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Introduction

In skeletal development, each bone is formed with a distinctive
size, geometry, architecture, and material properties. Among the
many growth factors and hormones involved in this process [1-3],
transforming growth factor-f (TGF-B) is sequestered at high levels
in bone matrix and is a critical regulator of osteogenesis [4]. Bone
mass is dramatically affected by developmental manipulation of
TGF- signaling in genetically modified mouse models [5-9]. In
addition to bone mass, TGF-B regulates bone matrix material
properties, which impact the ability of bone to resist fracture [10].
However, little is known about the role of TGF-f in the post-natal
skeleton, which responds to changes in bone or the environment to
retain or improve bone quality, fundamentally defined as the
ability to resist bone fracture [11].
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The effects of postnatal manipulation of TGF-§ signaling on
bone mass and quality are difficult to predict based on
developmental studies. For example, osteoporosis and bone
fragility are observed in mice with increased TGF-f3 production
[6], as well as in those that are deficient in Smad3 [8,9], a key
TGF-B effector. Conversely, other mouse models with reduced
TGF-B signaling have increased bone mass and quality [7,10]. In
addition, the roles of TGF-B on the proliferation, differentiation,
and apoptosis of cells in both the osteoblast and osteoclast lineages
have been extensively studied [4,12-14]. In spite of this wealth of
information, the net effect of postnatal TGF-B signaling on bone
remains unknown.

The recent development of specific inhibitors of the TGF-f type
| receptor (TBRI) kinase that block most if not all TGF-f signaling
events [15-17] now enables an investigation of this fundamental
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Figure 2. Pharmacologic T bRl inhibition increases BMD.

TBRI Inhibition in Mature Bone

DXA was used to measure BMD longitudinally for male (a, ¢, e, g) and female mice (b,

d, f, h) treated with or without the TPRI inhibitor SD-208 at 20 mg/kg or 60 mg/kg. SD-208 treatment at the 60 mg/kg dose caused an increase in
total body (a, b) tibia (c, d), femur (e, f), and lumbar spine (g, h) BMD. SD-208 at the 20 mg/kg dose increased femoral BMD in female mice (f). Data
represent mean=SEM (p<<0.05, as determined by two-way analysis of variance (ANOVA).

doi:10.1371/journal.pone.0005275.g002

regulatory pathway. As in calvarial explants treated with SD-208
(Fig. 1c), another ATP-competitive TPRI kinase inhibitor,
SB431542, inhibits the expression of the TGF-B-inducible gene,
PAI-1 [30], in primary calvarial osteoblasts (Fig. 5d). As shown
previously [22], Runx2 expression was reduced after 48 h of
treatment with added TGF-B (Fig. 5d). In contrast, TPRI
inhibitors induce Runx2 expression, consistent with the increased
osteoblast numbers, bone formation rate, and osteoblast differen-
tiation potential observed in SD-208-treated mice (Fig. 4c, 4f,
5a, 5d).

RANK ligand (RANKL) promotes osteoclast differentiation,
function and survival [21]. After 48 h of treatment, TPRI
inhibitors reduced the expression of RANKL mRNA by
approximately 50% compared with the mRNA levels observed
in vehicle-treated primary calvarial osteoblasts (Fig. 5e). The
reduced expression of this osteoclastogenic factor is consistent with
the decreased osteoclast numbers and differentiation capacity
observed in SD-208-treated mice (Figs. 4d and 5c). However,
RANKUL function is antagonized by osteoprotegerin, the expres-
sion of which is also reduced by TBRI-I treatment. Similar results
were observed after 2 h of TBRI-I treatment (data not shown).
Though the inhibition of TGF-f signaling impacts both of these
critical regulators of osteoclast differentiation and function, the
relative RANKL/OPG ratio is unchanged. Therefore, the effect of
inhibition TPRI function on other factors which regulate
osteoblast and osteoclast function was investigated.

Recently, ephrin B2 and EphB4, a transmembrane ligand and
receptor respectively, have been implicated as factors that couple
osteoblast and osteoclast activities in bone metabolism [32].
Bidirectional signaling between ephrin B2, expressed by osteo-
blasts and osteoclasts, and EphB4 on osteoblasts increases
osteoblast differentiation and inhibits osteoclast differentiation
[32]. However, the ability of TGF-B to control ephrin signaling in
bone metabolism has not been reported. Inhibition of TBRI
function significantly increased the expression of both ephrin B2,
the ephrin that inhibits osteoclast differentiation (Fig. 5f), and
EphB4, the Eph receptor that induces osteoblast differentiation.
TGF-B signaling crosstalk with the ephrin pathway may contribute
to the anabolic and anti-catabolic effects of SD-208 on bone,
though additional experiments are needed to establish a functional
link. By affecting osteoblast and osteoclast differentiation, numbers
and activity (Figs. 4c—f, 5a, 5c), the TBRI inhibitor dramatically
shifts bone toward a state of metabolic anabolism.

TBRI inhibitors increase bone matrix mineral
concentration, material properties and fracture resistance

The net effect of TBRI inhibitors on bone is increased BMD,
which reflects both bone mass and mineral concentration (Fig. 2).
With the monochromatic light from synchrotron radiation, X-ray
tomographic microscopy (XTM) permits direct quantification of
the mineral concentration of bone matrix with an 8 um resolution
[33]. Analyses of femoral bone showed that SD-208 treatment
resulted in a higher degree of mineralization of bone matrix
(Fig. 6a). The SD-208-dependent increase in mineral concentra-
tion was evident in both the diaphysis and epiphysis (data not
shown), suggesting that the mineralization of both cortical and
trabecular bone were affected.
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Mineral concentration is a major determinant of bone matrix
material properties [34]. Using nanoindentation, material prop-
erties such as the elastic modulus and hardness of bone matrix can
be determined independently of changes in bone mass or structure
[35,36]. We have previously used this approach to demonstrate
that TGF-f signaling in osteoblasts regulates the elastic modulus
and hardness of bone matrix in genetically-modified mice [10].
Treatment of mice with SD-208 increased the elastic modulus of
cortical bone relative to vehicle-treated controls. Although the
measured modulus values in each group overlapped, more than
half of the measurements in vehicle-treated bone were below
28 GPa, whereas less than a quarter of the values measured in SD-
208-treated mice were in the same range (Fig. 6b).

Treatment with the TPRI inhibitor SD-208 affects bone on
several levels, including bone mass (Figs. 2-4), bone mineral
concentration and bone matrix material properties (Figs. 6a, 6b).
These observations led us to perform macro-mechanical testing to
evaluate the ability of SD-208-treated bones to resist fracture.
Compression testing of vertebrae showed that inhibition of the
TBRI kinase increased the load-to-failure relative to vehicle-
treated controls (Fig. 6¢, Table 3). When the femora were tested
using notched or unnotched three-point bending, SD-208-
dependent differences in peak load, stiffness, or fracture toughness
were not observed (Table 4). The increased load-to-failure of SD-
208-treated vertebral bone, but not femoral bone, is entirely
consistent with the increase in trabecular but not cortical bone
volume after 6 weeks of SD-208 treatment. Together these data
demonstrate that TGF-B inhibitors drive functionally significant
and coordinated increases in trabecular bone mass, mineral
concentration and bone matrix material properties.

Discussion

Here we explored the role of TGF-p signaling in postnatal bone
by systemic administration of a TPRI inhibitor to mature mice.
Pharmacologic inhibition of TGF-B signaling resulted in dose-
dependent increases in BMD, trabecular microarchitecture, bone
matrix elastic modulus and mineral concentration. These
coordinated changes in bone mass and parameters of bone quality
improved the ability of vertebral bone to resist fracture. By
targeting key regulatory pathways in osteoblasts and osteoclasts,
TBRI inhibitors increased the number of osteoblasts and the bone
formation rate, while reducing osteoclast numbers. Therefore,
TBRI inhibition elicits both anabolic and anti-catabolic activities
to improve bone quality.

The TPBRI inhibitor-dependent increase in tibial BMD
exceeded the physiologic increase in BMD over this time period
or those induced by comparable regimens utilizing clinically
available bisphosphonates or PTH [31,37]. TBRI inhibitors may
have more profound effects since they both stimulate bone
formation and inhibit bone resorption, rather than the uncoupled
effects of PTH to stimulate osteoblast activity or bisphosphonates
to inhibit osteoclast activity. The effects of the TBRI inhibitor on
adult bone are consistent with the developmental bone phenotypes
of mice with partial inhibition of TGF-B/Smad signaling, as
observed in Smad3+/— mice or DNTBRII mice that express a
dominant negative TGF-J type Il receptor in osteoblasts [7,10]. In
contrast, more complete inhibition of TGF-B signaling in

April 2009 | Volume 4 | Issue 4 | e5275



Male

Female

B

0.25=

0.20

BV/TV Fraction

0.00

mm™’

0.15=

0.10=

0.05«

7 -
6=
S
4
-
2a
1

Male
Trabecular bone

* %

[ g

CVehicle

Male
Th.N

*kk

SD-208 20 mg

Female
volume

*kk

Female

E

1/mm

200+

100

TBRI Inhibition in Mature Bone

SD-208 60 mg

0.3=

0.2

0.1=

Male

Female

Conn. Dens.

0.0

Figure 3. Pharmacologic T bRI inhibition increases trabecular bone volume.
volume following SD-208 treatment in male and female mice, relative to vehicle-treated controls (a). Quantitative analyses show that SD-208
increased trabecular bone volume (BV/TV, fraction) (b), connectivity density (c), and trabecular number (d), but decreased trabecular spacing (e) in
male and female femora. Data represent mean=SEM (p<0.05, as determined by one-way ANOVA Newman-Keuls multiple comparison test).

doi:10.1371/journal.pone.0005275.g003

@ PLoS ONE | www.plosone.org

Female

Tb.Sp

SD-208 20mg (A SD-208 60mg

Micro-CT images show inc

*p<0.05
**p<0.01
***1<0.001

reased femoral trabecular bone

April 2009 | Volume 4 | Issue 4 | e5275









TBRI Inhibition in Mature Bone

Figure 4. Pharmacologic T bRI inhibition increases osteoblast numbers but reduces osteoclast numbers. Representative H&E stained
sections of femoral bone show the SD-208-dependent increase in trabecular bone in male and female mice (a). Histomorphometry shows that SD-208
increases trabecular bone volume in the femur (b) and tibia (data not shown), as well as osteoblast number (c) in a dose-dependent manner for male
and female mice. Osteoclast numbers are reduced by SD-208 (60 mg/kg) in male mice (d). Dynamic histomorphometry of male mouse lumbar
vertebrae shows that SD-208 treatment (60 mg/kg) increased mineral apposition rate (MAR) (e) and bone formation rate (BFR) (f). Data represent
mean*SEM (¥*p<<0.05, **p<<0.01, ***p<0.001, as determined by one-way ANOVA Newman-Keuls multiple comparison test).
doi:10.1371/journal.pone.0005275.g004

Figure 5. T bRI inhibition promotes osteoblast differentiation and bone deposition but inhibits osteoclast differentiation. Bone
marrow isolated from male and female mice treated with SD-208 (60 mg/kg) has increased numbers of osteoblast colony forming units (CFU-OB) (a)
with no change in the number of colony forming units (CFU-F) (b). The number of TRAP-positive multinucleated cells (TRAP+ MNC) is lower in
cultures from SD-208 treated mice than from vehicle-treated controls (c). Primary calvarial osteoblasts treated with TBRI-inhibitor SB431542 (10uM) or
vehicle for 48 h show altered mRNA expression of PAI-1 (d) and several osteoblast and osteoclast regulatory factors including Runx2 (d), RANKL and
OPG (e), and ephrinB2 and EphB4 (f). Data represent mean=SEM (*p<<0.05, **p<<0.01, ***p<<0.001, as determined by unpaired t-test).
doi:10.1371/journal.pone.0005275.g005
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