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Changes in Osteoblast, Chondrocyte, and Adipocyte
Lineages Mediate the Bone Anabolic Actions of
PTH and Small Molecule GSK-3 Inhibitor
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Abstract Parathyroid hormone (PTH) and glycogen synthase kinase-3 (GSK-3) inhibitor 603281-31-8,
administered once daily increased bone formation in vivo. We investigated the molecular mechanisms of the anabolic
responses of PTH and 603281-31-8 in rat osteopenia model. Female 6-month-old rats were ovariectomized (Ovx) and
permitted to lose bone for 1 month, followed by treatment with PTH (1–38) at 10mg/kg/day s.c. or 603281-31-8 at 3 mg/kg/
day p.o. for 60 days. Twenty-four hours after the last treatment, RNA from distal femur metaphysis was subjected to gene
expression analysis. Differentially expressed genes (P< 0.05) were subjected to pathway analysis to delineate relevant
bio-processes involved in skeletal biology. Genes involved in morphogenesis, cell growth/differentiation, and apoptosis
were significantly altered by Ovx and the treatments. Analysis of morphogenesis genes showed an overrepresentation of
genes involved in osteogenesis, chondrogenesis, and adipogenesis. A striking finding was that Ovx decreased several
markers of osteogenesis/chondrogenesis and increased markers of adipogenesis/lipid metabolism. Treatment with either
PTH or the GSK-3 inhibitor reversed these effects, albeit at different levels. Histological analysis confirmed that osteopenia
in Ovx animals was associated with three-fold increase in marrow adiposity. PTH and GSK-3 inhibitor restored bone
volume, and reversed or normalized marrow adiposity. Ex vivo studies showed that PTH and GSK-3 inhibitor increased
the ratio of colony forming marrow stromal progenitors (CFU-fs) that were alkaline phosphatase positive (putative
osteoblasts). Our results suggest that the bone anabolic actions of PTH and GSK-3 inhibitor in vivo involve concerted
effects on mesenchymal lineages; osteoblasts, chondrocytes, and adipocytes. J. Cell. Biochem. 102: 1504–1518, 2007.
� 2007 Wiley-Liss, Inc.
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Parathyroid hormone (PTH), given intermit-
tently stimulates net gain in bone mass in
humansand experimental animals [Hock, 2001;
Neer et al., 2001; Rosen and Bilezikian, 2001].
Anabolic response of bone to PTH has been
largely explained by an increase in osteoblast

differentiation, activity, survival, and recruit-
ment of committed precursors and lining cells to
active osteoblasts [Dobnig and Turner, 1995;
Onyia et al., 1995; 1997; Bellido et al., 2003].
PTH binding to its receptor on the osteoblast or
osteoblast lineage cells results in the activation
of cAMP/PKA, phospholipase C (PLC), or D
(PLD) and PKC signaling pathways culminat-
ing in the expression of downstream genes to
mediate biologic activity [Civitelli et al., 1988;
Babich et al., 1991; Scott et al., 1992; Rixon
et al., 1994; Miles et al., 2000a,b, 2002; Radeff
et al., 2004; Onyia et al., 2005]. The cAMP/PKA
pathway has been the most extensively studied
and is likely the predominant PTH signaling
pathway in osteoblasts. Previously, we and
others have shown that PTH increased the
levels of b-catenin, a major component of the
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Wnt pathway [Kulkarni et al., 2005; Tobimatsu
et al., 2006]. However, the precise role and
contribution of the Wnt signaling pathway to
the bone anabolic action of PTH remains to be
elucidated.
The canonical Wnt signaling pathway is

crucial for the specification of cell fates, regula-
tion of cell growth, differentiation and apoptosis
[Wodarz and Nusse, 1998; Uusitalo et al., 1999;
Westendorf et al., 2004]. Wnt ligands are
secreted lipid-modified glycoproteins that sig-
nal through a receptor complex comprised of a
member of the family of seven transmembrane
domain receptors known as Frizzleds, and the
co-receptor lipoprotein-receptor-related pro-
teins 5 or 6 (LRP5/6) [Yang-Snyder et al.,
1996; He et al., 1997; Slusarski et al., 1997;
Wang et al., 1997; Hsieh et al., 1999; Pinson
et al., 2000; Mao et al., 2001a,b]. The resulting
signal is propagated and integrated through a
downstream key signaling serine/threonine
kinase known as glycogen synthase kinase-3b
(GSK-3b).Genetic andbiochemical studieshave
implicated the Wnt signaling pathway as an
important regulator of bone mass. Activating
mutations in LRP5have been shown to result in
a high bone mass phenotype associated with
increased bone formation and no other obvious
abnormalities in humans and animals, whereas
inactivating mutations in LRP5 result in osteo-
porosis-pseudoglioma syndrome (OPPG) [Gong
et al., 2001; Boyden et al., 2002; Little et al.,
2002; Babij et al., 2003; Wesenbeeck et al.,
2003]. Inmice, targeted disruption ofLRP5 and/
or LRP 6, or over-expression of DKK-1, a Wnt
inhibitor lead to a low bonemass phenotype due
to a decrease in bone formation [Kato et al.,
2002; Guo et al., 2004; Holmen et al., 2004].
Conversely, over-expression of LRP5 transgene
bearing the activating mutation or knockout of
inhibitors DKK-1, or sFRP-1 resulted in a high
bone mass phenotype explained by an increase
inbone formation [Babij et al., 2003;Wangetal.,
2005]. In addition to the focus on the osteoblast
lineage and formation effects of Wnt signaling,
two recent studies of genetically engineered
mice showed a profound effect of b-catenin on
resorptionvia stimulation of production ofOPG,
a major inhibitor of osteoclast differentiation
[Glass et al., 2005; Holmen et al., 2005].
Similarly, patients with autosomal dominant
osteopetrosis type I (ADOI) due to T253I
mutation in LRP5, manifest an osteopetrotic
phenotype, with lower numbers of osteoclasts

in vivo [Bollerslev et al., 1989, 1993], but
show no increase in bone formation markers
[Bollerslev et al., 1998]. Thus, different out-
comes on osteoblast and/or osteoclast function
may depend on the nature and location of
mutations in LRP5, or perhaps on the mode or
nature of activation of Wnt signaling.

Recently, we have shown that an orally
active, potent, and selective small molecule
GSK-3 (a/b) dual inhibitor (603281-31-8) that
stimulates Wnt/b-catenin signaling pathway
increases osteoblast differentiation, markers
of bone formation, bone mass, and strength in
osteopenic rats (ovariectomized, Ovx) in vivo
[Kulkarni et al., 2006]. 603281-31-8 effectswere
driven by a primary and robust increase in de
novo bone formation, with a subtle effect on
resorption. The anabolic effects have also been
replicated in studies using LiCl, a less potent
and specific inhibitor of GSK-3 [Lacroix et al.,
2005]. Thus, pharmacological manipulation of
the Wnt signaling pathway (perhaps via inhibi-
tion of GSK-3) remains a viable strategy for
increasing bone mass.

To better understand the molecular basis of
bone formationand the role ofWnt signaling,we
investigated the anabolic actions of PTH and
603281-31-8 in a rat osteopenia model using
whole genome array analysis and pathway
mapping. We demonstrate that ovariectomy
altered markers of osteogenesis, chondrogen-
esis, and adipogenesis, and treatmentwithPTH
or 603281-31-8 reversed these effects, albeit at
different levels. Additionally, we demonstrate
that ex vivo PTH and 603281-31-8 increased
the ratio of putative osteoblasts (ALPþCFU-f
colonies) through differential effects on bone
marrow progenitors.

EXPERIMENTAL PROCEDURES

Biochemicals

Synthetic human PTH (1-38) obtained from
(Bachem, Torrence, CA) was prepared in a
vehicle of acidified saline containing 2% heat-
inactivated rat serum.GSK-3a/bdual inhibitor,
603281-31-8 was synthesized at the Lilly
Research Laboratories (Indianapolis, IN) as
previously described [Engler et al., 2004].

Animals and Dosing Regimen

Six-month-old virgin Sprague–Dawley
female rats (Harlan Industries, Indianapolis,
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IN) weighing approximately 220 g were main-
tained on a 12-h light/12-h dark cycle at 228C
with ad libitum access to food (TD 89222 with
0.5% Ca and 0.4% P, Tekdad, Madison, WI) and
water. Bilateral ovariectomies (Ovx) were per-
formedon the rats except for theSham-operated
controls, and then randomized into treatment
groups of eight rats in each group.Ovx ratswere
permitted to lose bone for 1 month to establish
osteopenia before the initiation of treatments.
PTH(1-38) was administered s.c., at a dose of
10 mg/kg/day or GSK-3 inhibitor 3 mg/kg/day
was given to the Ovx rats via oral gavage for
2 months. 603281-31-8 (Eli Lilly and Company)
was prepared in 1%CMC/0.25% Tween 80 vehi-
cle. Animals were weighed every 2 weeks and
the dosing volumes were adjusted accordingly.
The protocols were approved by the Animal
Care Committee of Lilly Research Labs to
ensure compliance with NIH guidelines.
Twenty-four hours after the last dosing, the
animals were euthanized by CO2 inhalation.
From the left femur, the distal epiphysis
including the growth plate was removed and a
subjacent 3 mm band of the metaphyseal
primary spongiosa was resected for mRNA
analysis [Onyia et al., 1995; McClelland et al.,
1998]. The left tibia was excised fixed
in buffered-formaldehyde, decalcified and
embedded in paraffin and used for histological
analysis for adipocytes and fat. For validation of
gene expression changes with short-term PTH
treatment, 6-month-old virgin Sprague–Daw-
ley female rats were injected s.c., with 80 mg/kg/
day for 7 days andwere sacrificed 24 h after last
dose. Vehicle controls were administered saline
once daily for 7 days.

RNA Isolation

At the end of each treatment, tissue samples
were removed from the animals, snap frozen
in liquid nitrogen as individual samples (8
animals/group). Total RNA was isolated from
the metaphyseal primary spongiosa of rats
treated with vehicle, PTH, or 603281-31-8 as
previously described [Onyia et al., 1995;
McClelland et al., 1998] by homogenization
in Ultraspec-IITM reagent (Biotecx, Houston,
TX) using an LS 10-35 Polytron homogenizer
(Brinkmann Instruments, Westbury, NY) as
recommended by the manufacturer. RNA was
quantified by measuring the absorbance at
260 nm and the quality of the RNA samples
were assessed by agarose gel electrophoresis

for the integrity of 18S and 28S ribosomal
RNA bands and also by the 260/280 nm
absorbance ratio.

Microarray Analysis

Total RNA from distal femur metaphysis was
amplified and hybridized onto rat RAE230V2
GeneChips according to the protocols recom-
mended byAffymetrix (Santa Clara, CA); 31042
probe sets on the arrays were analyzed. RNA
was purified through RNeasy columns (Qiagen,
Valencia, CA) and concentrated. An aliquot of
the cleaned total RNA was tested for quality
with the Agilent 2100 Bioanalyzer as per
manufacturer’s protocol (Agilent, Palo Alto,
CA). High quality RNA samples were then
subjected to microarray gene expression analy-
sis. Oligo microarray experiments were per-
formed according to standard manufacturer
protocol. Briefly, first strand cDNAwas reverse
transcribed from 5 mg of purified total RNA
using a T7-day (T)24 primer (Proligo, Boulder,
CO) and the SuperScript Double-Stranded
cDNA Synthesis Kit (Invitrogen, Carlsbad,
CA). After first strand cDNA synthesis, an
RNase H mediated second round of amplifica-
tion was performed with the same kit. Non-
essential nucleic acids were removed using a
column matrix (Affymetrix Gene Chip Sample
Cleanup Module, Santa Clara, CA). In vitro
transcription (IVT) of the cDNA to cRNA was
performed according to protocol (Enzo Diagnos-
tics, Farmingdale, NY), with T7 RNA polymer-
ase and biotin-labeled ribonucleotides to
produce biotinylated cRNA. Purification to
remove free NTPs from cRNA products, and
hence, ensuring accurate quantitation, was
performed using guanidine thiocyanate and
spin columns from the Gene Chip Sample
Cleanup Module. The cRNA was fragmented
to approximately 50 bp size by incubation in
buffer at 948C for 35 min to facilitate hybridiza-
tion. Hybridization cocktails containing 15 mg
fragmented IVT product as well as Affymetrix
Eukaryotic controls Oligo B2, for grid align-
ment, and positive controls spikes (BioB, BioC,
BioD, Cre, Dap, Lys, Thr) were added to the Rat
Genome 230_2.0 Affymetrix arrays after a
prehybridization incubation. The chips were
then hybridized for 16 h at 458Cusing a rotating
(58 rpm) hybridization oven. Following incuba-
tion, the cartridges were washed and stained
with Streptavidin-R-phycoerythrin conjugate
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(SAPE) on an Affymetrix Fluidics Station 450
using an automated protocol (EukGE-
WS2v4_450). Single replicate arrays per sample
were scanned using the GeneChip Scanner
3000. After image alignment and quality con-
trol, raw signal intensities of probesets were
determined using Affymetrix microarray suite
software (MAS5). Mann–Whitney rank order
pairwise comparisons were performed to iden-
tify differentially expressed genes by treatment
versus non-treated samples.

Functional Analysis of Significant Genes

The differentially expressed probe sets were
identified as significant if the comparison had
(a) P< 0.05; (b) the median signal for all the
chips in a group was larger than 250; (c) the
comparisons had an absolute fold change
greater than 1.2. These genes were mapped to
GeneOntology (GO) categories and countswere
computed based on how many genes fell into
each category. Statistical significance of enrich-
ment was calculated for each GO term using a
hypergeometric distribution function with the
set of annotated genes on the Affymetrix chip
serving as a background distribution. Multiple
testing is adjusted for using a familywise error.

Quantitative Real-Time PCR Validation of
Differentially Regulated Genes

Quantitative real-time PCR was performed
using ABI Prism Sequence Detection System
5700 (Applied Biosystems, Foster City, CA).
RNA samples were treated with DNaseI for 30
min at 378C, using a DNA-free kit (Ambion,
Austin, TX) to eliminate contaminating geno-
mic DNA. First strand cDNA was synthesized
from 4 mg of total RNA with random hexamer
primers using the SuperScript III first strand
synthesis kit (Invitrogen). Fluorogenic primer/
probe sets for target geneswere purchased from
Applied Biosystems as Assays on DemandTM

reagents. Specific amplification reactions from
the cDNAs were carried out by two-step real
time PCR and the relative quantities were
obtained by generating a standard curve for
each gene. The expression levels of genes were
normalized to 18S ribosomal RNA used as
internal control. All measurements were per-
formed on triplicate samples. Results of real-
time PCRwere analyzed by Student’s t-test and
probability (P) values <0.05 were considered
statistically significant.

Bone Marrow Stromal Culture and Staining for
Alkaline Phosphatase-Positive Colonies

Total number of progenitors from bone marrow
stromal cells (BMSCs), including osteoprogenitors
ex vivo, were performed using colony forming unit
fibroblast (CFU-f) assay followed by alkaline
phosphatase staining.Thebonemarrowcellswere
cultured as previously described [Onyia et al.,
1998]. Briefly, the diaphyseal middle third of the
tibia from individual ratswere cutand themarrow
was collected by pulse centrifugation and cells
were suspended in fresh a-MEM, containing 10%
fetal bovine serum (FBS) and 1% penicillin–
streptomycin. Cells were counted and plated at a
density of 1� 107 cells perT-75 cm2flask.The cells
were allowed to adhere for 6 days and then
medium was changed for every 2 days. On day 10
the colonies were fixed and stained for alkaline
phosphatase using Sigma kit 85L2 (Sigma–
Aldrich, St. Louis, MO) as recommended by the
manufacturer. Briefly, the cells were fixed in
citrate–acetone–formaldehyde fixative (60%
citrate-buffered acetone, formaldehyde) for 30 s
followed by gentle rinsingwith deionizedwater for
45 s. The colonies were stained with alkaline dye
mixture (FAST BLUE RR SALT in 0.25%
Naphthol AS-MX phosphate, 0.25% (w/v), pH 8.6)
for 15 min at 378C. The flasks were thoroughly
rinsed in deionized water and were allowed to dry
at room temperature. The alkaline phosphatase
positive colonies are violet colored and were
evaluated under microscope. The total number of
colonies (CFU-f) were counted and the ratio of
alkalinephosphatasepositiveCFU-f (ALPþCFU-f)
and alkaline phosphatase negative (ALP�CFU-f)
colonies were determined.

Quantitative Image Analysis of Adipocyte
Number in the Bone Marrow

Adipocyte number was determined in the
tibial sections stained with toluidine blue O.
The left tibia (n¼ 8 animals/group) was excised
and fixed in 10% Neutral buffered formalin,
decalcified in ahydrochloric acid based solution,
processed and embedded in paraffin. Prepared
sections were stained with toluidine blue O
which stain the cell wall surrounding the
adipocyte, so that the adipocytes appear as
white holes defined by the blue staining cell
wall. Two photographs, using a 10� objective
were taken just below the growth plate (meta-
physeal region) approximately in the same area
on each tibia. The photographs were then
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imported into the image analysis program
(Image-Pro Plus) and the adipocytes were
counted. The number of adipocytes per 10�
fieldwas calculated as a percentage of the entire
field. Differences between the treatment groups
for bone marrow adipocytes were analyzed by
Dunnett’s test and probability (P) values <0.05
were considered statistically significant.

RESULTS

PTH and GSK-3 Inhibitor (603281-31-8) Increase
Bone Mass in Ovx Rats

After treatment for 2 months with PTH,
603281-31-8 or vehicle in Ovx and Sham-
operated animal, one femur was analyzed by
DXA to validate the anabolic effects of the
treatments and the second femurwas processed
for gene array analysis. As expected, DXA
analysis of whole femora, distal femora and
midshaft showed significant decreases in BMD
of Ovx compared with Sham rats. Ovx for
12 weeks resulted in significantly lower BMD
at whole femur and distal femur (10–15%).
After treatment with PTH or 603281-31-8 for
2 months, there were significant increases
(22%, 36%, and 11 % for PTH; 14%, 15%, and
14% for 603281-31-8) in BMD at the whole
femur, distal femur and midshaft, when com-
pared to vehicle-treated Ovx rats (P< 0.05).
Significant beneficial bone effects of the treat-
ments were observed even in the absence of
differences between Sham and Ovx at the
midshaft. These effects confirm findings in other
experiments where increased histomorphometric
indices of bone formation were largely observed
with these treatments [Kulkarni et al., 2006; data
not shown] (Fig. 1).

Microarray Analysis Identifies Genes Unique and
Common to Disease and Treatments

Table I summarizes the results of gene array
analysis from mRNA isolated from the distal
femur metaphyseal bone. Ovx (when compared
to sham control) resulted in altered expression
of 1,906 probe sets. Compared to Ovx animals,
PTH, and 603281-31-8 treatment regulated
2,416 and 1,508 probe sets, respectively.

Figure 2 depicts overlaps of genes in this
investigation that were altered by Ovx and the
two treatments. Overall, PTH regulated more
genes/probe sets and this included 50% of the
genes altered by Ovx and 60% of the genes
altered by 603281-31-8. Interestingly, a subset
of 265 probesets (6.7% of regulated genes)
corresponding to 158 non-redundant genes
were altered by Ovx and restored or regulated
by both PTH and 603281-31-8 (see supplemen-
tary Table I for complete gene list). Thus, we
focused our investigation on these 158 genes.
We hypothesized that a better understanding of
this ‘‘common set’’ of genesmight reveal the core
osteotrophic response suchaspathwaysderegu-
lated in estrogen withdrawal and altered by
anabolic treatments. Figure 3 shows a heatmap
summarizing the expression and regulation of
the 158 genes changed with Ovx and altered by
treatment with PTH and 603281-31-8, respec-
tively. Overall, 117 geneswere upregulated and
41 were down regulated in Ovx animals,
compared to sham control. Compared to Ovx,
41 genes and 39 genes were upregulated and
117 and 119 geneswere down regulated by PTH
and GSK-3 inhibitor treatment, respectively.

To delineate relevant functional or biological
processes, we analyzed these 158 common gene

Fig. 1. Femoral bone mineral density as measured by DXA in
Sham-operated (Sham) rats treated with vehicle and ovariecto-
mized (Ovx) rats treated with either vehicle, PTH (10 mg/kg/day,
s.c.), or 603281-31-8 (3 mg/kg/day, p.o.) for 60 days. At the end of
the treatment femoral bone was processed as described in
Materials and Methods and density measurements were taken in
whole femur, distal femur, and midshaft. Values are expressed as
Mean� SEM (n¼8); *P< 0.05 versus Ovx.

TABLE I. Probe Sets Altered by Ovariectomy and Treatments

Groups Sham Ovx PTH 603281-31-8

Sham — 1,906 1,120 2,950
Ovx — — 2,416 1,508
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set using a variety of pathway and annotation
tools. Approximately 70% of the genes had
reliable annotation and reflect a wide range of
pathways and biochemical processes. A notable
finding was that over a fourth of the genes on
this list are known to have a key role in cartilage
or bonemetabolism (Table II) and adipogenesis/
lipid metabolism (Table III). The genes sum-
marized in Tables II and III became the focus of
our current investigation. Follow up of other
significantly regulated genes from this analysis
will be the subject of a different investigation.

Effect of Ovariectomy and Treatments on
Osteogenic, Chondrogenic, and Adipogenic

Markers in Bone

A review of the array results did not show
changes in the established osteogenic markers
such as alkaline phosphatase, biglycan, bone
sialoprotein, collagen a1(I), a1(V), osteonectin
(supplementary Table I) at the analysis strin-
gency used. Examination of the raw data
confirms rather subtle changes in these osteo-
genicmarkers in bothOvx (disease) and treated
groups (data not shown). In contrast, there was
a profound effect on chondrogenic and adipo-
genic/lipid metabolism markers (Tables II
and III). To validate our gene array findings,
we performed quantitative real-time PCR on
some of the osteogenic, chondrogenic, and
adipogenic markers in bone. As shown in

Figure 4A consistent with the array results,
ovariectomy marginally decreased the expres-
sion levels of bone markers such as alkaline
phosphatase, biglycan, bone sialoprotein, col-
lagen a1(I), a1(V), osteonectin, procollagen C-
proteinase enhancer (PCPE) and runx2. Treat-
ment with GSK-3 inhibitor significantly
increased the expression levels of biglycan,
collagens and osteonectin, and runx-2, whereas,
PTH had no significant effects on these

Fig. 2. Venn diagram indicates the number of unique and
overlapping genes regulated in distal femur metaphysis of
ovariectomized (Ovx) rats and upon treatment with PTH or
603281-31-8.

Fig. 3. Heat map of differential gene expression of 158 genes in
distal femur metaphysis of rats in disease (Ovx) and following
anabolic treatments with PTH and 603281-31-8. Gene expression
was obtained using Affymetrix Rat Genome RAE230V2 Gene
Chip1. Theclusterdiagram represents158differentiallyexpressed
genes with P< 0.05 and fold change >1.2. Each row represents a
single gene and columns represent control or treatment. Expres-
sion levels are colored green for downregulated and red for
upregulated genes.
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markers. As shown in Figure 4B ovariectomy
significantly decreased the expression levels
of chondrogenic/cartilage markers: aggrecan 1
(Agc1), collagen a1(II), cartilage-derived retinoic
acid sensitive protein (cdrap), cartilage oligo-
meric matrix protein (COMP), and matrix gla-
protein (Mglap), while PTHandGSK-3 inhibitor
restored their expression levels to near sham
controls. Interestingly, markers of early adipo-
cyte differentiation such as CCAAT/enhancer
binding protein, alpha (cebpa), glycerol 3-phos-
phate dehydrogenase 1 (GPD3), fatty acid bind-
ing protein 4 (FABP4), peroxisome proliferators
activated receptor gamma (PPARg), and mar-
kers of mature adipocytes and lipid metabolism,
lipoprotein lipase (LPL), caveolin, phosphoenol-

pyruvate carboxykinase (PCK), stearoyl
coenzyme-A desaturase 1 (SCD1), 11-beta-
hydroxysteroid dehydrogenase type 1 (11b-
HSD1), leptin, were significantly increased by
ovariectomy; while, PTH and 603281-31-8 treat-
ments decreased or restored their expression
levels to sham controls (Fig. 4C). Together,
these results suggest a role for bone, cartilage,
and adipogenic/lipid metabolism markers in
osteopenia and bone anabolic response to PTH
andWnt signaling activation by 603281-31-8.

Ovariectomy Increases Bone Marrow Adiposity
but Was Reversed by PTH and 60321-31-8

Given the observed changes in adipocyte and
lipid metabolism markers in Ovx and the

TABLE II. Genes of Connective Tissue Development and Function Regulated by
Ovx and Treatments

ProbeSet Gene Symbol Proteome title Ovx PTH 603281-31-8

1368836_a_at Agc1 Aggrecan 1 �2.6 2 1.4
1397360_at CLECSF1 Cartilage-derived

C-type lectin
superfamily
member 1

�2.3 2.3 1.5

1387767_a_at Col2a1 Collagen type II,
alpha 1

�5.7 3.3 2.6

1373245_at Col4a1 Collagen type IV,
alpha 1

2.4 �1.3 �1.1

1389966_at Col6a3 Collagen type VI,
alpha 3

�1.8 2 1.5

1388973_at Col9a1 Collagen type IX,
alpha 1

�11 3.7 2.9

1377631_at Col9a3 Procollagen type IX,
alpha 3

�5 2.4 1.4

1370944_at Col10a1 Collagen type X,
alpha 1

�8.3 4 2.3

1387137_at Comp Cartilage oligomeric
matrix protein

�3.5 2.2 1.5

1373803_a_at Ghr Growth hormone
receptor

2.4 �2.3 �1.6

1370333_a_at Igf1 Insulin-like growth
factor 1

1.4 �1.5 �1.4

TABLE III. Lipid Metabolism Genes Regulated by Ovx and Treatments

ProbeSet
Gene
symbol Proteome title Ovx PTH 603281-31-8

1394681_at AKR1C4 Type 1 3 alpha-hydroxysteroid dehydrogenase 3 �1.9 �1.3
1372111_at Cav 1 Caveolin 1 1.9 �1.3 �1.5
1377642_at Cav2 Caveolin 2 3.2 �2 �1.9
1370235_at Dbi Diazepam binding inhibitor 1.4 �1.5 �1.3
1368189_at Dhcr7 7-Dehydrocholesterol reductase 1.4 �1.1 �1.2
1368271_a_at Fabp4 Fatty acid binding protein 4 3.2 �1.9 �1.3
1371363_at Gpd3 Gpd3: Glycerol 3-phosphate dehydrogenase 1 3.8 �2.3 �1.7
1386953_at Hsd11b1 11-Beta-hydroxysteroid dehydrogenase type 1 1.4 �1.7 �1.5
1387132_at Lipe Hormone-sensitive lipase 2.5 �1.6 �1.7
1386965_at Lpl Lipoprotein lipase 4 �2.2 �1.4
1370949_at Marcks Myristoylated alanine-rich protein kinase C substrate 1.3 �1.2 �1.2
1375247_at Mgll Monoglyceride lipase 1.2 �1.1 �1.2
1372264_at Pck1 Phosphoenolpyruvate carboxykinase 1 3.3 �2 �2.5
1393245_at Phyh Phytanoyl-CoA hydroxylase 1.2 �1.3 �1.4
1369179_a_at Pparg Peroxisome proliferator activated receptor-gamma 1.6 �1.4 �1.4
1370355_at Scd1 Stearoyl-coenzyme A desaturase 1 8 �2.7 �4.1
1370150_a_at Thrsp Thyroid hormone responsive protein 5.2 �2.2 �1.9
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treatment groups, we investigated bone
marrow adiposity in Ovx and treated animals
by quantitative image analysis on histological
sections of tibial bone marrow. As shown in
Figure 5A osteopenia in Ovx animals was
associated with a significant (three-fold)
increase in the bone marrow fat as compared
to sham controls. Treatment with PTH or
603281-31-8 significantly decreased theamount
of marrow fat and restored bone volume as
evidenced by the increase in trabecular bone
(Fig. 5B). These results suggest that increased
expression of markers of adipocytes/lipid meta-
bolism in Ovx animals was consistent with an
alteration in the bone marrow fat.

Differential Effects of PTH and 603281-31-8
on the Bone Marrow Progenitors

Weevaluated the effect of disease (Ovx), PTH,
and 603281-31-8 treatment directly on osteo-
blastogenesis of bipotential CFU-f marrow
stromal cells. We determined number (total
CFU-f) and ratio of conversion of osteoprogeni-

tors to osteoblasts (alkaline phosphatase-posi-
tive /negative CFU-f colonies) ex vivo as
described in Materials and Methods. The num-
bers of CFU-f colonies were significantly
decreased (18%) by Ovx as compared to sham
controls (Fig. 6A). Treatment with PTH further
decreased CFU-f colonies by 50%, whereas
GSK-3 inhibitor increased this to 125% over
Ovx controls. However, the ratio of alkaline
phosphatase-positive CFU-fs (putative osteo-
blasts) was significantly decreased by Ovx,
whereas treatment with PTH and GSK-3
inhibitor significantly increased these ratios
compared to Ovx controls (Fig. 6B).

Effect of Short-Term PTH Treatment on
Osteogenic, Chondrogenic, and Adipogenic

Markers in Bone

Previous studies confirm at least in part the
early effects of Wnt activation on bone forma-
tion by decreasing adipogenesis [Bennett et al.,
2005]. The results described above were
obtained with prolonged treatment of PTH and

Fig. 4. Effect of PTH and 603281-38-3 on osteogenic, chondro-
genic, adipogenic, and lipid metabolism markers. Total RNA was
isolated from the distal femur metaphysis 24 h after the last
treatment and analyzed by real-time PCR for (A) the expression of
osteoblast-derived bone formation markers Alk Phos (alkaline
phosphatase) biglycan, BSP (bone sialoprotein), collagen a2 (I),
collagen a1 (V), osteonectin, osteocalcin, procollagen C-protei-
nase enhancer (PCPE), runx2. B: Cartilage-associated markers
aggrecan 1, collagen a1 (II), cartilage-derived retinoic acid
sensitive protein (cdrap), cartilage oligomeric matrix protein
(COMP), and matrix gla-protein (Mglap). C: Adipogenic markers,

CCAAT/enhancer binding protein, alpha (cebpa), fatty acid
binding protein 4 (FABP4), peroxisome proliferators activated
receptor gamma (PPARg), leptin, lipoprotein lipase (LPL),
caveolin, phosphoenolpyruvate carboxykinase (PCK), glycerol
3-phosphate dehydrogenase 1(GPD3), 11-beta-hydroxysteroid
dehydrogenase type (11b-HSD1), stearoyl coenzyme-A desatur-
ase 1 (SCD1). Expression was normalized to 18S ribosomal RNA as
an internal control. The changes in gene expression are expressed
as fold change over Ovx control. The results are expressed as
mean� SEM; *P<0.05 versus Ovx (n¼8).
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GSK-3 inhibitor in Ovx model. To ascertain the
short-term effects of intermittent PTH, we
evaluated the effects of PTH (once a day
treatment for 7 days) on expression levels of
osteogenic, chondrogenic, and adipogenic mar-
kers. As shown in Figure 7A, PTH significantly
increased the expression levels of bonemarkers;
alkaline phosphatase (1.5-fold), biglycan (1.7-
fold), bone sialoprotein (1.4-fold), collagen a1(I)
(3.2-fold), a1(V) (1.9), osteocalcin (3-fold), osteo-
nectin (2.8-fold), PCPE (2.2-fold), and Runx2
(1.6-fold) compared to vehicle controls. No
significant change was observed in the expres-
sion levels of cartilage-associated markers
(Agc1, collagen a1(II), cdrap, COMP, Mglap) as
compared to vehicle controls (Fig. 7B).
By contrast, PTH decreased the levels of

adipogenic and lipid metabolism markers
(cebpa, GPD3, FABP4, Pparg, LPL, PCK,
SCD1, leptin) by 22–56%as compared to vehicle
controls (Fig. 7C). These results confirm an
early reciprocal effect of PTH on bone i.e.,
increased osteogenic and decreased adipogenic
markers.

DISCUSSION

Underlying this gene array analysis was the
search for evidence that there might be any
sharing of pathways between PTH and
Wnt signaling in their anabolic actions upon
the skeleton. In studying the anabolic actions of
PTH and 603281-31-8, we specifically focused
our efforts on genes commonly regulated by
ovariectomy and restored/altered by the treat-

Fig. 5. Quantitative image analysis of histologic sections stained
with toluidine blue in the bone marrow of sham, ovariectomized
(Ovx) rats treated with PTH or 603281-31-8 in the metaphyseal
region of left tibia. Values are represented as means� SEM (n¼ 8).
Data were analyzed with Dunnett’s test. *P< 0.001 versus Ovx.

The bone marrow adipocytes are visible as white holes. A: Percent
of bone marrow adipocytes. B: Representative histologic sections
showing increased marrow fat in Ovx compared to sham control.
Please note the decrease in marrow fat accompanied by increase
in bone volume after treatment with PTH or 603281-31-8.

Fig. 6. Effect of Ovariectomy (Ovx), PTH or 603281-31-8 on the
number and osteogenic differentiation of bi-potential bone
marrow progenitors. Marrow stromal cells were cultured from
tibiae of Sham, Ovx, and Ovx rats treated with PTH or 603281-31-
8. At the end of the treatment marrow from the tibiae was flushed

and the cells were cultured as described in materials and methods.
A: Total number of CFU-f (colony forming units-fibroblastic).
B: Ratio of ALP þve/ALP�ve (alkaline phosphatase-positive to
negative) colonies. Values are means� SEM (n¼ 8); *P<0.05
versus Ovx.

1512 Kulkarni et al.



ments. These ‘‘common marker genes’’ may be
core to the understanding of the bone anabolic
actions of PTH and 603281-31-8. We demon-
strate that both ovariectomy and the bone
anabolic agents regulated the expression levels
of osteogenic, chondrogenic, and adipogenic
marker genes in rat bone albeit to different
magnitude. Based on these results, we suggest
that the bone anabolic effects of PTH and
603281-31-8 involve a concerted action on
osteoblasts, chondrocytes, and adipocytes of
mesenchymal lineages.
In the present study, there was a minimal

response of osteogenic markers relative to
cartilage-associated and adipogenic markers
after long-term treatment with bone anabolics
in estrogen-deprived rats. This is in contrast to
our previous observation showing short-term
treatment regimen with PTH in ovary-intact
sexually mature rats, increases the expression
levels of osteogenicmarkers [Onyia et al., 2005].
We confirmed this robust effect on osteogenic

markers following short-term PTH treatment
(Fig. 7A). This difference in responsiveness can
be explained and is consistent with osteoblast
differentiation having proceeded throughout
the prolonged treatment period in these ani-
mals [Trackman, 2005]. It has been noted
in vitro that mRNA levels of type I collagen
increases during early onset of osteoblast
differentiation and diminishes thereafter, fol-
lowed by matrix maturation and collagen
deposition [Hong et al., 2004]. The minimal
response of osteogenic markers in this study, to
long-term PTH and 603281-31-8 treatment
could be attributed to the osteoblast differentia-
tion, matrix maturation and deposition that
have occurred. Additionally, the temporal
regulation of these markers during different
stages of treatments to restore lost bone cannot
be excluded and needs further investigation.

Questions arise in this study concerning the
role of cartilage-associatedmarkers in bone.We
demonstrate the presence and regulation of

Fig. 7. Effect of short-term PTH treatment on osteogenic,
chondrogenic, adipogenic, and lipid metabolism markers. Total
RNA was isolated from the distal femur metaphysis 24 h after the
last treatment and analyzed by real-time PCR for (A) the expression
of osteoblast-derived bone formation markers Alk Phos (alkaline
phosphatase) biglycan, BSP (bone sialoprotein), collagen a2 (I),
collagen a1 (V), osteonectin, osteocalcin, PCPE (procollagen C-
proteinase enhancer), runx2. B: Cartilage-associated markers
aggrecan 1, collagen a1 (II), cartilage-derived retinoic acid
sensitive protein (cdrap), cartilage oligomeric matrix protein

(COMP), and matrix gla-protein (Mglap). C: Adipogenic markers,
CCAAT/enhancer binding protein, alpha (cebpa), fatty acid
binding protein 4 (FABP4), peroxisome proliferators activated
receptor gamma (PPARg), leptin, lipoprotein lipase (LPL), caveo-
lin, phosphoenolpyruvate carboxykinase (PCK), glycerol 3-phos-
phate dehydrogenase 1(GPD3), stearoyl coenzyme-A desaturase 1
(SCD1). Expression was normalized to 18S ribosomal RNA as an
internal control. The changes in gene expression are expressed as
fold change over vehicle controls. The results are expressed as
mean� SEM; *P<0.05 versus Ovx (n¼5).
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cartilage-associated markers such as, type II,
IX, and X collagen, aggrecan-1, cdrap, COMP,
and Mglap in bone following ovariectomy and
altered by 60 days of treatments. While these
markers (mRNA) are expressed at appreciable
levels, the regulation was not evident in ovary-
intact animals after a short course of PTH (24 h
after treatment). The expression of these carti-
lage-associatedmarkers inbone isnot likelydue
to sample contamination from growth plate
cartilage, as we carefully removed the growth
plate and scraped the underlying subchondral
bone surface. Moreover, the consistency and
reproducibility in the data argue against such
contamination which would be predicted to
result in high inter group variability. We have
also observed the presence and regulation of
these cartilage markers in multiple indepen-
dentexperiments inyoung (2weeksto3months)
and sexually mature rats (6–9 month
old rats) so far tested (data not shown). In
addition, we have recently confirmed the pre-
sence of type II collagen and aggrecan proteins
in diaphyseal and metaphyseal region of rat
bone using LC-MS profiling and western blot
analysis [Schreiweis et al., 2007]. While the
significance of these results remains unclear, it
calls into question the specificity of these
markers in cartilage and the dogma that there
are two distinct processes of bone formation;
endochondral versus intramembranous. Bone
formation by endochondral ossification requires
a cartilage template, whereas in the intramem-
branousprocess thebone is directly formed from
the mesenchyme without a cartilage intermedi-
ate. Endochondral and intramembranous ossi-
fication have been thought of as independent
and distinct processes; however, some evidence
indicates the possibility of overlap of these two
processes, and that a cartilage intermediate
may also occur during intramembranous ossifi-
cation. Retarded ossification of the calvarial
bones was observed in transgenic mice harbor-
ing a mutant type II collagen transgene sug-
gesting that type II collagen has an inductive
role in intramembranous ossification [Savon-
taus et al., 2004]. In addition, type II collagen
has also been described during fracture healing
[Colnot et al., 2004; Ortega et al., 2004; Colnot,
2005]. Recently, the presence and the regula-
tion of cartilage-associated markers (collagen
type II and X) have been shown in the bone
biopsies of patients with primary hyperpar-
athyroidism [Reppe et al., 2006]. Together, our

results showing the expression and regulation
of type II collagen along with other cartilage-
associated markers by ovariectomy and the
anabolic treatments is consistent with their
having a role in bone remodeling and bone cell
function.

In humans and experimental models of
osteopenia (age, ovariectomy, immobilization,
glucocorticoid treatment) decrease in bone
volume is often associated with an increase in
marrow adipose tissue [Meunier et al., 1971;
Miniare et al., 1974; Wronski et al., 1986;
Burkhhardt et al., 1987; Sottile et al., 2004].
This reciprocity can be explained by the fact
that osteoblasts and adipocytes are derived
fromthe samepool ofmesenchymalprogenitors.
Our findings showing an increase in marrow
adiposity afterOvx and reversal to shamcontrol
levels with PTH and 603281-31-8 is consistent
with previous observations in rats andmonkeys
[Kimet al., 2002; Sato et al., 2004].Additionally,
our results delineate the molecular basis of this
effect and precisely link molecular markers to
cellular, physiological, and therapeutic outcome
by PTH and 603281-31-8. PTH and PTHrP
(acting via PTHR1) have empirically been
shown to have potent anabolic effects on bone
explained largely through effects on osteoblast
differentiation and survival. Our in vivo and ex
vivo results suggest that this is accompanied by
decreased adipogenesis (and perhaps lipogen-
esis given changes inHSD11b1andSCD1). This
appears to be an early and perhaps important
mechanism of PTH action as these were evident
with short-term PTH treatment. A recent study
[Rickard et al., 2006] suggests that the PTH
effects may be mediated via direct inhibitory
effect on mesenchymal stem cell differentiation
to adipocytes. A previous in vitro study has
shown PTHrP can modulate the terminal
differentiation of preadipocytes by downregu-
lating PPARg activity via increased MAPK
activity [Chan et al., 2001]. Transgenic mice
expressing constitutively active PTH/PTHrP
receptors have increased bone formation and
CFU-f colonies, accompanied by a delayed
formation of yellow marrow with fewer adipo-
cytes in the calcaneum [Kuznetsov et al., 2004].
Similarly,Wnt signaling through the b-catenin-
dependent pathway has profound effects on
differentiation of mesenchymal progenitors;
stimulates osteoblastogenesis and inhibits adi-
pogenesis and regulates other cell fates, includ-
ing apoptosis [Bennett et al., 2002; Longo et al.,
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2004]. Stimulation of Wnt pathway by Wnt3a,
LiCl, and GSK-3 inhibitor decreases markers of
adipogenesis and increases markers of osteo-
blast differentiation in pluripotent C3H10T1/2
cells [Jackson et al., 2005;Kulkarni et al., 2006].
In addition, transgenic overexpression of
Wnt10B under the FABP4 promoter resulted
in increased osteoblastogenesis, bone forma-
tion, anddecreasedadipogenesis [Bennett et al.,
2005]. Therefore, the balance between osteo-
blastogenesis and marrow adipogenesis is a
critical thermostat for the maintenance of bone
health and a lever in preventing or treating
osteopenia. Together, our findings suggest that
bone formation by PTH and 603281-31-8
involves an increased osteogenic differentiation
of the progenitor cells.
Lastly, the anabolic effect of PTH has been

shown to occur via the preferential stimulation
of osteoblastic activity over osteoclastic activity.
In the present studies, we did not observe an
obvious effect of PTH or GSK-3 inhibitor on
osteoclast molecular markers such as OPG/
RANKL nor did we study osteoclast generation
ex-vivo. The effect of PTH on osteoclast genera-
tion/actvity is well-documented in vivo and
in vitro cultures [Horwood et al., 1998;
Murakami et al., 1998; Onyia et al., 2000]. At a
molecular level, in rats and mice (ovary-intact),
we and other have reported that acute PTH
(80 mg/kg) induce a rapid and transient decrease
in OPG/RANKL ratio [Onyia et al., 2000].
By contrast, continuous PTH infusion led to
rapid but sustained decrease in OPG/RANKL
ratio [Ma et al., 2001]. These results suggest a
transient and prolonged effect on osteoclast
activity/generation in acute and continuous
PTH, respectively and are consistent with the
many previous studies on the effect of PTH. By
contrast, in osteopenic Ovx models (with ele-
vated resorption) the effects of PTH on osteo-
clast parameters are less well studied. In this
Ovx model and under conditions (low dose and
long duration of treatment) described in this
study, we find by histomophometric analysis
that PTH or GSK-3 inhibitor increased largely
bone formationparameterswith a subtle to non-
significant decrease on osteoclast parameters
(osteoclast number). Consistent with this was a
small to non-significant increase in OPG/
RANKL ratio evident by both Taqman and via
the gene array results. Key aspects of this
finding related to GSK-3 inhibitor effects (and
similar with PTH) on resorption were recently

communicated (Kulkarni et al., 2006). These
results suggest that under these conditions the
increased BMD observed with PTH and GSK-3
inhibitor are largely mediated by an increase in
bone formation (and decreased adipogenesis)
with a subtle effect on resorption.

In summary, we have shown that ovariect-
omy altered markers of osteogenesis, chondro-
genesis, and adipogenesis and these effects
were reversed by PTH and GSK-3 inhibitor
albeit at different levels. Most exciting is our
observation of the presence and alteration of
cartilagemarkers in bonewhich could suggest a
role in bone, perhaps an ongoing biosynthetic
turnover of cartilage or progressive bone for-
mation as a result of endochondral or intra-
membranous ossification. The decrease/
inhibition of adipogenesis may be a prerequi-
site, at least in part, for bone anabolic effects of
PTH and GSK-3 inhibitor. The Wnt/b-catenin
signaling pathway plays an important role in
regulating the fate of many cell types during
early development and has also been implicated
in bone formation. The differential regulation of
these cell types (osteoblast, chondrocytes, and
adipocytes) by PTH and GSK-3 inhibitor might
be occurring via Wnt pathway and perhaps one
of the common pathways through which they
stimulate bone formation.
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