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Abstract
Type 2 diabetics often demonstrate normal or increased bone mineral density, yet are at increased
risk for bone fracture. Furthermore, the anti-diabetic oral thiazolidinediones (PPARγ agonists) have
recently been shown to increase bone fractures. To investigate the etiology of possible structural and/
or material quality defects, we have utilized a well-described mouse model of Type 2 diabetes (MKR).
MKR mice exhibit muscle hypoplasia from birth with reduced mass by the pre-diabetic age of 3
weeks. A compensatory hyperplasia ensues during early (5 weeks) development; by 6–8 weeks
muscle is normal in structure and function. Adult whole-bone mechanical properties were determined
by 4-point bending to test susceptibility to fracture. Micro-computed tomography and cortical bone
histomorphometry were utilized to assess static and dynamic indices of structure, bone formation
and resorption.

Osteoclastogenesis assays were performed from bone marrow-derived non-adherent cells. The 8-
week and 16-week, but not 3-week, male MKR had slender (i.e., narrow relative to length) femurs
that were 20% weaker (p<0.05) relative to WT control femurs. Tissue-level mineral density was not
affected. Impaired periosteal expansion during early diabetes resulted from 250% more, and 40%
less of the cortical bone surface undergoing resorption and formation, respectively (p<0.05). Greater
resorption persisted in adult MKR on both periosteal and endosteal surfaces. Differences were not
limited to cortical bone as the distal femur metaphysis of 16 week MKR contained less trabecular
bone and trabecular separation was greater than in WT by 60% (p<0.05). At all ages, MKR marrow-
derived cultures demonstrated the ability for enhanced osteoclast differentiation in response to M-
CSF and RANK-L. Taken together, the MKR mouse model suggests that skeletal fragility in Type
2 diabetes may arise from reduced transverse bone accrual and increased osteoclastogenesis during
growth that is accelerated by the diabetic/hyperinsulinemic milieu. Further, these results emphasize
the importance of evaluating diabetic bone based on morphology in addition to bone mass.
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Introduction
Diabetes is an emerging epidemic that has consequences for musculo-skeletal growth and
development, and bone fracture risk [1–8]. Yet, Type 2 diabetics (non-insulin-dependent, T2D)
often demonstrate increased bone mineral density (BMD) [9–13]. Furthermore, the use of anti-
diabetic oral thiazolidinediones (PPARγ agonists) in T2D has recently been shown to increase
fracture risk in the absence of a reduction in BMD [14]. These apparent paradoxes suggest that
the increased bone fragility in T2D may not be discerned from bone mass, but may depend on
aspects of bone structure or tissue quality that are not revealed from BMD. A number of factors
have been postulated to be etiologically associated with poor bone accrual in diabetes, including
an insulin-related direct reduction in bone formation and reduced force generating capacity of
muscle.

Studies of bone turnover in animal models are most accurately assessed by histomorphometry.
Several models have demonstrated diabetes-induced alterations in bone and could aid in
elucidating the cellular and biomechanical mechanisms that may lead to increased risk of
fragility fractures [15–20]. Models for Type 1 diabetes (T1D) are most prevalent and have
demonstrated decreased breaking strength of femoral shafts when compared to controls [21,
22]. However, many of these are drug-induced models confounded by side-effects that can
result in significant health issues. For example, the pancreatic β-cell toxins streptozotocin or
alloxan have been injected into both rats and mice to induce an uncontrolled diabetic state
[23,24]. Growth trajectories are immediately altered such that diabetic animals fail to grow
(i.e., the rates of long bone growth and body mass gains are significantly stunted) [25,26].
However, stunted longitudinal growth is not normally associated with diabetes. Most recently,
using a model of streptozotocin-induced insulinopenia, Hamada and co-workers confirmed
this affect on growth as well as a reduction in trabecular bone volume with reduction in both
bone formation and bone resorption in young animals, changes that were reversed by insulin
replacement therapy [25]. The main conclusion of that study was that in T1D, insulinopenia is
the primary etiology for osteopenia, though secondary mechanisms, such as oxidative stress,
may also play a role [25]. The cellular mechanisms behind these differences require further
examination.

Models of T2D have thus far been less biologically insightful because many induce obesity
(another state of insulin resistance) or are limited to rats [27–30]. There is limited evidence for
increased fracture risk due to greater levels of obesity and obesity may even protect a subject
from fracture, despite being associated with lower physical activity [3]. Obesity increases the
load-bearing forces during locomotion and, absent a bone formation defect, elicits structural
compensation, i.e., more weight requires a larger frame [31]. Obesity may also enhance
endogenous production of estrogen, a hormone important for bone cell regulation in both sexes
[32]. Non-obese T2D occurs spontaneously in rats such as the Torii, which was outbred from
Sprague-Dawley in 1997, and also exhibits stunted longitudinal bone growth; however, the
disease has unknown etiology and is associated with insulinopenia [28].

We have generated a non-obese transgenic mouse model of T2D (MKR mice) by blocking
both the insulin and IGF-signaling pathways specifically in skeletal muscle. Blocking of both
receptors in muscle abrogates downstream signaling, particularly the AKT pathway, which
regulates glucose uptake into muscle. MKR mice are born with naturally occurring
hyperinsulinemia and insulin resistance in muscle. Early in life (~2 weeks) the MKR mice
develop dyslipidemia, and the mice eventually develop frank diabetes with hyperglycemia (~7–
8 weeks) [33,34]. This scenario of disease development is similar to the human disease, where
insulin resistance and hyperinsulinemia, with dyslipidemia eventually progress to diabetes.
The MKR mouse model is useful since no exogenous agents are required to induce disease,
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thus removing potential confounding aspects. In addition, MKR mice are non-obese, excluding
another confounding variable. In this study we employed the MKR mouse model to examine
the effect of progression of T2D on skeletal integrity. Skeletal characterization was performed
at the pre-diabetic (3 weeks of age), early diabetic (8 weeks) and established diabetic stages
(16 weeks). Here we demonstrate that early onset of insulin resistance does not affect
longitudinal growth but alters transverse expansion of skeletal structures, which worsens with
the progression to the adult diabetic state.

Materials and Methods
The generation of the MKR Type 2 diabetic mouse has been described elsewhere [33]. MKR
male mice, on a FVB/N background, were bred to homozygosity, and were compared to wild-
type FVB/N controls (WT). MKR mice demonstrate severe insulin resistance starting at birth,
hyperinsulinemia and hyperlipidemia at 3–4 weeks of age but with normoglycemia [33]. At
6–8 weeks of age MKR mice develop diabetes with blood glucose levels of 250–400 mg/dl
versus 130–160 mg/dl for WT. The mice were kept on a 12-h light/dark cycle and were fed
with standard chow ad libitum. All studies were conducted in accordance with NIH guidelines
and approved by the Institutional Animal Care and Use Committee of the Mount Sinai School
of Medicine.

Bone Histomorphometry
Cortical bone histomorphometry was carried out as described in detail elsewhere [35,36].
Briefly, control and MKR male mice at 3, 8 and 16 weeks of age were injected intraperitoneally
with 10 mg/kg calcein (C-0875; Sigma) at 8 and 2 days prior to euthanasia to label bone forming
surfaces. Left femurs were removed and fixed in 10% neutral buffered formalin, bulk-stained
with Villanueva bone stain and embedded in poly-methylmethacrylate [35]. Embedded bones
were sectioned transversely at the mid-diaphysis with a diamond-coated wafering saw,
polished to a thickness of 30 μm with silicon carbide abrasive paper and mounted on glass
slides. Cortical bone indices of osteoblast and osteoclast activity were measured using
fluorescence and brightfield microscopy [35,37]. On both periosteal and endosteal surfaces,
bone resorption was assessed from eroded surface (Er.Pm/B.Pm, %); bone formation was
assessed by labeled surface (L.Pm/B.Pm, %), mineral apposition rate (MAR, μm/day), and
bone formation rate (BFR/B.Pm, μm/day × 100). Sections were analyzed using an
OsteoMeasure system (Osteometrics, Atlanta, GA, USA) connected to a Zeiss Axioskop
microscope. A single observer blinded to the specimen identity made all measurements.

Micro-CT analysis
Three-dimensional micro-computed tomography (micro-CT) images of the contralateral
(right) femurs for 3, 8 and 16 week old WT and MKR mice were obtained using an eXplore
Locus SP Micro-CT system (GE Healthcare, London, Ontario, CA). Scans were performed at
15 μm isotropic voxel resolution as described elsewhere [38–40]. All scans were performed
using a density calibration phantom containing air, water, and a hydroxyapatite standard (SB3;
Gammex RMI, Middleton, WI, USA) to allow subsequent determinations of tissue mineral
densities [39].

Mid-diaphyseal traits were quantified for a 2.5 mm diaphyseal region that was located
immediately distal to the third trochanter. This site corresponded to the typical location of
failure during the bending tests (see below). The mid-diaphyseal morphological traits measured
were the tissue amounts (cortical area, Ct.Ar; marrow area, Ma.Ar; total area, Tt.Ar; cortical
width, Ct.Wi), perimeters (endosteal, Es.Pm; periosteal, Ps.Pm) and the spatial distribution of
mineralized tissue (polar moment of inertia, J). Moment of inertia is a measure of the proximity
of the tissue to the geometric centroid of the cross-section. Total area was defined as the sum
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of the cortical and marrow areas. Traits were quantified for each cross-section and the values
were averaged. Hind-limb long bone lengths were measured as the caliper distance between
the proximal and distal most articulating surfaces (0.01 mm resolution). Micro-CT was also
used to quantify tissue mineralization as described above [39]. Tissue mineral density (TMDn,
mg/cc) was determined by converting grayscale values to mineral density values using a density
calibration curve from the scanned phantom and then averaging mineral content values over
all thresholded “bone” voxels.

Trabecular architecture was quantified for the proximal and distal femoral metaphyses. Cortical
and trabecular bone were segmented manually and the trabecular volumes were filtered using
a median-filtering algorithm and then thresholded. Trabecular traits measured include
trabecular bone volume fraction (BV/TV), thickness (Tb.Th), and separation (Tb.Sp).

Whole bone mechanical properties
To understand the effects of dysregulated carbohydrate and lipid metabolism on adult skeletal
strength, mechanical properties were quantified by loading 16 week-old mouse femurs to
failure. Following the micro-CT scans, right femurs were loaded in 4-point bending at 0.05
mm/sec using a servo-hydraulic materials test system (Instron Corporation, Norwood, MA,
USA) to assess whole bone mechanical properties [41]. Femurs were tested at room
temperature and kept moist with phosphate-buffered saline. Load-deflection curves were
analyzed for stiffness (the slope of the initial linear portion of the curve), maximum load
(Failure Load), and post-yield deflection (PYD). Yield was defined as a 10% reduction of
secant stiffness (load range normalized for deflection range) relative to the initial (tangent)
stiffness. PYD, a measure of ductility, was defined as the deflection at failure minus the
deflection at yield.

Marrow-derived osteoclast cultures
Bone marrow stromal cells were isolated from whole bone marrow immediately after
euthanasia of 4, 8 and 16 week-old mice. Cells were flushed out with a syringe and 26-gauge
needle and collected in primary culture medium (aMEM). The marrow cell suspension was
drawn through an 18-gauge needle to achieve single cell suspension. Cells were then washed
in primary culture medium and cultured overnight in αMEM supplemented with 10% heat-
inactivated fetal bovine serum [42]. Non-adherent cells were collected, washed and plated at
a constant density (3×104 cells/well) in 96-well plastic plates with M-CSF (30 ng/ml) and
RANKL (60 ng/ml) to allow for cell proliferation and differentiation, respectively. Tartrate
resistant acid phosphatase (TRAP) staining was carried out using a Sigma kit, (Sigma 387-A)
according to the manufacturer’s instructions. TRAP positive, multi-nucleated (>3 nuclei per
cell) osteoclasts were counted.

RNA extraction and reverse transcription (RT) –PCR
Total RNA was isolated from osteoclast cultures using a QIAGEN RNA Midi kit (QIAGEN
Inc., Valencia, CA, USA) and quantified by spectrophotometry. RNA integrity was verified
using Bioanalyzer (Agilent Technologies 2100 Bioanalyzer-Bio Sizing, Version A.02.12
SI292). Quantitative real-time PCR: One μg of RNA obtained marrow-derived osteoclast
cultures was transcribed to cDNA using oligo(dT) primers with RT-PCR kit according to the
manufacturer’s instructions (Invitrogen Corp., Carlsbad, CA, USA). Real-time PCR was
performed with the QuantiTect™ SYBR® green PCR kit (Qiagen, Valencia, CA, USA)
according to the manufacturer’s instructions in ABI PRISM 7900HT sequence detection
systems (Applied Biosystems, Foster City, CA USA). Primers: TRAP (5′-
CACGAGAGTCCTGCTTGTC-3′ and 5′-AGTTGGGCATACTTC-3′), Cathepsin K (5′-
CAGCAGAGGTGTGTACTATG-3′ and 5′-GCGTTGTTCTTATTCCGAGC-3′), β-actin (5′-
TGTTACCAACTGGGACGACA-3′ and 5′-GGGGTGTTGAAGGTCTCAAA-3′)
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Statistics
Differences in morphological, mechanical, and cell-behavior related trait values among the
MKR and WT, three time points and anatomical locations were assessed individually by two-
way analysis of variance (ANOVA) with interaction. The type I error rate (α) was set at 0.05.
Significant interaction terms justified comparing differences between MKR and WT at
individual time points using post-hoc Bonferroni-adjusted multiple comparisons (SYSTAT
Software, SPSS Science, Chicago, IL USA). Analysis of the histomorphometric data was
conducted using StatView (Cary, NC, USA).

Results
Diabetes phenotype of MKR mice

Male MKR and FVB/N control mice (WT) were weaned at 3 weeks of age and following
genotyping as previously described were monitored weekly for blood glucose levels [33]. All
mice remained normoglycemic from 3 weeks to 5 weeks of age. By 7 weeks of age, fed blood
glucose levels in MKR mice rose to diabetic levels (between 250–400 mg/dl), whereas WT
remained normoglycemia (between 130–160 mg/dl). The hyperglycemia of the MKR mice
remained at 16 weeks of age. Hyperlipidemia and hyperinsulinemia levels in the MKR mice
were seen at the pre-diabetic ages and remained throughout the study, as previously reported
[33].

Early onset of type 2 diabetes leads to reduced strength and stiffness at adulthood
MKR mice had weaker and less stiff femurs compared to WT. Maximum load sustained at
fracture by the MKR femurs was 20% lower than WT (Figure 1A). Similarly, stiffness was
24% lower for MKR femurs. MKR femurs exhibited greater ductility as measured by an
approximately 50% increase in post-yield deflection (PYD), suggesting tissue properties were
altered in MKR mice. PYD reflects the amount of deflection that occurs after structural damage
is initiated but before complete failure by fracture. Together, these data show that diabetic
MKR femora were weaker and less stiff compared to WT femora

Reduced stiffness of the MKR bones is due to increased slenderness
MKR femurs showed growth-related suppression of periosteal expansion, which coincided
with the progression to diabetes between 6 to 8 weeks. MKR femur and tibia lengths were not
significantly different than WT (Figure 1B) indicating that longitudinal growth was not affected
at all three time-points critical to the progression of diabetes. However, MKR femurs at 8 and
16 weeks had smaller cross-sectional traits, indicating that MKR cortical bone was more
slender compared to WT. The slender bone phenotype arose during a period of periosteal
expansion normally associated with longitudinal growth and transverse expansion in mice
between 3 and 8 weeks of age. At 3 weeks of age, MKR and WT femurs were not significantly
different in any cortical trait measured by micro-CT (Table 1). Both the 8- and 16-week MKR
femurs had smaller total, marrow and cortical areas (Tt.Ar, Ma.Ar and Ct.Ar). Tt.Ar has a large
influence on all other cross-sectional properties and reflects the overall width of the mid-shaft.
Tt.Ar is largely influenced by the temporal sequence of osteoblastic and osteoclastic activity
that expands the periosteal surface during growth and further moves the surface (cortical drift)
throughout adulthood. In addition to Ma.Ar and Ct.Ar the other cross-sectional properties
influenced by Tt.Ar include cortical width (Ct.Wi), endosteal and periosteal perimeters (Es.Pm
and Ps.Pm), and polar moment of inertia (J) (Figure 1C and D). Further, the micro-CT analysis
revealed that the reduced failure load and stiffness seen in the mechanical testing of adult mouse
femurs were associated with a 19% lower polar moment of inertia (Figure 1D). No differences
in bone tissue-level mineral density (TMDn) were found in the MKR bones at any age (Table
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1), indicating that the degree of mineralization was not affected during the progression to
diabetes.

Increased osteoclast activity in bones of MKR mice contributes to the slender adult
phenotype

Periosteal surface—Consistent with equivalent total areas at 3 weeks of age, osteoclast and
osteoblast activity at the periosteal surface (% of eroded and labeled perimeter, Er.Pm and
L.Pm, respectively) were not significantly different between MKR and WT mice (Figure 2).
However, the lower Tt.Ar of MKR femurs that arose during growth after 3 weeks of age was
associated with markedly increased periosteal resorption (Er.Pm increased ~3 fold by 8 weeks
of age in MKR) compared to WT mice and significantly decreased perisosteal formation, (L.Pm
and MAR were reduced 25% and 21%, respectively, p<0.05) resulting in a 39% lower bone
formation rate. By 16 weeks of age, periosteal osteoblastic differences (L.Pm and MAR) were
absent, but resorption (Er.Pm) in MKR was remained nearly 200% greater than in WT. The
increase in osteoclastic activity is consistent with the maintenance of the slender-MKR
phenotype between 8 and 16 weeks of age.

Endocortical Surface—Osteoclastic activity patterns at the endocortical surface were
increased in MKR femurs similar to the periosteal surface; Er.Pm on the endosteal surface was
elevated (80%) in MKR compared to WT at 3 weeks and remained elevated for MKR (>100%
WT) throughout growth and development in similar fashion to Er.Pm on the periosteal surface
(Figure 2). Osteoblastic measures (L.Pm and MAR) were not different between MKR and WT
mice at any age on the endosteal surface (Figure 2).

MKR mice lose cancellous bone with the progression of diabetes
Micro-CT studies revealed the largest effect on bone volume fraction to be in the distal femoral
metaphyses where cancellous BV/TV was 40% lower in MKR compared to WT at 16 weeks
of age (Table 2). This lower BV/TV reflected an altered microarchitecture in the MKR distal
femur with significantly greater trabecular separation (60%) compared to WT, consistent with
increased osteoclastic activity and loss of trabeculae. At 3 weeks of age the proximal
metaphysis, but not the distal metaphysis, of MKR femurs contained less cancellous bone
compared to WT (Table 2). The reduced bone volume fraction persisted into adulthood. By 16
weeks, significant differences were apparent in trabecular thickness (−36%) and separation
(58%) between the MKR and WT proximal metaphysis.

Increased number of osteoclast precursors in marrow of MKR mice
To unravel the cellular mechanism involved in decreased cortical and cancellous bone in MKR
mice, we studied bone marrow-derived osteoclast cultures. Osteoclast cultures (Figure 3)
derived from MKR mice exhibited an increase in osteoclast numbers at 4, 8 and 16 weeks, as
determined by TRAP staining. Expression of the osteoclast markers including TRAP and
Cathepsin K were increased in cultures derived from MKR mice at 8 and 16 weeks of age.

Discussion
Fragility fractures are associated with both Type 1 and 2 diabetes despite the fact that bone
mass (BMD) losses do not occur in Type 2 diabetes (T2D) [9–13]. The reductions in BMD
with Type 1 diabetes (T1D) occur early in the disease process and are associated with increased
bone fragility and fractures later in life. While the reductions in BMD in T1D have been well
established, the cellular cause(s) have not been defined completely, with both increased bone
turnover and decreased osteoblastic activity implicated in the net bone loss [43]. In contrast,
there is no conspicuous reduction in BMD in T2D [10]. Thus, the increase in fragility fractures
in T2D is more likely the result of changes in bone integrity and/or quality. Indeed, our
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biomechanical studies in the hyperglycemic MKR mice support this concept, with significantly
altered relative fracture toughness (as measured from post-yield deflection) and reduced overall
bone stiffness and strength in the diseased state. Mechanical data from other T2D models are
unavailable for comparison. The observed changes in stiffness and strength in these studies are
largely accounted for by the changes in morphology and consistent with the smaller cross-
sectional sizes (Tt.Ar and J) of MKR bone compared to WT. That MKR femurs are more
slender (narrow relative to length) is an important finding because slenderness in human bone
has been shown to be a significant indicator of fracture risk [44–48].

We have now identified both muscle and bone deficiencies in the MKR mouse albeit first
presenting at different ages. The MKR mouse exhibits muscle hypoplasia with a 20% lower
protein content in soleus and extensor digitorum longus early in life at 3 weeks of age.
Interestingly, by 5–6 weeks, compensatory mechanisms are at work as shown recently by
skeletal muscle hypertrophy and strengthening [34,49]. Therefore, even before frank diabetes
appears at ~7–8 weeks, skeletal muscle approximates that of WT but with protein content that
is 15% higher in MKR than in WT mice at 5 weeks of age [34,49]. Thus, it is conceivable that
the bone structural effects seen at 8 and 16 weeks of age arose early in growth when the effects
of hypoplastic skeletal muscle may affect bone structure. However, despite the muscle deficit
there was no significant difference in femoral cortical bone characteristics between MKR and
WT mice at 3 weeks of age. Moreover, as insulin resistance in the MKR mice progressed and
skeletal muscle function improved at 8 and 16 weeks, MKR mice demonstrated significant
structural impairments in skeletal integrity compared to WT mice, reflected by reduced cortical
bone size and trabecular bone volume. This strongly argues that the progression of the MKR
mice to the Type 2 diabetic state played a role in these bone structural changes.

Hyperglycemia and hyperinsulinemia have been postulated as possible causes of skeletal
changes in diabetic patients. While the mechanism(s) are not known, advanced glycosylation
end products (AGEs) working through their specific receptors (RAGE) [19] have been
postulated to alter bone cell function. Hyperglycemia suppresses osteoblast proliferation and
differentiation in culture systems, and the mechanisms may involve expression of c-jun, a
transcription factor that affects collagen expression in bone-derived cell lines [50,51]. Insulin
is aparently a hormone important for osteoblast function, chondrogenesis and collagen
synthesis, and may also be involved in osteoclastogenesis [52]. Fracture risk has been shown
to increase with insulin use [7,8,53,54]. However, in mouse models of insulinopenia (T1D),
reduced serum osteocalcin and lower bone osteoblast numbers are associated with reduced
osteoid and reduced bone mineral accretion rates, resulting in lower bone turnover rates. In a
model of T2D, a knockout mouse for the insulin receptor (IR), BMD was normal, possibly
compensated for by the IGF-1R or perhaps demonstrating a lesser role of the insulin resistance
in bone formation [55].

Other features of the T2D milieu beyond AGEs are yet to be fully studied regarding their impact
on bone, such as lipids and oxidative stress. In two separate models, one a streptozotocin
diabetic mouse and one a rat model of non-obese, insulin-sensitive T2D, osteopenia was
demonstrated. In both models oxidative stress markers were measured and found to be elevated
and normalized with insulin therapy. In the former model, the oxidative stress marker (8-
OHdG) was also seen to be increased in bone by immunohistochemical analysis, and the
authors speculated that the inhibition of osteoblastic differentiation could be explained by this
effect [25,28]. Indeed, oxidative stress may affect osteoblastic differentiation as demonstrated
in vitro [56,57]. In our laboratory, MKR mice also demonstrate increased oxidative stress
markers in serum and liver (unpublished), and this potential pathogenic factor and its effect on
bone formation and bone turnover requires more extensive study.
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The principal bone cell defect in MKR mice is increased osteoclastogenesis, particularly at
later ages, as demonstrated in the current study both by histomorphometry as well as bone
marrow cultures. The slender bones in the MKR diaphyses, as well as the reduced cancellous
bone volume and increased trabecular separation appear to result principally from increased
osteoclastic activity and a small transient suppression of osteoblastic activity. That marked
increases in cell differentiation were present in vitro, in the absence of the circulating endocrine
milieu of T2D, suggests that the factors associated with the diabetes in the MKR mice (e.g.,
insulin resistance, hyperglycemia) may cause a shift in the marrow osteoclast precursor pool
or a phenotypic shift in the sensitivity of the precursors to osteoclast regulatory factors.

Despite a paucity of data, there has been general acceptance of the view that increased activity
by osteoclasts does not play a role in T2D-related bone disease because of low bone turnover.
Based on clinical biopsy bone formation data from a heterogeneous population (body mass
index, sex and ancestry) Krakauer et al. speculated that the metabolic effects of poor glycemic
control leads to increased bone resorption, but then low bone turnover retards age-related bone
loss [58]. While such site-specific data is missing from the more recent clinical literature,
biochemical data support the view that osteoclastic function is accelerated in non-obese males
with T2D [59]. Resolution of this issue in human subjects remains for future studies. Current
data from the MKR mice, as well as prior studies of T2D rats [27,30] also argue that alteration
in osteoclast action may be present, though their contribution to the bone fragility in this disease
remain unclear.

The biomechanical results from the current studies show that MKR bones were significantly
weaker and less stiff than WT femurs. These changes are attributable to the smaller bone size
and cross-sectional moment of inertia of the MKR bones. However, we also observed changes
in the fracture resistance (ductility) of the MKR bones that suggest there is also a significant
alteration in tissue quality of the diabetic bone. Specifically, the MKR femurs exhibited
approximately 50% greater post-yield deflection (PYD) than WT. Compositionally, such
changes can result from decreased mineral content, but this was not seen in the mineralization
measurements of MKR bones. Alternatively, increases in bone collagen content or alterations
in collagen cross-linking with other matrix constituents can also produce these changes in
fracture behavior; however these could not be examined directly in the current studies because
of the limits imposed by the other investigational techniques used.

Although osteoporotic fracture is more prevalent in women, the effects on men often result in
greater morbidity and mortality, principally because related fractures occur later in life and
males have a greater co-morbidity risk [60]. In several clinical studies fracture risk associated
with diabetes appears to differ between men and women; diabetes was associated
independently with increasing risk of non-vertebral fractures among men but not women [9,
61,62]. Male diabetics are also more prone to be non-obese and the sexual dimorphism may
be related to obesity and greater androgenecity in women with hyperglycemic and
hyperinsulinemic conditions [9,62]. Nonetheless, the increased male risk cannot be explained
as an effect of BMD; both men and women with T2D had similar BMD compared to normals.
In men, there is an increased risk associated with T2D of short duration that has not yet been
attributed to reduced bone mass, quality or some other factor [2]. For these reasons we choose
to study male animals, as have many previous researchers, and all studies should be repeated
in females [26].

While our MKR mice are smaller than WT, both groups exhibited normal and similar weight
gain from 3 to 16 weeks of age (MKR: 177%, WT: 173%). This is in contrast to the drug-
induced diabetic animals that exhibit metabolic abnormalities characteristic of uncontrolled
diabetes, including body weight gain [26]. Previous work has established that tissue wet
weights of organs expressing IGF-I receptors, namely, brain, lung, heart, liver, spleen, kidney,
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perigonadal white fat, and skeletal muscle are not different between MKR and WT mice, except
for total skeletal muscle from birth to 5 weeks, and muscle mass differences between MKR
and WT mice resolve; similar muscle weight and strength are seen when measured at 8 weeks
[34]. Thus, the MKR mice allow the separation of the hyperglycemic and hyperinsulinemic
effects from increases in body weight and adiposity.

In summary, we presented a mouse model of T2D, which progresses from severe insulin
resistance to frank diabetes. The early onset of the disease, during adolescence and puberty,
lead to slender adult bones resulting in reduced strength and stiffness, and also changes in
fracture resistance. The slender bones in diabetic mice resulted principally from increases in
osteoclastic activity, increases that paralleled the progression to diabetes. Cortical and
cancellous bone responded similarly, with loss of bone mass and trabecular architecture in
concert with the progression to diabetes. These data suggest that T2D results in a complex
array of alterations to skeletal morphology (resulting from net resorptive cellular activity) and
tissue composition that may not be readily assessed (i.e., DEXA) or treated (i.e., anti-resorptive
or bone anabolic strategies) using traditional measures. Whether control of the hyperglycemia
and/or insulin resistance will resolve these skeletal issues awaits further research.
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cross-sectional Cortical Area

Ct.Wi  
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Figure 1.
(A) Adult MKR mice have femora that are weaker and less stiff than WT, but have greater
post-yield deflection (PYD). Mechanical properties were quantified by loading 16 week-old
mouse femora to failure in 4-point bending at 0.05 mm/sec using a servo-hydraulic materials
test system (Instron Corporation), MKR (solid) and WT (open). Group means (+/− SD), n =
7–10 mice per group, *p<0.05. (B) (middle and right panels) The long bones of MKR mice
have similar lengths as those of WT at 3, 8 and 16 weeks of age. Group means (+/− SD), n =
6–10 mice per group. (C) micro-CT of femora from WT and MKR mice revealed a slender
shaft with similar length, but thinner cortices in MKR mice at 8 and 16 weeks of age (total area
(Tt.Ar) and cortical area (Ct.Ar) for an equivalent long-bone length). (D) The lower stiffness
and strength of femora from adult MKR male mice is due to greater structural slenderness, i.e.,
lower cross-sectional polar moment of inertia (J), when compared to wild-type (WT). Group
means (+/− SD), n = 6–10 mice per group, *p<0.05.
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Figure 2.
The cellular mechanisms involved on cortical surfaces measured by periosteal and endosteal
perimeters (Pm) of mid-shaft cross-sections. Lower osteoblast formation activity (% labeled
perimeter, L.Pm), average osteoblast work (mineral apposition rate, MAR) and their product
(bone formation rate, BFR=L.Pm*MAR) on the periosteal (left) surface during growth from
3 through 8 weeks of age as well as greater osteoclast resorption activity (% eroded perimeter,
Er.Pm) on both periosteal and endosteal (right) surfaces contribute to slenderness and reduced
stiffness of MKR versus WT. Group means (+/− SE), n = 6–8 mice per group,*p<0.05.
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Figure 3.
(A) Representative images of 5 day osteoclast-like cultures derived from bone marrow of 4,
and 16 week-old mice and (B) Multinucleated, TRAP positive osteoclasts were counted in
cultures derived from bone marrow of 4, and 16 week-old mice (number of osteoclasts per
well). (C) Expression levels of TRAP and cathepsin K were assessed by real-time PCR of 5
day osteoclast cultures derived from bone marrow of 8, and 16 week-old mice. Group means
(+/− SE), n = 6–8 mice per group,*p<0.05).
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