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Abstract

Patients with type 2 diabetes mellitus have an increased risk of fracture that can be further
exacerbated by thiazolidinediones. A new class of antidiabetic agents control glucose through
reduction of dipeptidyl peptidase-4 (DPP-4) activity; however the importance of DPP-4 for the
control of bone quality has not been extensively characterized. We compared the effects of the
thiazolidinedione pioglitazone and the DPP-4 inhibitor sitagliptin on bone quality in high-fat diet
(HFD)-fed wild-type mice. In complementary studies, we examined bone quality in Dpp4*/* vs.
Dpp4~'~ mice. Pioglitazone produced yellow bones with greater bone marrow adiposity and
significantly reduced vertebral bone mechanics in male, female, and ovariectomized (OVX) HFD
fed female mice. Pioglitazone negatively affected vertebral volumetric bone mineral density,
trabecular architecture, and mineral apposition rate in male mice. Sitagliptin treatment of HFD-fed
wild-type mice significantly improved vertebral volumetric bone mineral density and trabecular
architecture in female mice, but these improvements were lost in females after OVX. Genetic
inactivation of Dpp4 did not produce a major bone phenotype in male and female Dpp4 '~ mice;
however, OVX Dpp4~'~ mice exhibited significantly reduced femoral size and mechanics. These
findings delineate the skeletal consequences of pharmacological and genetic reduction of DPP-4
activity and reveal significant differences in the effects of pioglitazone vs. sitagliptin vs. genetic
Dpp4 inactivation on bone mechanics in mice.

The skeleton is a highly specialized and dynamic organ that maintains bone mass by
undergoing continuous remodeling over time. Osteoblastic bone formation and osteoclastic
bone resorption are closely coordinated processes that enable bone to adapt to and repair the
mechanical loads and age-related hormonal changes that it will endure throughout adult life.
A sustained imbalance of bone formation and resorption can reduce bone quality and result
in an increased susceptibility to fracture. Osteoporosis results when osteoclastic bone
resorption outpaces osteoblastic bone formation leading to low bone mass,
microarchitectural deterioration of the skeleton, increased bone fragility, and fracture risk
(1). In addition to senile or postmenopausal osteoporosis that occur with increasing age or
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sex steroid deficiency, patients with type 2 diabetes mellitus (T2DM) have an increased risk
of fracture, despite average or elevated bone mineral density (BMD) (2-5).

Recent information demonstrates that antidiabetic agents may influence bone density and
fracture rates. Long-term treatment with thiazolidinediones (TZDs) is associated with an
increased risk of fracture in T2DM patients compared with treatment with other antidiabetic
agents (6-9). A widely used TZD, rosiglitazone, promotes differentiation of mesenchymal
stromal cells into adipocytes rather than osteoblasts and inhibits bone formation through
suppression of osteogenic transcription factors (10-14). Additionally, peroxisome
proliferator-activated receptor (PPAR)-y has been shown to have a proosteoclastogenic role
and activation of PPAR-y by rosiglitazone enhanced osteoclast differentiation in a receptor-
dependent manner (15). However, not all PPAR-y ligands exhibit the same skeletal effects,
possibly due to differences in receptor binding affinity or affinity for other PPAR subtypes
(16). Although pioglitazone is a widely used PPAR-y agonist, the skeletal effects of
pioglitazone treatment are much less understood. Nevertheless, the available data suggest
that pioglitazone treatment leads to reduced BMD, bone formation, and mechanical strength
in rodents (17).

Dipeptidyl peptidase-4 (DPP-4) inhibitors are a comparatively newer class of antidiabetic
agents that improve glycemic control via enhancement of incretin hormone action (18).
Several DPP-4 substrates, including glucose-dependent insulinotropic polypeptide (GIP),
glucagon-like peptide (GLP)-1, and GLP-2 exert anabolic actions on the skeleton in rodents
(19). However, the potential contribution of multiple DPP-4 substrates to putative changes in
bone quality after DPP-4 inhibition is complex and has not been previously examined. We
have now investigated and compared the effects of pioglitazone vs. sitagliptin on bone
quality in high-fat-diet (HFD) fed male and female mice and in ovariectomized (OVX) HFD
fed mice. Additionally, we evaluated bone quality in male and female and OVX Dpp4 '~
mice.

Materials and Methods

Animals

Male and female C57BL/6 mice obtained from Taconic laboratories (Hudson, NY) were
housed in the animal facility at the Toronto Centre for Phenogenomics (Toronto, Ontario,
Canada). Animals were housed four to five in a cage with free access to water and food and
were maintained at a constant temperature on a 12-h light, 12-h dark cycle. All mice were
maintained on a standard rodent diet until 3 months of age when all mice were fed a HFD ad
libitum (40% of kilocalories from fat; Research Diets, New Brunswick, NJ) until the animals
were killed at 7 months of age. At 4 months of age, high-fat chow was supplemented with
pioglitazone (Takeda Pharmaceuticals, Japan) or sitagliptin (Merck Frosst, Québec, Canada)
at concentrations of 0.28 and 4 g/kg chow, respectively. The control groups were maintained
on nonsupplemented high-fat chow. Selected female mice were OV X at 3 months of age and
were fed chow supplemented with or without pioglitazone or sitagliptin. Lean and fat mass
and water content were assessed by mouse magnetic resonance imaging as previously
described (20). Similarly, oral glucose tolerance testing (1 mg glucose per gram body
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weight) and insulin tolerance testing (1.2 U insulin per kilogram body weight) were carried
out as described (20).

Dpp47'~ and Dpp4*!* littermate controls were generated on a C57BL/6 background as
described (21). Female Dpp4™'~ and Dpp4*'* mice were OVX at 3 months of age, and all
mice were killed for analysis at 7 months of age. All experiments conformed to specific
protocols approved by the University Health Network and Mount Sinai Hospital (Toronto,
Ontario).

Preparation of bones

The right and left femora and L5 and L6 vertebrae were excised, cleaned of adherent soft
tissue, and stored at =20 C in saline-soaked gauze. The processes were carefully removed
from all vertebrae. Bones were thawed at room temperature before any experimental testing.
The L3 and L4 vertebrae were excised and immediately fixed in 10% neutral-buffered
formalin or 70% ethanol, respectively, for histomorphometry. The L3 and L4 vertebrae were
allowed to fix at room temperature for 5 d before further processing for embedding
purposes.

Bone mineral assessment and imaging tools

The right and left femora and L5 and L6 vertebrae were evaluated for areal BMD (aBMD;
grams per square centimeter) and bone mineral content (BMC; grams) using a dual-energy
x-ray absorptiometry (DEXA) PIXImus mouse densitometer (GE Medical Systems,
Madison, WI) and software version 2.0. The instrument was calibrated daily using the
manufacturer’s phantom mouse. Bones were precisely positioned at the center of the x-ray
cone beam and scanned in air on the Plexiglas platform provided. A grid on the Plexiglas
platform allowed the position of each femora and vertebrae to remain consistent between
samples.

Volumetric BMD (vBMD; grams per cubic centimeter) of the right femora and L5 vertebra
was evaluated using a SkyScan 1174 compact microcomputed tomography machine (Micro-
CT; Skyscan, Kontich, Belgium). The latter instrument was also used to evaluate the femoral
geometrical properties of the right femora and trabecular architecture of the L5 vertebrae.
The Skyscan CT-An software (version 1.5.0) was used for all microcomputed tomography
(micro-CT) measurements and calculations (22).

Mechanical testing

Mechanical testing was performed using a 100 N load cell on an Instron 4465 testing
machine (Instron Corp., Canton, MA). Load-deformation curves were generated for all
mechanical tests using Labview Acquisition software (LabVIEW 5.0; National Instruments,
Austin, TX). The vertebrae were tested to evaluate the lattice network of trabecular bone,
whereas femora were tested to evaluate cortical bone. For three-point bending testing, each
femur was positioned, posterior face down, on two supports separated by a constant 6-mm
gauge length. A load was vertically applied to the midshaft of the femur at a rate of 1.0
mm/min until failure occurred. The proximal end of femora tested by three-point bending
were immediately embedded in a jig with polymethyl-methacrylate and used for femoral
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neck fracture testing. The femoral head-neck structure was tested to failure by loading the
head parallel to the shaft at a rate of 1. mm/min. For the vertebral compression testing,
vertebral processes were carefully removed and L6 vertebrae were loaded at a rate of 0.5
mm/min. The distal end of the vertebral body was secured in an upright position with
cyanoacrylate-based adhesive and unilaterally compressed until a failure point or 10% drop
in measured load was reached. Micro-CT and Image J analysis (National Institutes of
Health, Bethesda, MD) were used to determine the geometrical properties necessary for
normalization of three-point bending and vertebral compression testing, respectively (23).

Bone histomorphometry

The Leitz Bioguant morphometry system was used to quantify dynamic histomorphometry
and osteoclast-staining parameters. Dynamic histomorphometry was performed to determine
bone formation parameters. Two single ip injections of calcein green (0.6% caclein green;
30 mg/kg rodent) were given at 12 and 2 d before the animals were killed. L4 vertebrae were
excised and immediately fixed in 70% ethanol and embedded in Spurr resin. Spurr blocks
were cut in 7-um-thick coronal sections using a Leica RM2265 rotary microtome (Leica,
Wetzlar, Germany).

Tartrate-resistant acid phosphatase (TRAP)-staining for osteoclasts was performed on L3
vertebrae to quantify osteoclast numbers and surface parameters. Excised L3 vertebrae were
immediately fixed in 10% buffered formalin. Samples were then decalcified using EDTA at
4 C with daily solution changes. Complete decalcification was determined by Faxitron
imaging (Munich, Germany). Decalcified samples underwent processing (series of formalin,
70% ethanol, 90% ethanol, 100% ethanol, 100% xylene, and paraffin) before embedding in
bone-specific paraffin. Samples were cut in 5-zm-thick coronal sections using a Leica
Reichert Jung 2030 microtome (Heidelberg, Germany) and were mounted on Superfrost
glass slides (Menzel-Glaser, Braunschweig, Germany). The acid phosphatase leukocyte kit
and protocol (procedure no. 386; Sigma-Aldrich, St. Louis, MO) were used to prepare and
perform TRAP staining.

Backscattered electron microscopy (BSE)

BSE was used for mineralization profile and strut analysis using a scanning electron
microscope (Philips XL 300 SEM; Philips, Best, The Netherlands). Spurr blocks sectioned
for histomorphometry were polished to a 1-gzm finish. Samples were examined at a 20-kV
accelerating voltage, 15-mm working distance, and a beam spot size of 6. A BSE detector
(Centaurus detector) was used to image the entire polished bone surface at x120
magnification. The backscattered signal was calibrated by observing the histogram of a
silicon dioxide (SiO5) and magnesium fluoride (MgF) standard. Gray levels represent
varying degrees of bone mineralization, in which brighter intensities are indicative of
increased degrees of mineralization. The mineralization profile of a specimen is represented
by a histogram of gray-level intensities, and the logit function describes this mineralization
distribution. Mineralization profiles were created for total (trabecular + cortical), trabecular,
and cortical bone area as described (23).
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Strut analysis was performed to evaluate trabecular connectivity. BSE images were digitized
into binary images and skeletonized to obtain connectivity parameters. The free ends of
trabeculae were described as end points; the points at which three struts met constituted
nodes, and the points at which trabeculae met the cortex were designated cortical points.
Parameters of connectivity included total strut length, number of nodes, length of node-node
struts and node-free struts, and parameters describing disconnectivity included number of
free ends and length of free-free struts (22).

All results were analyzed using SPSS 17.0 statistical analysis software (SPSS Inc., Chicago,
IL). Independent Student #tests were performed separately for sitagliptin-treated males
(sitagliptin vs. vehicle) and pioglitazone-treated males (pioglitazone vs. vehicle). A one-way
ANOVA was used separately for female (vehicle, sitagliptin, and pioglitazone) and OVX
female (vehicle, sitagliptin, and pioglitazone) mice. Pairwise comparisons between groups
were carried out using a Fisher least significant difference post hoc test if the group
populations passed the homogeneity of variance testing. The nonparametric Dunnet’s T3
post hoc test was performed if the variances were not homogeneous. The data were
considered to be statistically significant at a confidence level of 95% (~= 0.05). Data are
presented as mean + SE.

Metabolic effects of treatment with pioglitazone vs. sitagliptin

To mimic the metabolic scenario under which antidiabetic agents such as pioglitazone and
sitagliptin are commonly used, we fed wild-type mice a HFD known to induce obesity,
insulin resistance, and g-cell dysfunction (24). Mice maintained on a HFD supplemented
with pioglitazone (HFD+PIO) gained significantly more weight (Fig. 1A) and exhibited
increased body fat and relatively reduced lean body mass (Fig. 1B) compared with HFD-fed
controls. In contrast, body weight gain, lean body mass, and fat content were not different
between control mice and mice fed a HFD containing sitagliptin (HFD-SITA) (Fig. 1, A and
B). Random blood glucose (data not shown) and levels of hemoglobin Alc were comparable
in pioglitazone- vs. sitagliptin-treated mice (Fig. 1C). Consistent with the known mechanism
of action of sitagliptin, which enhances enteral glucose tolerance through potentiation of
incretin action (25), oral glucose tolerance was improved in HFD+SITA mice vs. controls
(Fig. 1D). Likewise, blood glucose levels were lower in an insulin tolerance test in HFD
+P10O mice compared with HFD-fed controls, in keeping with the insulin-sensitizing effect
of pioglitazone (Fig. 1D). No differences in markers of bone formation or resorption were
observed in either HFD+PIO or HFD+SITA mice compared with controls (Fig. 1E).

Effect of pioglitazone on bone quality

Bones excised from pioglitazone-treated mice appeared more yellow in color than bones
from untreated or sitagliptin-treated mice (Fig. 1F). Histological analysis revealed greater
bone marrow adiposity in pioglitazone-treated relative to control or sitagliptin-treated mice
(Fig. 1G). DEXA revealed significant decreases in femoral aBMD of pioglitazone-treated
mice, but these changes were not seen in vBMD as measured by micro-CT (Table 1).
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Femoral geometry, as measured by micro-CT, and femoral mechanical testing by three-point
bending and femoral neck fracture testing did not reveal significant differences due to
pioglitazone treatment (Supplemental Tables 1-3, published on The Endocrine Society’s
Journals Online web site at http://endo.endojournals.org.). Vertebral aBMD was significantly
reduced in pioglitazone-treated OV X mice but was not significantly lower when measured
volumetrically by micro-CT. However, pioglitazone-treated male mice exhibited
significantly reduced vertebral vBMD (Table 1) and significantly reduced trabecular
architecture (Table 2). Pioglitazone treatment produced significant reductions in trabecular
bone volume (BV/TV), thickness (Th.Th.), and number (Tb.N.) and connectivity (Table 2)
with reduced total strut length, number of nodes, and length of node-node struts. Vertebral
compression revealed mechanical reductions for pioglitazone-treated mice, with significant
reductions in stiffness, ultimate stress, and Young’s modulus for male mice; energy to failure
and toughness in female mice; and ultimate load, ultimate stress, and Young’s modulus for
OVX mice (Table 3). Histomorphometric analysis revealed pioglitazone treatment resulted
in a significantly reduced mineral apposition rate in male mice (Supplemental Fig. 1).
Quantification of osteoclast staining (Supplemental Table 4) did not reveal significant
changes with the exception of reduced osteoclast number per osteoclast surface in
pioglitazone-treated female mice, possibly due to increased marrow adiposity.

Effect of sitagliptin on bone quality

Sitagliptin treatment had no effect on body weight and did not affect bone color or marrow
adiposity (Fig. 1, A, F, and G). Additionally, sitagliptin treatment did not affect femoral
aBMD, vBMD (Table 4), geometry, or mechanical properties in male, female, or OVX mice
(Supplemental Tables 5-7). Sitagliptin-treated male mice exhibited significantly improved
vertebral aBMD, but this was not significantly different when measured volumetrically by
micro-CT (Table 4). Vertebral vBMD was significantly improved in sitagliptin-treated
female mice despite a lack of improvement in aBBMD (Table 4). No changes in BMD,
volumetric or areal, were seen in sitagliptin-treated OV X mice (Table 4). Sitagliptin-treated
female mice also exhibited significant improvements in trabecular architecture with
increased BV/TV, Th.Th., and Th.N. and reduced trabecular separation (Th.Sp.) (Table 5).
Improvements in trabecular architecture were not seen in sitagliptin-treated male or OVX
mice. Vertebral compression was generally not affected by sitagliptin treatment in male and
female mice; however, Young’s modulus was significantly decreased in sitagliptin-treated
OVX mice (Supplemental Table 8). Histomorphometric analysis did not reveal significant
changes in mineral apposition rate (Supplemental Fig. 2) or osteoclast number due to
sitagliptin treatment (Supplemental Table 9). BSE analysis of trabecular bone mineralization
profiles revealed significantly increased mineralization in sitagliptin-treated male, female,
and OV X mice (Supplemental Fig. 3).

Effect of genetic inactivation of DPP-4 on bone quality

Body weight was not significantly different in male or female Dpp4 /'~ vs. Dpp4'* control
mice; however, Dop4~ OV X females weighed significantly less than their OVX Dpp4*'*
female controls (Supplemental Fig. 4). DEXA revealed significant reductions in femoral and
vertebral aBMD and BMC for OV X knockout mice, but no changes were observed in male
or female Dpp4~'~ mice (Table 6). Femoral and vertebral vBMD evaluated by micro-CT did
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not reveal any changes in male, female, or OVXDpp4*'* vs. Dpp4™'~ mice (Table 6). OVX
Dpp4~'~ mice had significantly reduced femoral geometry with reductions in anterior-
posterior diameter, moment of inertia, cortical thickness, and cross-sectional bone area
(Table 7). Accordingly, three-point bending revealed a decrease in stiffness (Supplemental
Table 10), and femoral neck fracture revealed decreases in ultimate load, energy to failure,
and stiffness for OVX Dpp4'~ mice (Supplemental Table 11). No changes were seen in the
femoral mechanics of male and female Dpp4 '~ mice (Supplemental Table 11). Small
changes were seen in male Dpp4'~ mice with reductions in vertebral ultimate load, Th.Th.
(Supplemental Tables 12 and 13 and Supplemental Fig. 6). Female Dpp4 '~ mice exhibited
an increase in vertebral Young’s modulus but had reductions in Th.N. and length of node-
free strut, a measure of trabecular connectivity (Supplemental Tables 12—-14). Osteoclast
staining revealed no significant differences for male, female, or OV X groups (Supplemental
Table 15), and no major changes were seen in the trabecular mineralization profiles
(Supplemental Fig. 5) or the mineral apposition rates (Supplemental Fig. 6) across Dop4
genotypes in male or female mice.

Discussion

Effects of pioglitazone treatment on bone quality

Pioglitazone treatment led to increased weight gain and marrow fat in male, female, and
OVX mice. These findings are consistent with previous reports of weight gain and increased
bone marrow fat (13, 14, 26) associated with TZD treatment. Pioglitazone-treated male,
female, and OV X mice experienced significant reductions in femoral aBMD and BMC;
however, these changes were not seen when femoral BMD was measured volumetrically by
micro-CT. Additionally, no changes were seen in the femoral geometry or mechanics of
pioglitazone-treated mice. The lack of changes seen in femoral mechanics were unexpected,
given reports of fractures of the distal upper and lower limbs and not of the spine in human
subjects exposed to TZDs for several years (7, 27, 28). Because cortical bone has a lower
surface area and overall slower turnover rate than trabecular bone, a longer treatment period
may be required to detect greater effects of pioglitazone on the skeleton. Consistent with this
possibility, reductions in three-point bending mechanics were detected in rats treated with a
higher dose of pioglitazone for 4 months, yet no changes were seen in femoral neck
fractures (17).

Although pioglitazone negatively affected vertebral mechanics of all treated mice, male mice
exhibited the greatest sensitivity to the metabolic and skeletal effects of pioglitazone with
reductions in trabecular architecture and connectivity as well as reduced bone formation.
The results obtained here with pioglitazone are consistent with observations reporting
reductions in vertebral strength (29), trabecular architecture (13, 29), and mineral apposition
(13, 29) in male mice treated with rosiglitazone.

Pioglitazone-treated female mice did not exhibit changes in vertebral vBMD, trabecular
architecture, and connectivity, suggesting that the reductions in vertebral mechanics are not
likely due to adverse effects on bone mineral. Energy to failure and toughness are largely
influenced by collagen and not necessarily by changes in the mineral phase or density of
bone (30-32). Furthermore, no significant changes were seen in bone formation parameters
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in female mice treated with pioglitazone. This finding was unexpected, given that clinical
studies revealed an increased risk of fracture in women treated with pioglitazone (27, 28,
33). However, a study by Sottile et al. (34) reported a dissociation between the doses of
rosiglitazone required to generate metabolic effects without producing significant
differences in BMD or histomorphometric parameters in female rats. The reductions in
energy to failure and toughness in pioglitazone-treated female mice are consistent with
negative effects on the collagen network (30, 31). Interestingly, TZD activation of PPAR-y
resulted in suppression of type 1 collagen in a stromal cell line (10), and PPAR- »-mediated
reductions in collagen biosynthesis are dependent on levels of estrogen (35, 36).
Nevertheless, the effects of PPAR- activation on collagen and bone strength are not fully
understood.

Effects of sitagliptin on bone quality

We originally hypothesized that sitagliptin may produce positive effects on bone due to its
regulation of multiple gut hormones such as GIP and GLP-2, known to enhance bone
formation and/or prevent bone resorption (37). The GIP receptor is expressed in osteoblasts
(38), and GIP increased collagen type 1 expression and alkaline phosphatase activity in
osteoblast-like cells (38) as well as protected osteoblasts from apoptosis (39). GIP receptors
have also been found on osteoclasts and GIP inhibits bone resorption in vitro (40). Gipr'=
mice exhibit low bone mass due to decreased bone formation and increased bone resorption
(39, 41).

The proglucagon-derived peptide, GLP-2, is also a DPP-4 substrate (42, 43). Exogenous
GLP-2 administration reduced serum and urine markers of bone resorption and increased hip
BMD in a dose-dependent manner in postmenopausal women and improved spinal BMD in
short-bowel patients with no colon (44-46). The skeletal role of the proglucagon-derived
peptide, GLP-1, cosecreted together with GLP-2, is less understood, but the GLP-1 receptor
is expressed in rodent thyroid C cells, and GLP-1 increases calcitonin secretion and gene
expression in mice and rats (47, 48). G/p1/~'~ mice exhibit cortical osteopenia and reduced
levels of calcitonin, suggesting that GLP-1 may have an indirect role in murine bone
metabolism, possibly through a calcitonin-mediated pathway (48).

Female mice treated with sitagliptin exhibited significant improvements in vertebral vBMD
and trabecular architecture. Whether these positive changes reflect the cumulative actions of
GIP, GLP-1, and GLP-2, or actions of sitagliptin on other substrates acting on the skeleton,
cannot be determined from the present study. The improvements seen in vertebral vBMD
and trabecular architecture in female mice were lost in sitagliptin-treated OV X female mice,
suggesting that partial DPP-4 inhibition does not offset the adverse skeletal effects arising
from a marked decline in estrogen production. The beneficial effects seen with sitagliptin
treatment in female mice were not seen in male mice.

Interestingly, BSE analysis of total and trabecular bone area mineralization profiles revealed
significant shifts toward increased mineralization for all sitagliptin-treated mice,
independent of gender or OV X. These increases suggest that inhibition of DPP-4 activity
reduces the resorptive rate of bone. GLP-2 administration has been associated with an acute
suppression in bone resorption based on bone marker evaluation (49). Suppressed bone
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resorption could allow more time for secondary mineralization to occur, resulting in a more
mineralized bone. Another explanation for increased mineralization could be improved
calcium deposition on bone, which may be linked to GIP action (39). Taken together,
sitagliptin treatment appears to have a neutral effect on femoral bone mechanics in mice
with only modest effects on vertebral bone mechanics. Because we cannot completely
exclude the possibility that sitagliptin may exert effects on bone independent of its inhibition
of DPP-4 catalytic activity, attribution of these results to the DPP-4-inhibitory properties of
sitagliptin will require additional studies using chemically distinct DPP-4 inhibitors.

Effects of genetic inactivation of DPP-4 on bone quality

Sitagliptin treatment reduces but does not completely abrogate DPP-4 activity; hence, we
assessed bone quality in mice with complete genetic disruption of the Dpp4 gene to identify
a potential skeletal role for the transmembrane or soluble forms of DPP-4. Because Dpp4/~
mice are resistant to HFD-induced obesity (50), we studied Dpp4 /'~ mice fed a regular chow
diet to avoid the confounding effects of differential weight gain in the analysis of bone
quality. Genetic inactivation of Dpp4 results in modest defects in bone quality in male and
female mice. Male Dpp4~ mice exhibited significantly reduced ultimate load, Th.Th. and
mineral apposition rate, whereas female Dgp4~/~ mice exhibited significantly reduced Th.N.
and length of node-free strut (a measure of connectivity) but exhibited a significantly
increased vertebral Young’s modulus. It is important to note that the skeletal changes seen in
male and female Dpp4~/~ mice were quite modest, given the wide range of tests performed
to quantify bone quality. The majority of analyses found no significant differences
comparing male and female Dpp4'* vs. Dpp4~'~ mice, demonstrating that genetic
inactivation of Dpp4 does not produce a striking bone phenotype in normal mice.

On the other hand, Dpp4/~ OVX mice exhibited reductions in femoral geometry and
femoral structural properties. The interpretation of these data is complicated by the
observation that Dpp4'~ mice gain less weight after OVX relative to their Dpp4*'*
littermate controls. Weight gain is an undesirable and complicating effect of OV X in rodent
models because it provides partial protection against OV X-induced bone loss (51).
Interestingly, the positive effects of sitagliptin treatment on bone quality in female mice were
lost in sitagliptin-treated OV X mice, and sitagliptin treatment was associated with less
weight gain compared with non-sitagliptin-treated OV X controls. Hence, the effects of
DPP-4 inhibition on prevention of weight gain may partially offset the positive effects of
DPP-4 inhibition on potentiation of gut hormone action in a postmenopausal estrogen-
deficient model.

The maotivation for examining the effects of DPP-4 inhibition on the skeleton was partly
based on studies that suggested positive skeletal effects from gut hormones that are also
DPP-4 substrates, principally GIP, GLP-1, GLP-2, and peptide Y. Nevertheless, the
anabolic and antiresorptive effects of gut hormones have usually been demonstrated in
studies administering pharmacological doses of gut hormones (49), whereas DPP-4
inhibition and genetic inactivation of Dpp4 would be expected to produce only modest
changes in the levels of active gut hormones. Direct comparison of the phenotypes arising in
mice treated with sitagliptin vs. Dpp4'~ mice is difficult for several reasons. First,
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sitagliptin-treated mice were studied on a HFD known to produce multiple changes in
insulin secretion, insulin action, and levels of circulating adipokines, independent metabolic
parameters that may also influence bone quality. Furthermore, sitgaliptin produces partial
but incomplete reduction of DPP-4 activity, whereas Dpp4~'~ mice exhibit complete
disruption of enzyme activity and the potential for compensatory changes in related genes
and proteins that may mask a skeletal phenotype. Nevertheless, mice subjected to DPP-4
inhibition with sitagliptin and Dpp4 /'~ mice exhibit only modest skeletal phenotypes,
notably increasing mineralization and skeletal effects that are reduced in females after OVX.

In summary, pioglitazone negatively affects trabecular bone mechanics in male and female
wild-type mice and in estrogen-deficient OV X mice, whereas sitagliptin produces very few
changes in bone quality. Although TZDs also increase fracture risk in human subjects, it is
difficult to extrapolate results obtained with sitagliptin in studies of rodent bone quality to
human subjects due to species-specific differences in skeletal and gut hormone biology. For
example, although both Gipr’~ and G/pr’~ mice exhibit skeletal phenotypes, and
exogenous administration of GIP and GLP-1 reduce bone resorption in rodents, acute
administration of GIP or GLP-1 has no effect on markers of bone turnover in human subjects
(39, 47-49, 52, 53). Nevertheless, because T2DM is a chronic disease associated with
reduced bone quality and an increased risk of bone fractures, additional studies examining
the effects of antidiabetic agents potentiating incretin action on bone formation, quality, and
resorption are clearly warranted.
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