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ABSTRACT 

 

Patients with type 2 diabetes (T2DM) have higher fracture risk compared to patients without 

T2DM despite having comparable to higher bone mineral density (BMD). Thus, T2DM might alter 

other aspects of resistance to fracture beyond BMD such as bone geometry, microarchitecture, and 

tissue material properties. In this study we characterized the skeletal phenotype of the TallyHO 

mouse model of T2DM. The minimum moment of inertia was smaller (-26%) and cortical porosity 

was greater (+490%) in TallyHo femurs compared to controls. Whole-bone mechanical properties 

were examined in three-point bending tests to failure of the femurs. Post-yield displacement was 

lower (-35%) in the TallyHO mice relative to that in C57Bl/6 age-matched controls after adjusting 

for body mass. The tissue level mechanical properties were determined by nanoindentation. The 

cortical bone of TallyHO mice was stiffer and harder, as indicated by greater mean tissue 

indentation modulus (+20%) and hardness (+15%) compared to controls. Raman mineral:matrix 

ratio and crystallinity were greater in TallyHO mice than in C57Bl/6 mice (mineral:matrix +10%, 

crystallinity +1%, both p < 0.05). Tissue level hardness and crystallinity increased with worsening 

hyperglycemia. The smaller femoral minimum moment of inertia and higher cortical porosity, 

which is related to lower structural resistance of bone in bending is compensated by increased 

tissue modulus and hardness to maintain whole-bone stiffness and strength in TallyHO mice. 

Furthermore, increased tissue mineralization and crystallinity could explain lower ductility in 

TallyHO mice.  
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1. INTRODUCTION 

Patients with T2DM have 1.7 times greater risk for hip fracture compared to people without 

diabetes despite having normal to higher bone mineral density (BMD) (Janghorbani et al., 2007). 

The higher fracture risk persists in this patient population even after accounting for number of 

falls, age and body mass index (BMI) (Janghorbani et al., 2007; Napoli et al., 2014). Thus, T2DM 

might alter other aspects of resistance to bone fracture beyond BMD, such as bone geometry, 

microarchitecture, and tissue material properties (Farr and Khosla, 2016). Additionally, owing to 

the higher prevalence of T2DM in elderly patients, bone fracture could further worsen mortality 

and morbidity in these patients . 

There is no consensus on the changes in cortical structure and trabecular microarchitecture 

that occur in patients with T2DM. In subjects with T2DM vs. non-diabetic controls, cortical 

porosity at the distal radius assessed by high resolution peripheral quantitative tomography 

(HRpQCT) was reported to be greater in white women (+124%, n=19)  (Burghardt et al., 2010)  

and African American women (+26%, n=22) (Yu et al., 2014) and did not differ in 30 

postmenopausal white women (Farr et al., 2014), 16 postmenopausal white women  (Furst et al., 

2016) and in 129 predominantly white women (Samelson et al., 2018). Cancellous bone at the 

femoral neck in men with T2DM trended toward greater bone volume fraction (+24%, p=0.125, n 

= 20) (Hunt et al., 2019) and did not differ (Farr et al., 2014; Karim et al., 2018) compared to 

nondiabetic controls. At the material level, cancellous bone pentosidine was greater (Hunt et al., 

2019) but serum pentosidine did not differ (Karim et al., 2018) in men with T2DM compared to 

non-diabetic controls. Regression analysis demonstrated the competing effects of these differences 

in microarchitecture and material properties in the T2DM group: the trend toward greater BV/TV 
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increased strength, whereas the greater concentration of pentosidine decreased postyield toughness 

(Hunt et al., 2019). 

 Although the mechanisms that underlie bone fragility in T2DM are not yet well established, 

hyperglycemia and non-enzymatic collagen crosslinking in the bone matrix are implicated 

(Merlotti et al., 2010). Glucose impairs osteoblast activities by creating a low pH medium for 

mineralization, whereas it serves as an energy source that promotes osteoclast activity (McCabe, 

2007). Bone resorption and formation markers were reduced in patients with T2DM (Gerdhem et 

al., 2005; Krakauer et al., 1995). The resulting low bone turnover state may increase tissue mineral 

content (Allen and Burr, 2011; Malluche et al., 2012), stiffness, and hardness (Malluche et al., 

2012; Wang et al., 2008); facilitate accumulation of microdamage (Allen and Burr, 2011); and 

increase bone fragility (Allen and Burr, 2011). Oxidative stress and hyperglycemia promote non-

enzymatic collagen crosslinking and  result in formation of advanced glycation end products 

(AGEs), which embrittle bone tissue in vitro and in rodent models by decreasing the postyield 

displacement and toughness (Garnero, 2012; Vashishth et al., 2001). AGEs could further alter bone 

quality by inhibiting osteoblast attachment, differentiation, and activity (Karim and Bouxsein, 

2016). 

Because studies in humans that address the mechanisms of fragility in T2DM by directly 

relating mechanical performance to bone quality have been limited to tissue retrieved from surgery 

for arthroplasty (Hunt et al., 2019; Karim et al., 2018) and cannot address whole-bone properties, 

mouse models play a crucial role in filling that gap. A key model of T2DM in humans is the 

TallyHO mouse, a model of early-onset, naturally occurring T2DM and obesity. The male 

TallyHO mice develop T2DM and mimic many characteristics of human T2DM, including 

hyperglycemia, hyperinsulinemia, and moderate obesity by 10 weeks of age (Kim and Saxton, 
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2012). However, these characteristics are less penetrant in female TallyHO mice (Kim and Saxton, 

2012). Reduced osteoblastic and increased osteoclastic markers were observed in bone marrow of 

TallyHO mice compared to age-matched C57Bl/6 controls (Won et al., 2011) consistent with 

observations in humans with T2DM (Krakauer et al., 1995). Furthermore, femurs were stronger 

and less ductile; had thicker and less porous cortices; and had lower bone volume fraction and 

thinner, less connected trabeculae at the distal femur compared to SWR controls at 17 weeks of 

age (Creecy et al., 2018; Devlin et al., 2014). Although the morphology and structural properties 

of bone in TallyHO mice have been characterized, limited studies have evaluated tissue material 

properties (Creecy et al., 2018; Devlin et al., 2014). In one such study, TallyHO mice had greater 

mineral content, greater collagen maturity, and decreased carbonate:phosphate ratio compared to 

age-matched SWR controls (Creecy et al., 2018).The differences in tissue compositional properties 

suggest that tissue mechanical properties may also differ in TallyHO mice, but to our knowledge, 

these properties have not been characterized in this mouse model of T2DM.  

Therefore, the objective of this study was to characterize the structural, geometric, 

microarchitectural, and tissue material properties of bone in TallyHO mice. We hypothesized that 

type 2 diabetes would increase strength at the whole-bone level, as well as  increase hardness and 

modulus at the tissue level  in TallyHO mice compared to age-matched C57Bl/6 controls.  
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2. MATERIALS AND METHODS 

2.1. Animal care and tissue collection 

TallyHO/Jng (n=10) and C57Bl/6J (n=5), male mice were purchased from Jackson Laboratory 

(Bar Harbor, ME) at 8 weeks of age, raised in ventilated cages at 20°C to 22°C with a 14-hour 

light-dark cycle, and given free access to standard irradiated chow (2920x; Harlan Laboratories, 

Inc., Indianapolis, IN, USA). Female mice were not included in the study because they do not 

develop T2DM (Kim and Saxton, 2012). After 8 weeks of age, the animals were weighed weekly, 

and their fasting glucose levels were measured weekly until euthanasia.   

The femurs used here were the nonoperative controls from a study of the effects of T2DM 

on osteoarthritis progression. At 18 weeks of age, mice within each group (TallyHO: n=10, 

C57Bl/6: n=5) were anesthetized and chosen at random to undergo either a destabilization medial 

meniscus (DMM) or sham procedure on the left distal femur (Glasson et al., 2007). The right 

femurs and tibias used in the current study were not operated or otherwise treated. A minimum of 

three blood glucose measurements were performed via tail nick test (Precision Xtra Blood Glucose 

Test Strips; Abbott Diabetes Care Inc., Alameda, CA, USA) for all the mice at 26 weeks of age. 

TallyHO mice that did not maintain a minimum fasting glucose >250 mg/dL (n=2) were excluded 

from the analysis. All mice were euthanized with carbon dioxide at 26 weeks of age, and the femurs 

and tibias were dissected. The right femurs and tibias were harvested, wrapped in PBS-soaked 

gauze, and stored at –20°C prior to analysis. All animal care and procedures were performed at the 

University of Colorado School of Medicine with the approval of the Institutional Animal Care and 

Use Committee.  
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2.2. Microcomputed Tomography   

The total bone length was measured from the greater trochanter to the lateral condyle with digital 

calipers. The right femurs were imaged by a microcomputed tomography (μCT) scanner (μCT40; 

Scanco Medical AG, Brüttisellen, Switzerland; 55 kVp, 145 µA, 400 ms integration time) with an 

isotropic voxel size of 6 μm. In each femur, two volumes of interest (VOIs) were analyzed: 1) a 

cortical region centered at the midshaft extending 2.5% of total bone length and 2) a cancellous 

region in the distal metaphysis of the femur proximal to the growth plate extending 10% of the 

total bone length and manually contoured to exclude the cortical shell. For the cortical analysis, 

the images were processed using image analysis software (BoneJ, version 1.4.3; 

http://imagej.net/BoneJ) with a Gaussian filter to remove noise and thresholded to segment 

mineralized and unmineralized tissue (Doube et al., 2010). The following femoral cross-sectional 

parameters were calculated: total area (Tt.Ar), cortical area (Ct.Ar), cortical thickness (Ct.Th), 

marrow area (Ma.Ar), moment of inertia (IMIN, IMAX), cortical tissue mineral density (Ct.TMD) 

and porosity (Ct.Po). Measurable outcomes for cancellous regions included bone volume fraction 

(BV/TV), trabecular thickness (Tb.Th), trabecular separation (Tb.Sp), connectivity density 

(Conn.D), structural model index (SMI), and trabecular tissue mineral density (Tb.TMD). 

2.3. Mechanical Testing  

Prior to testing, all bones were thawed to room temperature and kept moist in PBS. The right 

femurs were placed in three-point bending fixtures with a span of 7 mm, oriented with the posterior 

aspect to be loaded in tension, preloaded to a 2 N compressive load, and loaded to failure at a 

displacement rate of 0.05 mm/s  with an electrically actuated uniaxial load frame (LM1 Testbench, 

TA Instruments, MN, USA). Force and displacement were measured with a 200-N load cell at a 

100-Hz sampling rate. The following mechanical properties were calculated: maximum load, 
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bending stiffness, post-yield displacement, and work to fracture (Jepsen et al., 2015). Samples that 

rotated during testing (3 TallyHO, 0 C57Bl/6) were excluded from the analysis of post-yield 

displacement and work to fracture (Fig S1).  

2.4. Nanoindentation 

The right tibias were manually cleaned of soft tissue, dehydrated with graded ethanols, and 

embedded in polymethylacrylate (PMMA). A transverse mid-diaphyseal section from each tibia 

was polished anhydrously (Donnelly et al., 2004). Non-contact atomic force microscopy was used 

to characterize the surface topography of the cortical bone from each tibia for nanoindentation. In 

each section, the local roughness was measured over 4 randomly selected 5 x 5 µm2 areas to 

achieve a final maximum RMS roughness of 16 nm. Prior to testing, samples were rehydrated for 

2 hours in 99% saturated Hank’s Balanced Salt Solution (HBSS). 

Two cortical quadrants in each sample, anterior-lateral and posterior-medial, were 

characterized with nanoindentation (Fig. S2). Within each quadrant, indents were made in three 

cortex regions: endosteal, intracortical, and periosteal (Fig. S2). A scanning nanoindenter 

(TriboIndenter, Hysitron, Eden Prairie, MN) with a Berkovich diamond tip was used to collect 

force–displacement data. The tip was loaded into the sample at 100 μN/s, held at the maximum 

load of 1000 µN for 30s, and unloaded at 100 µN/s. In each cortex region, three indents spaced 5 

µm apart were made along a line parallel to the periosteum (Fig. S2). The reduced modulus and 

hardness were calculated from the unloading portion of each force–displacement curve (Pharr, 

1992). 

2.5. Raman Spectroscopy  

Raman spectra were collected adjacent to indentations in endosteal, intracortical, and periosteal 

regions to spatially match tissue level mechanical performance with chemical composition. 



 

  7 

Spectra were collected using a confocal Raman microscope (Alpha300R, WiTec) through a 50x, 

0.55 NA long-working-distance objective (Zeiss) using a 785nm 74mW laser. At each point, ten 

accumulations with 6 second integration times were collected and averaged to generate individual 

point spectra. Raman spectral analysis was performed using a combination of chemical imaging 

software (Project 5.2, WiTec) and custom code (MATLAB, The Mathworks). In chemical imaging 

software, spectra were truncated from 280-2000 cm-1 then baseline corrected with a shape function. 

In custom code, peak area and intensity ratios were calculated. The mineral:matrix ratio was 

calculated as the integrated area of the ν2 PO4 band (410-460 cm-1) to the amide III band (1215-

1300 cm-1)(Furst et al., 2016). The carbonate:phosphate ratio was calculated as the area of the ν1 

CO3 band (1050-1100 cm-1) to the ν1 PO4
 band (930-980 cm-1)(Gamsjaeger et al., 2011) The 

mineral maturity/crystallinity (MMC) was calculated as the inverse full width at half maximum 

(FWHM) of the ν1 PO4
 band (Mandair and Morris, 2015). The recently developed measure of 

“collagen maturity”, reflecting alterations in the secondary structure of the collagen matrix, was 

calculated as the peak intensity ratio at 1660 cm-1/ 1690 cm-1 (Gamsjaeger et al., 2017).  

2.6. Statistical Analysis 

Wilcoxon–Mann–Whitney tests with a significance level of 0.05 were used to compare groups for 

outcomes of the whole bone tests and  micro-CT analyses. Outcomes of the whole-bone tests and 

cortical micro-CT analyses were adjusted for body mass with a linear regression method (Jepsen 

et al., 2015). The nanoindentation outcomes were analyzed with a linear mixed model with 1) fixed 

effects of genotype, quadrants (anterior-lateral and posterior-medial), and cortical region 

(endosteal, intracortical, periosteal); and 2) a random effect of mouse, region, and cortex region to 

account for the multiple indents collected within each mouse. Multiple comparisons were 

performed for the fixed effects of genotype and cortex region with a Tukey post-hoc test. All values 



 

  8 

are expressed as mean ± SD. A significance level of p<0.05 was used for all analyses. Linear 

regressions of pooled C57Bl/6 and TallyHO data were performed to examine relationships 

between tissue level mechanical and compositional parameters. The relationships of lifetime-

average blood glucose with all nanoindentation and Raman spectroscopy outcomes were analyzed 

to elucidate the effects of hyperglycemia on tissue material properties. For all regressions except 

Raman mineral:matrix vs. HbA1c, in which the relationships differed by group (Table 4), TallyHO 

and C57Bl/6 data were pooled because the relationships did not differ between groups (p>0.05). 
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3. RESULTS 

3.1. Mouse characteristics  

The TallyHO mice were hyperglycemic and had a greater body mass than C57Bl/6 age-matched 

controls. The serum HbA1c levels of the TallyHO mice were 98% higher compared to controls at 

the time of euthanasia (26 weeks) (mean ± SD, TallyHO: 9.90 ± 1.70% versus C57Bl/6: 5.00 ± 

0.39 %; p < 0.05). Hyperglycemia in TallyHO mice was confirmed over the 16-week study period. 

The non-fasting glucose of the TallyHO mice was 53% greater than that of controls at 10 weeks 

of age (TallyHO: 260.12 ± 114.70 mg/dL versus C57Bl/6: 169.60 ± 10.17 mg/dL; p  < 0.05), 108% 

greater at 18 weeks of age (at DMM surgery): (TallyHO: 379.75 ± 182.20 mg/dL versus C57Bl/6: 

188.20 ± 29.8 mg/dL; p < 0.05), and 187% greater at 26 weeks of age (at euthanasia): (TallyHO: 

448.12 ± 166.50 mg/dL versus C57Bl/6: 155.80 ± 7.95 mg/dL; p < 0.05). TallyHO mice were 16% 

heavier than controls at the time of euthanasia (TallyHO: 38.80 ± 7.40 g versus C57Bl/6: 33.80 ± 

3.30; p< 0.05) 

3.2. Bone geometry and microarchitecture 

The minimum moment of inertia was smaller at the mid-diaphysis in femora of TallyHO mice 

when compared to in C57Bl/6 mice after adjusting for body mass (-26%, p < 0.05) (Fig. 1B). The 

cortices of TallyHO mice were thicker (+33%, p < 0.05), had similar cortical area, and had greater 

cortical porosity compared to controls (+490%, p < 0.05)  (Table 1, Fig. 1 A and C). Femoral 

length in TallyHO mice was similar to that of controls (Table 1), and total cross-sectional area 

(bone + marrow) was smaller (-28%, p<0.05) (Table 1) .  
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Figure 1 Cross-sectional properties at the femoral mid-diaphysis adjusted for body mass expressed 

as median ± interquartile range: (A) cortical bone area with representative cross sections; (B) 

minimum moment of inertia; (C) cortical porosity. * p < 0.05 TallyHO vs C57Bl/6 by Wilcoxon–

Mann–Whitney test. A: Anterior, M: Medial, P: Posterior, L: Lateral 
 

 

Cortical morphological 
parameter 

C57Bl/6 TallyHO  % difference p value 

    vs C57Bl/6   

Length (mm) 16.48 ± 0.2 16.29 ± 0.3 -1% 0.476 

Tt.Ar (mm2) 2.06 ± 0.11 1.48 ± 0.07 -28% 0.002 

Ma.Ar (mm2) 1.20 ± 0.08 0.62 ± 0.06 -48% 0.002 

Ct.Ar (mm2) 0.86 ± 0.04 0.86 ± 0.04 0% 0.943 

Ct.Th (mm) 0.19 ± 0.01 0.25 ± 0.01 33% 0.002 

Imin (mm4) 0.15 ± 0.02 0.11 ± 0.01 -26% 0.002 

Imax (mm4) 0.34 ± 0.04 0.20 ± 0.02 -41% 0.002 

C (mm) 0.66 ± 0.03 0.59 ± 0.02 -10% 0.003 

Ct.Po (%) 0.24 ± 0.3 1.43 ± 1.06 490% 0.011 

Ct.TMD (mg HA/cm3) 1159.99 ± 24.29 1227.20 ± 17.97 6% 0.006 

 

Table 1 Cortical morphology of the femur mid diaphysis expressed as mean ± SD evaluated by 

micro computed tomography and caliper measurements of femur length adjusted for body mass. 

Bold entries indicate p < 0.05 by Wilcoxon–Mann–Whitney test. 

 

The volume fraction of trabecular bone in the distal femoral metaphysis was lower in TallyHO 

mice vs controls (-45% p<0.05, Fig. 2A). In addition, trabecular separation (+48% p<0.05, Table 

2) was greater in TallyHO mice compared to controls. No differences in trabecular thickness were 

observed between the groups (Fig. 2B).  
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Figure 2 Trabecular microarchitecture of the distal femoral metaphysis expressed as median ± 

interquartile range: (A) bone volume fraction in the distal metaphysis of the femur proximal to 

the growth plate extending 10% of the total bone length (B) trabecular thickness. *p < 0.05 vs 

C57Bl/6 by Wilcoxon–Mann–Whitney test. 

 

Trabecular microarchitectural 
parameters 

C57Bl/6 TallyHO % difference p value 

    vs C57Bl/6   

BV/TV (%) 8.25 ± 1.18 4.54 ± 2.07 -45% 0.010 
Tb.Sp (μm) 236.50 ± 19.01 350.23 ± 38.66 48% 0.010 
Tb.Th (μm) 36.37 ± 2.16 36.48 ± 7.72 0% 0.748 

Tb.N (1/mm) 4.11 ± 0.31 2.88 ± 0.3 -30% 0.010 

Conn.D (1/mm3) 128.1 ± 33.09 49.75 ± 27.11 -61% 0.019 

SMI 2.34 ± 0.09 2.71 ± 0.35 16% 0.038 

Tb.TMD (mg HA/cm3) 947.19 ± 9.49 971.79 ± 12.80 3% 0.019 

 

Table 2 Trabecular microarchitecture of the distal femoral metaphysis expressed as mean ± SD 

evaluated by micro computed tomography. Bold entries indicate p< 0.05 by Wilcoxon–Mann–

Whitney test. 

 

3.3. Whole-bone mechanical properties 

The post-yield displacement was 35% lower in the TallyHO mice relative to that in C57Bl/6 

controls after adjusting for body mass (p<0.05, Fig. 3A; prior to adjustment postyield displacement 

vs. body mass linear regression: TallyHO R2=0.81, C57Bl/6 R2=0.59). Maximum load, stiffness, 
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and work to fracture were similar between groups after adjusting for body mass (Table 3). 

 

Figure 3 Structural properties of the femur and tissue- level mechanical properties mean across 

all  points expressed as median ± interquartile range: (A) post-yield displacement; (B) 

indentation modulus; (C) hardness. * p < 0.05 by Wilcoxon–Mann–Whitney test for (A), * p < 

0.05 Tukey HSD All Pairwise Comparisons for (B) and (C), Linear mixed model  

 

 

Whole bone mechanical 
properties  

C57Bl/6 TallyHO  % difference p value 

    vs. C57Bl/6   

Maximum Moment (N-mm)  32.68 ± 2.12   34.68 ±  2.96  6 0.430 

Stiffness (mm) 110.79 ±  11.70 111.63 ±  21.61 1 0.940 

Post yield displacement (mm) 0.17 ±  0.03 0.11 ±  0.02 -35 0.030 

Work to fracture (N-mm) 3.89 ±  0.82 3.31±  0.09 -15 0.300 

 

Table 3 Structural properties of the femur adjusted for body mass expressed as mean ± SD. Bold 

entries indicate p < 0.05 by Wilcoxon–Mann–Whitney test. 

 

3.4. Tissue-level mechanical properties 

The mean tissue indentation modulus and hardness estimates using linear mixed model were 

greater in TallyHO mice compared to that in controls (+20% modulus, +15% hardness, both 

p<0.05, Fig. 3B and 3C).  

No significant interactions between genotype and cortex quadrant were observed for any 

tissue mechanical properties. Therefore, differences in tissue mechanical properties across 

quadrants within the cortical regions (endosteal vs intracortical vs periosteal) reported in Fig. 4 
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represent differences across genotypes. The mean tissue indentation modulus estimate was lower 

in the endosteal bone compared to intracortical or periosteal bone in both the TallyHO and C57Bl/6 

mice (-21%: endosteal vs intracortical; -18%:endosteal vs periosteal, p< 0.05, Fig. 4A). Similar 

trends were observed for hardness (-18%: endosteal vs intracortical; -19%: endosteal vs periosteal, 

p < 0.05, Fig. 4B). 

 
Figure 4 Tissue mechanical properties for each cortex region  (A) indentation modulus and (B) 

hardness. * p < 0.05 Tukey HSD All Pairwise Comparisons, Linear mixed model  

 

 

3.5. Tissue composition 

The mean Raman mineral:matrix and crystallinity estimates using linear mixed models were 

greater in TallyHO mice compared to that in controls (+10.05% mineral:matrix,  +1.1% 

crystallinity both p<0.05, Fig. 5A and 5B). Carbonate:phosphate and collagen maturity were 

similar between groups. 
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Figure 5 Cortical tissue compositional properties assessed by Raman spectroscopy, mean across 

all points expressed as median ± interquartile range: (A) mineral:matrix ratio; (B) Crystallinity. * 

p < 0.05 Tukey HSD All Pairwise Comparisons, Linear mixed model 

 

Tissue-level mechanical properties correlated with Raman compositional measures. 

Indentation modulus increased with Raman crystallinity (R2 = 0.016, p < 0.05, Fig. 6A) and 

hardness increased with mineral:matrix ratio (R2 = 0.04, p < 0.05, Fig. 6B). 

 

 
Figure 6 Regression analyses of pooled C57Bl/6 and TallyHO tissue level data: (A) tissue 

indentation modulus vs. crystallinity; (B) hardness vs. mineral:matrix ratio 
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3.6. Association of blood glucose with tissue material properties  

 Tissue level hardness increased with lifetime-average blood glucose (R2 = 0.367, p < 0.05; 

Table 4) and HbA1c levels (R2 = 0.660, p < 0.05; Table 4). Raman crystallinity increased with 

lifetime-average blood glucose (R2 = 0.335, p < 0.05; Table 4) and HbA1c levels (R2 = 0.484, p 

< 0.05; Table 4) 

 

Outcome Lifetime-average blood glucose 
level (mg/dL) 

  HbA1c % 

  

Correlation 
coefficient (r)  

R2 p   Correlation 
coefficient (r)  

R2 p 

  

Nanoindentation               

Indentation Modulus 0.331 0.109 0.269   0.438 0.192 0.134 

Hardness 0.606 0.367 0.028   0.779 0.660 0.001 

                

Raman Spectroscopy               

Mineral:matrix ratio 0.509 0.259 0.075 C57Bl/6 0.905 0.820 0.034 

        TallyHO -0.012 0.000 0.977 

Carbonate:Phosphate 0.042 0.001 0.891   0.084 0.007 0.784 

Crystallinity 0.579 0.335 0.038   0.695 0.484 0.008 

Collagen maturity -0.153 0.023 0.616   -0.208 0.043 0.495 

 

Table 4  Correlations between lifetime-average blood glucose and HbA1c % with nanoindentation 

and Raman spectroscopy outcomes 
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4. DISCUSSION 

In this study we characterized the geometric, microarchitectural, and tissue material properties of 

bones from TallyHO mice. Femurs in TallyHO mice had smaller total cross-sectional areas and 

minimum moments of inertia compared to C57Bl/6 controls, indicating reduced geometric 

resistance to bending. However, the cortical bone area did not differ between the groups. The 

difference in cortical geometry suggests that TallyHO mice have suppressed periosteal expansion, 

but similar accumulation of bone mass compared to C57Bl/6 controls. At the distal femoral 

metaphysis in TallyHO mice, several trabecular deficits were evident compared to controls. The 

trabecular BV/TV was lower, and trabeculae were more separated in TallyHO mice. These results 

are also consistent with prior studies that showed significant loss of trabecular bone in TallyHO 

mice (Creecy et al., 2018; Devlin et al., 2014). Excessive bone resorption due to increased 

osteoclast activities in TallyHO mice not balanced with enough bone formation (Devlin et al., 

2014) could explain the observed trabecular deficits.  

Despite the smaller minimum moment of inertia and higher cortical porosity in TallyHO 

femurs, their maximum moment was similar to that of controls after adjusting for body mass. To 

understand the mechanisms of altered structural behavior of bone in TallyHO mice, we 

characterized tissue-level mechanical properties with nanoindentation, to our knowledge, for the 

first time in this mouse model. The bone tissue from two quadrants, anterior-lateral and posterior-

medial tibial cortex was characterized to capture the effects of spatial heterogeneity. However, 

indentation modulus and hardness did not differ between quadrants. When the effect of cortex 

region was examined, the endosteal bone was softer and more compliant than and periosteal bone. 

During the state of modeling the new bone is being added along the endosteal edge and periosteal 

edge. Due to the growth pattern in these bones, mechanical properties of newly formed bone are 
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expected to differ from older intracortical bone (Miller et al., 2007). As hypothesized, the mean 

tissue indentation modulus and hardness were 20% and 15% greater, respectively, in TallyHO 

mice compared to controls. Thus, in TallyHO mice, the smaller femoral minimum moment of 

inertia and greater cortical porosity, which is related to lower structural resistance of bone in 

bending (Cole and Van Der Meulen, 2011; van der Meulen et al., 2001) is compensated by 

increased tissue modulus and hardness to maintain whole-bone stiffness and strength.   

In addition, the femurs of TallyHO mice had lower post-yield displacement (-35%), 

consistent with the reduced post-yield displacement compared to that in SWR/J controls (Creecy 

et al., 2018; Devlin et al., 2014). The reduced ductility could potentially be explained by alterations 

in the mineral and/or the matrix properties. In the current study, cortical tissue in TallyHO mice 

had a greater Raman mineral:matrix ratio, consistent with greater cortical TMD (Nyman et al., 

2016) observed previously, greater cortical crystallinity, and impaired remodeling in TallyHO 

mice (Won et al., 2011) compared to that in C57BL/6 controls. The higher degree of mineralization 

could reduce the post yield properties of bone (Currey, 1984; Currey et al., 2007). Increased 

crystallinity which is a measure of crystal size and perfection is associated with decreased bone 

toughness (Wen et al., 2015). The collagen crosslinkings such as AGEs could also embrittle bone 

tissue by decreasing the postyield displacement and toughness (Garnero, 2012; Vashishth et al., 

2001) although these were not assessed in the current study. 

Tissue material properties were more sensitive to HbA1c levels than lifetime-average blood 

glucose levels. The regressions of nanoindentation and Raman spectroscopy outcomes with 

lifetime-average blood glucose and HbA1c levels demonstrated that tissue hardness and Raman 

crystallinity increased with worsening hyperglycemia. Raman mineral:matrix ratio was 

differentially related to HbA1c by group and increased with increasing HbA1c only in control 
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mice. This suggests the tissue mineral content is more sensitive to changes in HbA1c at lower 

HbA1c levels. The increased tissue hardness with hyperglycemia suggests the tissue mechanical 

properties are progressively altered with disease status in TallyHO mice. The differences in tissue 

material properties in TallyHO mice could arise from impaired remodeling due to hyperglycemia 

(Gerdhem et al., 2005; Krakauer et al., 1995) or due to the direct or indirect effects of the 

accumulation of AGEs, which could further alter tissue material properties in these mice (Karim 

and Bouxsein, 2016; Saito and Marumo, 2015) 

Our study has some important limitations and strengths. The lack of bone 

histomorphometry data prevented the identification of mechanism responsible for the changes in 

the tissue materials properties in TallyHO mice. AGEs, one of the mechanisms through which 

hyperglycemia impairs whole bone fracture resistance by decreasing the post yield properties 

(Garnero, 2012), were not assessed. Due to the opportunistic nature of the study, the modest sample 

size may have been insufficient to detect additional differences in mechanical properties between 

the groups. Because TallyHO mice lack littermate controls, genetic differences may contribute to 

the observed differences in skeletal phenotypes when compared to C57Bl/6 controls. Nevertheless, 

our data contributes in elucidating the mechanisms of altered structural behavior by maintained 

strength and decreased post yield properties in the TallyHO mouse model of T2DM that are not 

explained by bone geometry.  
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5. CONCLUSION 

This work is the first to characterize the mechanical properties of bone at nanoscale in TallyHO 

mouse model of T2DM. The femurs from TallyHO mice have a smaller minimum moment of 

inertia and greater cortical porosity indicating reduced geometric resistance to bending. However, 

the bending stiffness and maximum moment to failure did not differ between groups after adjusting 

for body mass, suggesting that the femurs from TallyHO mice had similar stiffness and strength 

to age-matched controls. At the tissue level, cortical bone in TallyHO femora is stiffer and harder 

compared to age-matched C57Bl/6 controls. The TallyHO mice mimic many metabolic 

characteristics of human T2DM such hyperglycemia, moderate obesity and low bone turnover. 

Tissue level hardness and Raman crystallinity increased with worsening hyperglycemia. However, 

genetic differences and early onset of type 2 diabetes may have contributed to observed differences 

in the skeletal phenotype. Regardless TallyHO mouse remains an important model for 

understanding the effect of type 2 diabetes on bone material properties.   
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7. SUPPLEMENTAL INFORMATION 

 
Figure S1 Load displacement curve of femurs tested to failure in 3-point bending 

 

 
Figure S2 Representative mid-diaphyseal tibial cross-section showing location of indentations 

(not to scale). Three indents in each cortex regions (endosteal, intracortical and periosteal) parallel 

to periosteum were made in two cortex quadrants (A-L and P-M). 
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Cortical morphological 

parameter 

C57Bl/6 TallyHO % difference 

vs C57Bl/6 

Length (mm) 16.19 ± 0.28 16.2 ± 0.34 0% 

Tt.Ar (mm2) 2.02 ± 0.13 1.50 ± 0.09 -26% 

Ma.Ar (mm2) 1.17 ± 0.09 0.62 ± 0.07 -47% 

Ct.Ar (mm2) 0.85 ± 0.05 0.88 ± 0.06 4% 

Ct.Th (mm) 0.19 ± 0.01 0.26 ± 0.02 35% 

Imin (mm4) 0.14 ± 0.02 0.11 ± 0.01 -22% 

Imax (mm4) 0.33 ± 0.04 0.21 ± 0.02 -37% 

C (mm) 0.64 ± 0.05 0.60 ± 0.05 -7% 

Ct.Po (%) 0.26 ± 0.35 1.38 ± 1.05 427% 

Ct.TMD (mg HA/cm3) 1177.05 ± 34.66 1230.77 ± 18.66 5% 

 

Table S1 Cortical morphology of the femur mid diaphysis expressed as mean ± SD evaluated by 

micro computed tomography and caliper measurements of femur length unadjusted for body mass. 

Bold entries indicate statistical significance with p < 0.05 by Wilcoxon–Mann–Whitney test. 

 

Whole bone mechanical 

properties 

C57Bl/6 TallyHO % difference 

vs C57Bl/6 

Maximum Moment 

(N.mm)  
30.76 ± 3.34   36.27 ± 3.81  18 

Stiffness (mm) 105.26 ± 14.75 119.26 ± 24.27 13 

Post yield displacement 

(mm) 
0.20 ± 0.05 0.14 ± 0.06 -30 

Work to fracture (N.mm) 4.27 ± 0.93 3.81 ± 1.00 -11 

 

Table S2 Structural properties of the femur unadjusted for body mass expressed as mean ± SD. 

Bold entries indicate statistical significance in which the p value was less than 0.05. (Wilcoxon–

Mann–Whitney test) 
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Outcome C57Bl/6 TallyHO  % difference p value 

vs. C57Bl/6 

Nanoindentation         
Indentation Modulus 25.74 30.81 19.70 0.046 

Hardness 0.85 0.98 15.29 0.0006 

          

Raman Spectroscopy         
Mineral:matrix ratio 2.88 3 4.17 0.38 

Carbonate:Phosphate 0.12 0.12 0.00 0.48 

Crystallinity 0.047 0.048 2.13 0.0003 

Collagen maturity 1.39 1.36 -2.16 0.017 

 

Table S3 Nanoindentation and Raman spectroscopy outcomes mean estimates (only across 

intracortical regions of cortex). Bold entries indicate statistical significance in which the p value 

was less than 0.05. * p < 0.05 Tukey HSD All Pairwise Comparisons, Linear mixed model  

 

 

 

 


