCs results in osteopetrosis (49).

Recent clinical evidence reinforces this emerging importance of PPARY in skeletal
remodeling as well. TZDs, which induce insulin sensitization by activating PPARy, were
found unexpectedly to promote bone loss, marrow adiposity, and fractures in patients with
diabetes (13-15), In addition, high fat diets, which are know to increase PPARY levels, have
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been linked with decreased skeletal integrity. A multivariate analysis from NHANES |11
reported that saturated fat intake was negatively associated with bone mineral density in a
large cohort of women (16), Saturated fat intake has also been linked to hip fracture risk in
postmenopausal women (7). Pre-clinical mouse models further support the notion that a diet
enriched in saturated fats induce bone loss and promote marrow adiposity (44 61-63),

The data establishing PPARY as a critical player in bone homeostasis must be coupled to
RXR, the obligate, heterodimeric partner required for PPARYy transcriptional effects.
Although expanding links between retinoid metabolism and PPARY transcriptional activity
exist (3:24.28,31) very ljttle is known about how the metabolism of retinoids, the ligands of
RXR, influence PPARy-RXR action in the skeleton. PPARy-RXR responses in bone
remains poorly understood and underexplored. To the best of our knowledge, no prior
studies have specifically examined how retinoid metabolism influences PPARy-RXR
transactivation within the marrow niche and its broader implications for bone homeostasis.
Considerable evidence is provided here that Rald and Aldhlal serve as novel proximal
regulators of PPARYy-RXR in bone that modulate marrow stem cell lineage determination
events through effects on PPARy transactivation. Genetic deletion of Aldhlal results in a
unique /n vivo phenotype characterized by protection against PPARy-mediated bone loss
and accumulation of marrow adiposity. Notably, our data on the effects of Rald and Aldhlal
deficiency closely track prior reports regarding the broad actions of PPARY in bone. Rald
and Aldhlal deficiency protect against TZD and HFD induced skeletal changes by
coordinately promoting osteoblastogenesis, decreasing osteoclastogenesis, and limiting bone
marrow adipogenesis. Moreover, Rald and Aldhlal deficiency modulate key regulators of
bone, including alkaline phosphatase, PGC-1f, and c-Fos.

Global Aldhlal deficiency has been shown to increase Rald levels, which is consistent with
amodel in which increased Rald concentrations in bone in A/dh1a1™~ mice results in
impaired exogenous and endogenous PPARYy transactivation in the marrow
microenvironment. Our previous studies indicate that Rald directly binds the PPARy-RXR
complex and inhibits the activation of a transfected PPAR response element (PPRE) after
agonist stimulation with rosiglitazone (28). Further studies are required to elucidate the exact
molecular mechanisms by which Rald inhibits PPARy-RXR activation. RXR-selective
ligands can independently modulate the PPARy-RXR transcriptional complex, allowing for
the possibility of RXR dependent effects (22 23), Rald action on bone may depend on its
interaction with RXR, changes in RA levels, or alterations in retinoid receptor activity. Rald
may also modulate PPARYy-RXR through posttranslation modifications (PTMs) of PPARY.
Interestingly, phosphorylation of serine 112 on PPARYy by MAP kinase represses PPARy
transcriptional activity 64). Given that retinoids influence MAP and p38 kinase

pathways (65 66) Rald may also induce repressive PTMs of PPARY, thereby impairing its
transcriptional activity. Finally, our data on the inhibitory effect of Rald and Aldhlal
deficiency on RANKL-mediated induction of PGC-1p specifically raise the possibility that
Rald may regulate PPARY transcriptional responses through transcriptional coregulators.
Such possibilities are intriguing prospects for future work based on our findings here.

The skeletal effects of limiting PPARy-RXR-mediated responses through Rald and Aldhlal
inhibition may point to new therapeutic options for minimizing the untoward effects of
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PPARYy-RXR transactivation in bone across a broad spectrum of clinical conditions.
Although the use of TZDs in the treatment of diabetes will likely remain limited, the potent
insulin sensitizing effects seen with PPARY activation continues to draw attention for other
therapeutic strategies 7. 68)_ Aldh1a1 inhibition may offer a way to offset possible bone
issues linked to PPARYy activation. Rald and Aldhlal inhibition also limit the negative
skeletal effects of a HFD and obesity. Interestingly, obesity may magnify the bone effects of
aging although this data is controversial 69). It remains unknown how aging or obesity alter
levels of Rald or other specific retinoids, retinoid binding proteins, or the activity or levels
of enzymes involved with retinoid formation. The action of Rald and Aldhlal deficiency on
bone as reported here provides a strong rationale for such studies. In osteoporosis and aging,
bone loss correlates with decreased bone formation, increased osteoclast activity, and
increased marrow adiposity (70-72), Several studies have linked these changes to increased
skeletal levels of PPARY2 and putative fatty acids ligands (33 73-75), The effects of Rald and
Aldhlal deficiency on MSC allocation and osteoclastogenesis may mitigate PPARY-
mediated changes in bone formation and resorption seen during aging. Consistent with this
notion, A/dhlal™" mice acquire higher peak bone mineral density and maintain a higher
bone mass up to 9 months of age (4) compared to matched controls. Taken together, the
negative impact of commonly encountered clinical issues like obesity and anti-diabetic
therapies on bone homeostasis, along with the protection against these issues seen with Rald
and Aldhlal deficiency, argue for the need to explore further how retinoid metabolism
modulates PPARy and bone remodeling.
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Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

Aldhlal retinaldehyde dehydrogenase 1
AA Ascorbic acid

ALP alkaline phosphatase

AR alizarin red

BGP beta glycerol phosphate
BMP2 bone morphogenetic protein 2
CSF colony stimulating factor

HFD high fat diet

HSC hematopoietic stem cell
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MSC mesenchymal stem cell
NR nuclear receptor
ocC osteoclast
PPARY peroxisome proliferator-activated receptor-gamma
PGC-1p peroxisome proliferator-activated receptor gamma coactivator-1 beta
RA all trans retinoic acid
Rald retinaldehyde
9cRA 9-cis retinoic acid
RANKL receptor activator of nuclear factor-«xB ligand
RAR retinoic acid receptor
RXR retinoid X receptor
Rosi rosiglitazone
TZD thiazolidinediones
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Figure 1. Aldhlal deficiency protects against rosiglitazone-induced bone loss
A. Weekly weights of matched 30-week old wild type (WT, solid line) and Alahial™~

(dashed line) female mice treated with the PPARY agonist rosiglitazone (n=5/genotype, 20
mg/kg/day) for 12 weeks (age at start of treatment was 18 weeks age and age at the time of
harvest and analysis was 30 weeks). B. Fat depot composition of matched 30-week old WT
and Aldhlal™" female mice treated with the PPARY agonist rosiglitazone. C. PIXImus of
30-week old WT and Alghlal™~ female mice treated with rosiglitazone. D. Micro CT of
30-week old WT and A/dhial~~ female mice treated with rosiglitazone. E. Toludine blue
sections of tibiae from rosiglitazone-treated WT and A/dhIal™~ mice. VWAT - perigonadal
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visceral white adipose tissue; BAT- interscapular brown adipose tissue; TBW- total body
weight; Rosi-rosiglitazone. *p<0.05
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Figure 2. Aldhlal deficiency protects against rosiglitazone-induced marrow adiposity
A. MRI spectral analysis of marrow fat of WT and A/dhIal™~ female mice treated with

rosiglitazone (n=5/genotype, 20 mg/kg/day) for 12 weeks (age at start of treatment was 18
weeks and age at the time of harvest and analysis was 30 weeks). T1-weighted MRI (lower
left panels) and quantitative MRI fat spectral peak analysis (upper and lower right panels) of
tibiae of rosiglitazone-treated WT and A/ghlal™~ mice. B. Histological assessment of fat
content of tibiae of rosiglitazone-treated WT and A/dh1al~~ mice. Representative toludine
blue staining of WT and A/ah1al™~ mice treated with rosiglitazone. * p<0.05.
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Figure 3. Aldhlal deficiency inhibits high fat diet (HFD)-induced one loss and marrow adiposity
A. Total body weights and fat depot composition (VWAT and BAT) of matched 12 week-

old WT and A/dhlal™~ female mice fed a HFD (60% kcal% fat) for 18 weeks. B. Micro CT
of WT and A/dhlal™~ female mice maintained on HFD for 18 weeks C. T1-weighted
(T1W) MRI and MRI spectral analysis of fat content of tibiae of WT and A/dh1al™~ mice
on a HFD. * p<0.05.
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Figure 4. Rald and Aldhlal deficiency inhibits PPARy-RXR effects on MSC allocation in vitro
A. Alkaline phosphatase (ALP) staining of /n vitro osteoblastogenesis cultures of primary

WT and Aldhial™= MSCs in the absence and presence of rosiglitazone. B. ALP staining of
ST2 MSC osteoblastogenesis cultures. Rald blunted rosiglitazone-mediated inhibition of
ALP expression during osteoblastogenesis in ST2 MSCs (top panel). In addition, Rald
directly induced ALP even in the absence of AA and BGP (top panel). Chemical inhibition
of RAR (using AGN) and RXR (using HX531) attenuated Rald-mediated induction of ALP
(middle panel). Similar effects were observed with siRNA-mediated knockdown of RAR
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and RXR (bottom panel). C. /n vitro adipogenesis cultures of primary WT MSC cultures in
the absence and presence of Rald. * p<0.05.
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Figure 5. Rald and Aldhlal deficiency inhibit osteoclastogenesis in vitro
A. TRAP staining of /n vitro osteoclastogenesis cultures of primary WT and A/dhlal™~

marrow cells. B. Gene expression patterns during osteoclastogenesis in primary WT and
Aldhial™ marrow cells. C. Pit formation assay of primary WT and Aldhlal™" in vitro
osteoclastogenesis cultures. D. TRAP staining and pit formation assays in primary WT
marrow cells induced to differentiate into osteoclasts with mCSF and RANKL, in the
presence of rosiglitazone, Rald, or both. Effects of Rald and rosiglitazone on
osteoclastogenesis in WT marrow cultures. *p<0.05; **p<0.05 compared to OC alone
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(mCSF/RANKL) and OC + rosiglitazone; ***p<0.05 compared to OC alone (MCSF/
RANKL) and OC + rosiglitazone; a- p<0.05 compared to OC; b- p<0.05 compared to OC
and OC + rosiglitazone; c- p<0.05 compared to OC and OC + rosiglitazone; d- p<0.05
compared to OC; e- p<0.05 compared to OC and OC+ rosiglitazone; f- p<0.05 compared to
OC and OC + rosiglitazone; g- p<0.05 compared to OC; h- p<0.05 compared to OC and OC
+ rosiglitazone; and i- p<0.05 compared to OC and OC + rosiglitazone.
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Histomorphometry of WT and A/dh1al~~ female mice after 12 weeks of rosiglitazone treatment

Table 1

Parameter WT (n=5) Aldhlal™- (n=5) | pvalue
BVITV (%) 9.48+2.16 10.54+3.21 0.56
OVITV (%) 0.40%0.15 0.61+0.24 0.15
OV/BV (%) 4.27+1.49 5.87+2.39 0.24
BS/BV (%) 50.28+6.36 54.83+7.47 0.33
OS/BS (%) 28.31+5.17 35.3949.31 0.18
Th.Th (um) 40.29+5.07 37.02+5.04 0.34
Tb.N (/mm) 2.35%0.36 2.83+0.64 0.18
Th.Sp (um) 393.08+63.82 | 332.19+94.73 0.27
Ob S/OS (%) 47.22+6.31 46.61+9.98 0.91
Oh.S/BS (%) 13.34+2.84 17.05+6.98 0.30
N.Ob/T.Ar (fmm?) | 45.84+16.54 | 72.08+33.03 0.15
N.Ob/B.Pm (/mm) | 12.15+2.89 15.72+5.95 0.26
N.Ob/O.Pm (/mm) | 90.75+8.31 94.34+9.67 0.55
0.Th (um) 2.89+0.29 2.92+0.18 0.18
Oc.S/BS (%) 8.55+1.82 3.96+1.18 0.0014
N.Oc/T.Ar (/mm?) | 8.30£2.20 5.12+1.93 0.040
N.Oc/B.Pm (/mm) | 2.23+0.35 1.17+0.41 0.0022
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