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Abstract

Overweight and obesity is a rapidly expanding health problem in children and adolescents. 

Obesity is associated with greater bone mineral content that might be expected to protect against 

fracture, which has been observed in adults. Paradoxically however, the incidence of bone 

fractures has been found to increase in overweight and obese children and adolescents. Prior 

studies have shown some reduced mechanical properties as a result of high-fat diet (HFD) but do 

not fully address size-independent measures of mechanical properties, which are important to 

understand material behavior. To clarify the effects of HFD on the mechanical properties and 

microstructure of bone, femora from C57BL/6 mice fed either a HFD or standard laboratory chow 

(Chow) were evaluated for structural changes and tested for bending strength, bending stiffness 

and fracture toughness. Here we find that in young obese high fat fed mice all geometric 

parameters of the femoral bone, except length, are increased but strength, bending stiffness and 

fracture toughness all are reduced. This increased bone size and reduced size-independent 

mechanical properties suggests that obesity leads to a general reduction in bone quality despite an 

increase in bone quantity; yield and maximum loads, however, remained unchanged, suggesting 

compensatory mechanisms. We conclude that diet-induced obesity increases bone size and 

reduces size-independent mechanical properties of cortical bone in mice. This study indicates that 

bone quantity and bone quality play important compensatory roles in determining fracture risk.
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Introduction

Obesity is an increasingly prevalent medical condition [1], which is associated with other 

medical problems such as diabetes and heart disease [2]. A number of public health studies 

have linked adult obesity with increased bone-mineral density and content and reduced 

fracture risk in adults [3,4,5,6,7,8,9,10]. Despite this trend in adults, an increased fracture 

incidence has been seen in adolescents and children when compared to age-matched controls 

[11,12,13].1 Children and adolescents who are overweight tend to also have poorer posture 

control and body position sense that their normal weight peers [14,15,16], which is likely a 

contributing factor even when diabetes is not present. However, in the general context, the 

question arises whether obesity can be related to microstructural and mechanical behavior 

changes in bone, i.e., to bone quality, in addition to higher bone mass (bone quantity), to 

explain the altered fracture risk, especially in adolescents and children who exhibit increased 

fracture incidence with obesity. Surprisingly, only a few studies have addressed this 

question using animal models. Rat studies have found reductions in yield and maximum 

stresses, energy absorption, structural rigidity and failure loads, despite larger bone sizes as 

a result of high-fat and high-sugar diet-induced obesity [17,18,19]. Conclusions have not 

always been consistent; however, in general, a significant decrease in mechanical 

performance (reduced bone quality) concurrent with an increase in bone size (increased 

bone quantity) has been reported.

Most prior studies have focused on properties such as failure load and energy absorption 

which do not account for changes in the bone cross-section area, thereby confounding the 

effects of bone quality and quantity. To fully understand the mechanical integrity of the 

bone and its resistance to fracture, size-independent mechanical properties should be 

measured [20], including yield and maximum stresses, stiffness and fracture toughness. 

Strength, defined by the yield stress at the onset of permanent deformation or maximum 

strength at the peak load before fracture, is a measure of the force/unit area that the bone can 

withstand. Stiffness is related to the elastic modulus and defines the force required to give a 

specific elastic strain. The fracture toughness measures resistance to fracture. Additionally, 

although most prior studies have involved rats, the use of mice allows for greater genetic 

control which could be used in future studies to identify specific biological factors that are 

responsible for the high-fat diet-induced changes in bone.

Two possible ways by which obesity could affect bone properties are increased body mass 

and altered secretion of biological factors. Although the contribution of body mass to bone 

size and quality has been debated, it is well established that bone responds to external loads 

and that lean mass is more important than fat mass at predicting bone size and mineral 

density/content measures [21,22,23,24,25,26,27]. The latter observation is further supported 

by research showing that remodeling is influenced by dynamic rather than static loads 

[28,29].

1It should be noted that fracture risk in adults with type 2 diabetes does tend to increase in adults [12] (see Appendix); although 
fracture rates of diabetic children have not been reported, reduced bone mineral content and bone size have been observed in type 1 
diabetic adolescents, which does imply an increased fracture risk [13].

Ionova-Martin et al. Page 2

Bone. Author manuscript; available in PMC 2015 July 14.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



The levels of several hormones are altered by obesity, many of which can impact bone. 

Adipocyte-derived hormones such as leptin, adiponectin, and resistin also play a role in 

bone's response to obesity by a variety of mechanisms [7]. As leptin influences osteoblast 

activity directly and indirectly through the central nervous system, it is typically considered 

in studies involving obesity and bone. Additionally, it has been suggested that insulin-like 

growth hormone I (IGF-I) acts to increase bone size [30], and is an interesting factor to 

consider in this study as increased IGF-I concentrations have been observed with increasing 

weight [31].

Despite the complex relationship between fat and bone, described succinctly in ref. [7], it is 

evident that both fat mass and lean mass affect bone health. The purpose of this study is to 

determine whether diet-induced obesity affects bone-tissue quantity (bone size and mineral 

quantity measures), bone quality (defined by mechanical properties that affect fracture but 

are independent of bone size), or combinations of the two.

Materials and Methods

Animals

All protocols were approved by the Institutional Animal Care and Use Committee and 

performed according to federal guidelines for the care and use of animals in research. 30 

four-week old C57BL/6 male mice were fed a high-fat diet (Research Diets High-Fat Diet 

60 kcal% fat, 20 kcal% carbohydrate, 20 kcal% protein) (n=15 “HFD” group) or standard 

laboratory chow (PicoLab Mouse Diet 21.6 kcal% fat, 55.2 kcal% carbohydrate, 23.2 kcal% 

protein) (n=15, “Chow” group) for a diet duration of 19 weeks. All mice, grouped in cages 

of five animals each, were maintained under controlled temperature and photoperiod (12 hr 

light, 12 hr dark) with food and water provided ad libitum.

Body composition—Body weight was measured starting on postnatal day 37. At one-

week intervals throughout the study and once prior to sacrifice, all mice were weighed. Fat 

and lean body mass, percent fat, areal bone-mineral density (aBMD) and bone-mineral 

content (BMC) were determined at the completion of the study by dual-energy x-ray 

absorptiometry (DXA), as described by the manufacturer (Lunar PIXImus mouse 

densitometer).

Blood Collection—Blood was collected at two intervals. In the first instance, mice were 

fasted for 4 hr before blood was collected through submandibular bleeding. For the second 

round of blood collection, mice were decapitated within 30 sec of mouse handling. Blood 

was collected in tubes containing ethylene-diaminetetraacetic acid (EDTA) and plasma was 

immediately separated by centrifugation and frozen at −80°C.

Blood Glucose and Glucose Tolerance Test—Blood glucose levels were measured 

from the tail vein using an Ascensia ELITE XL Blood Glucose Meter. Fasting glucose 

measurements at 15 and 21 weeks of age as well as the glucose tolerance test at age 22 

weeks were performed after 4 hr of fasting. For the glucose tolerance test mice were injected 

IP with a 20% glucose solution at 2g of glucose per kg of body weight and glucose levels 

were measured at 15, 30, 60 and 120 minutes.
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Leptin Level Measurement—Serum leptin levels were measured using a Crystal Chem 

Inc. Mouse Leptin ELISA Kit.

IGF-I Level Measurement—Serum IGF-I levels were measured using an 

Immunodiagnostic Systems Inc. Mouse/Rat IGF-I ELISA Kit.

Mechanical testing

Following sacrifice, the whole mice were stored at −20°C until dissection of the femora. At 

dissection, the right and left femora were isolated from any soft tissue with scissors and 

scalpel, after which bones were wrapped in gauze soaked with Hanks’ Balanced Salt 

Solution (HBSS) and stored at −20°C. Prior to testing, the femora were thawed in room-

temperature HBSS, and the size and geometry of all samples were measured with calipers. 

The left femora were tested in unnotched three-point bending to measure bending strength 

and stiffness. The right femora were tested in notched three-point bending to measure the 

fracture toughness. For notched testing, the femoral shaft was notched in the mid-diaphyseal 

region through the posterior wall using the method described by Ritchie et al. [32]. Notches 

were sharpened by polishing in 1 μm diamond paste with a razor blade to a root radius of 

~5-10 μm. Notched and unnotched femora were placed in a three-point bending rig such that 

the posterior side was in tension and the anterior was in compression. Femora were 

submerged in HBSS at 37°C for 1 min to acclimate, then tested in the same environment at a 

displacement rate of 0.001 mm/s until fracture occurred. Broken halves were then 

dehydrated and the fracture surface was examined in an environmental SEM (Hitachi 

S-4300SE/N ESEM, Hitachi America). The femoral cross-sectional area and second 

moment of inertia were computed from fracture surface images. Notch half-crack angles 

were determined in the SEM from the fracture surface using techniques described in ref. 

[32]. Stresses and strains were computed in accordance with the methods described by 

Akhter et al. [33]. The yield strength was determined as the stress at 0.2% plastic strain, and 

maximum strength as the stress at peak load. Bending stiffness was calculated as the slope 

of the linear region of the stress-strain curve. Fracture toughness values were defined at the 

onset of unstable fracture, i.e., at the point of instability, using the procedures described in 

ref. [32] for the toughness evaluation of small animal bone.

X-ray computed tomography and vBMD

X-ray micro-tomography (SRμCT) was employed to measure the volumetric bone mineral 

density (vBMD) of all samples using synchrotron beamline 8.3.2 at the Advanced Light 

Source, Lawrence Berkeley National Laboratory. The three-dimensional resolution was 4.45 

μm. The samples were scanned in absorption mode at 14 keV and the reconstructed images 

were obtained using a filtered back-projection algorithm. The mean vBMD for each femur 

was calculated from a collection of the two-dimensional reconstructed slices [34].

Scanning electron microscopy

Scanning electron microscopy (SEM) was performed to evaluate structural differences at the 

tissue level near the fracture surface on the medial and lateral sides of the femur. After 

mechanical testing, five samples each from the Chow and HFD groups were mounted in 
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Buehler Epoxycure Resin (Buehler) and the surface polished to 0.05 μm with diamond 

polishing suspension, then evaluated in an environmental SEM operating at 20 kV.

Transmission electron microscopy

Transmission electron microscopy (TEM) was performed with a JEOL2000 TEM (JEOL 

Ltd.), operating at 120 kV, on three specimens each from the Chow and HFD groups to 

discern whether there were differences between the two groups in the bone structure at sub-

micrometer dimensions. Images were taken from the medial and lateral cortex near the 

fracture surface of each specimen. Specimens were fixed in anhydrous ethylene glycol for 

24 hr, dehydrated by rinsing in 100% ethanol three times for 5 min in acetonitrile, and then 

infiltrated with resin (Agar Scientific) over several days. Mounting resin was prepared with 

12 g Quetol, 6.5 g methyl nadic anhydride (MNA), 15.5 g nonenylsuccinic anhydride 

(NSA), and 0.7 g benzlydimethylamine (BDMA). The samples were agitated at room 

temperature in 1:1 solutions of acetonitrile and resin for 1 day, then 1:2 acetonitrile resin for 

1 day, and finally 100% resin for 3 days under vacuum; the resin was changed every 24 hr. 

Samples were then cured in fresh resin for 24 hr at 60°C. Silver to gold sections (70–90 nm) 

were cut onto distilled water with an ultramicrotome using a 35 degree diamond knife. 

Samples were collected immediately on lacy carbon 300 mesh copper grids, and dried for 1 

hr at 37°C.

Statistical analysis

Measured values are presented as mean ± standard deviation. Two-tailed independent 

sample Student's T-tests were executed to determine differences in measured variables 

between the Chow and HFD groups (SPSS 15.0, SPSS Inc). Differences were considered to 

be significant at P<0.05. Correlation analysis was performed within each group (Chow and 

HFD) to identify trends that might be diet-independent. To mitigate the risk of Type I errors, 

related measurements that were highly and positively correlated were grouped together and 

given a composite score (sum of Z-scores). For those measures which did not correlate to 

similar measurements (Py, Pu) or were conceptually unique (Kc, vBMD), the Z-score for that 

measurement was used in the analysis without any modification. Correlation analysis was 

performed between scores of predictive measures (mineral density, composite bone size 

score and two body composition measures) and mechanical property outcomes (composite 

strength and modulus score, fracture toughness and two load measures). The correlation 

between yield and maximum loads was weak, so these were not combined into a composite.

Results

Metabolic phenotype of experimental animals: validation of obesity model

To explore the effects of obesity on cortical bone, mice were fed a high-fat diet (HFD) for 

19 weeks (Fig. 1a). As shown in Figure 1b, HFD mice gained weight twice as fast as the 

Chow (control) group (n=15 each group). Both groups stopped gaining weight after week 18 

(week 14 of the diet); mean weights stabilized at 34.7± 2.1 g for the Chow group and 47.3± 

3.4 g for the HFD group. DXA analysis revealed that HFD mice had 98% more fat mass 

than Chow mice (P<0.001) (Fig. 1c), but showed similar lean mass. As expected, the serum 

leptin concentration was significantly increased by the high-fat diet. The HFD group had 
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385% higher serum leptin concentration than in Chow (P<0.001) (Fig. 1d). Also, IGF-I 

levels were increased significantly in the HFD group (P<0.01); the HFD group showed a 

34% increase in serum IGF-I concentration compared to Chow (Fig. 1e). Increased weight, 

fat mass, and serum concentrations of leptin and IGF-I confirm that the high-fat diet 

provides a successful model of obesity for the current study. Blood glucose levels indicated 

that hyperglycemia developed within the last week or so of the study, which is unsurprising 

in diabetes-prone C57Bl6 mice, but this diabetic condition was not present throughout most 

of the length of the study. Details of the blood glucose tests are discussed in the Appendix.

Bone densitometry: bone-mineral content but not density increased with high-fat diet

To understand the effects of obesity on cortical bone in mice, it is critical to compare bone-

mineral content and density between test groups. As shown in Figure 2a, bone-mineral 

content (BMC) levels were 7.5% higher in HFD mice than in Chow mice (P<0.001), 

consistent with their increased bone size. Although the total amount of bone was larger, the 

whole-body areal bone mineral density (aBMD), measured using DXA, was not 

significantly different between the Chow and HFD groups (Fig. 2b). Further evaluation of 

the DXA data revealed that spinal BMC and aBMD did increase significantly with weight, 

but that femoral BMC and aBMD were unchanged in the HFD group (Figs. 2c,2d,2f,2g, 

respectively). Synchrotron tomography was used to evaluate the volumetric bone mineral 

density (vBMD) of the femoral cortex. This yielded a similar result, with no significant 

difference between the Chow and HFD groups (Fig. 2e); this is consistent with prior reports 

that lean body mass, rather than fat mass, is more predictive of BMD [23,25,26,35].

Bone geometry: cortical bone size measures increase with high-fat diet

Since bone geometry can have a significant impact on the macro-mechanical behavior of 

cortical bone [36,37,38], several bone geometry parameters were measured; data are 

summarized in Figure 3. With the exception of bone length, all size parameters from the 

HFD group were significantly larger. Cortical wall thickness (Ct.Th.) was increased by 

10.5% (P=0.012), outer cortical radius (Ro) by 6.1% (P=0.005), inner cortical radius (Ri) by 

4.8% (P=0.027), cortical cross-sectional area (Ct.X-Sect.A.) by 11.4% (P=0.009), and the 

second moment of area (M.A.) by 26.7% (P=0.004). Overall, there was a clear increase in 

bone size with diet-induced obesity.

Mechanical testing: Size-independent mechanical properties decrease with obesity, but 
size-dependent mechanical properties are maintained

To evaluate the quality of the cortical tissue, size-independent mechanical properties were 

measured. Additionally, size-dependent properties, which are an indication of the load-

bearing ability of cortical bone, were also determined. Mechanical test data are summarized 

in Figure 4. Size-independent parameters which indicate the inherent mechanical properties 

of the tissue, specifically bending strength, bending stiffness and fracture toughness, were all 

lower in the HFD group than in the Chow group. Bone in the HFD group displayed 24% 

lower yield strengths (σy, P<0.001), 15% lower maximum strengths (σu, P=0.012), 19% 

lower bending stiffness (E, P=0.017), and 13% lower fracture toughness (Kc, P=0.027). 

Based on the increased BMC, a decrease in the measured strains for yielding and fracture 
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might be anticipated; however, no changes were observed in yield or maximum strains (εy, 

εu); these parameters are geometry-sensitive as strain is proportional to the outer bone 

radius). The size-dependent mechanical property measurements of yield load (Py) and 

maximum load (Pu), which are indicative of the load-bearing capacity of the actual bone, 

also did not change significantly. The reduction in size-independent mechanical properties 

in the HFD group indicates that the quality of the bone tissue is reduced, despite its 

increased size.

Structural characterization: mineral organization and lamellar alignment of cortical bone is 
reduced in obese mice

The mechanical testing suggested that the quality of bone matrix is affected by the HFD 

condition. This was further assessed by scanning (SEM) and transmission (TEM) electron 

microscopy. SEM images indicate that the orientation of osteocyte lacunae and the lamellar 

structure, are less ordered and aligned in the HFD group (Fig. 5). Corresponding TEM 

images from the Chow and HFD mouse cortical bone are shown in Figure 6. In the Chow 

group, the bone was well aligned and appeared to be well organized (Figs. 6a and 6b); the 

HFD group displayed poorer mineral organization (Figs. 6c and 6d). Diffraction patterns 

taken from several regions were indexed to correspond to hydroxyapatite in both groups. 

Diffraction patterns (not shown) taken from the Chow group more frequently displayed 

characteristic (002) plane arcs related to oriented bone, confirming that the mineral 

organization was greater in normal bone than HFD bone.

Correlation Analysis: Bone-size measures, rather than body composition or bone-mineral 
measures, are most predictive of mechanical properties

In order to evaluate relationships between bone size, mechanical properties, and body 

composition, correlation analyses were performed between scores for each measure; 

correlation coefficients and corresponding P-values are summarized in Table 1 (Q-Q 

analysis revealed that the data were normally distributed). In both Chow and HFD groups, 

bone-size measures have the highest correlation coefficients with size-independent 

mechanical measures, although significance was more difficult to achieve in the Chow 

group due in part to the smaller variances within this group. In the Chow group, vBMD was 

correlated positively with fracture toughness (Kc), and fat body mass (FBM) was correlated 

negatively with maximum load (Pu). In HFD group, lean body mass (LBM) was correlated 

negatively with strength and bending modulus.

We also find that LBM is positively correlated with bone size measures, and FBM is weakly 

negatively correlated with bone size measures (Table 1).

Overall, a trend of decreasing mechanical properties with concurrent increase in bone size is 

apparent in the correlation analysis, but it is unclear at this time whether bone-size changes 

lead to bone-tissue quality changes, vice versa, or whether size and tissue quality change 

simultaneously. In this respect, further study is needed to determine whether this is a causal 

or correlative relationship.
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Discussion

It is clear that a high-fat diet leads to obese mice with enhanced bone quantity (larger bone 

size and mineral content) but with diminished bone quality (lower size-independent 

mechanical properties), as compared to bone from mice on a standard Chow diet. 

Interestingly, while the (size-independent) bone stiffness, strength and toughness clearly 

deteriorated due to the high-fat diet, the yield and maximum loads that the femurs could 

sustain prior to failure were essentially unchanged by diet. Indeed, in terms of the loads the 

bones can withstand, the increase in bone size in the HFD group occurred to the extent 

necessary to maintain a given load-bearing capability. This argument supports the 

hypothesis that bone adapts to maintain the optimal size and material properties for a 

particular set of normal, or daily, physiological conditions, deemed “customary loading” by 

Turner [29]. Once a certain balance has been reached between these customary loads and the 

amount of bone necessary to support these loads, no more energy is expended in improving 

bone quality, a notion supported by Turner in his discussion of threshold behavior for 

remodeling activation in bone.2

In addition to loading, hormones play an important role in bone response to obesity. Leptin, 

which controls body weight, reproduction and bone remodeling, is secreted by adipocytes 

and is found in higher concentrations in the obese. Its actions in bone are discussed in detail 

by Karsenty [39] and references therein. Whether leptin's specific effects are beneficial or 

antagonistic to bone quality is under debate [35,40,41,42,43,44,45,46], although there is 

some consensus that increased leptin production in humans is associated with higher bone 

mineral density and bone size [7]. A proposed mechanism for this action is posited by 

Baldock and others whereby increased leptin production inhibits the action of neuropeptide 

Y (NPY) in the hypothalamus. As NPY is a potent inhibitor of bone growth, its inhibition by 

the presence of increased leptin production is consistent with increased body weight and 

bone size, especially increased periosteal circumference of long bones [47,48]. Finally, 

increased bone size, especially the periosteal circumference, as well as increased body 

weight have been associated with increased serum concentrations of IGF-I [30,31]. We do 

observe significant increases in serum IGF-I for the HFD group, which could explain at least 

some of the increased bone size, although this was not explored as a possible causation in 

this study.

We note that the mice in this study were young (4 weeks) at the beginning of the study. The 

reduction of quality of bone tissue despite increased body weight is in agreement with 

clinical observations that adolescents and children have increased bone fracture incidence 

with obesity [11]. Whether the qualitative effects would be seen in adult mice remains 

unclear at this time, although we do postulate that increases in bone size with obesity would 

be observed in adult or aged mice. Reduced fracture incidence in adults suggests that the 

qualitative reduction seen in adolescent animals would be lessened in adults. Furthermore, 

our observations that LBM is positively correlated with bone size measures (Table 1) are 

2Turner discusses “adaptation of bone cells to customary loading.” They will adapt, i.e., bone will grow to accommodate increased 
loading or will resorb to accommodate decreased loading, until a certain equilibrium has been reached. Once the system reaches a 
medium zone where “customary” loads are supported by the bone that is available in the body, no more bone adaptation will take 
place because this adaptation is an energy-expending mechanism.
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also consistent with prior studies looking into independent effects of lean body mass and fat 

body mass on bone size in adolescents [23,45,49]. Together, these similarities point to 

consistency between animal studies and observations in large human cohorts and also reveal 

the need for additional studies to investigate the progression of bone health with obesity.

It is conceivable that the effects of this study could be attributed to an increased rate of bone 

growth in the HFD group or to dietary choice. We show that bone indeed grew faster in the 

HFD group, as the bone size in this group is larger than that in the Chow group after a 

similar length of study, although we do not directly measure changes in growth rates 

between groups. It is possible the HFD femora grew to accommodate accumulating weight 

faster than the system can optimally support, thereby resulting in poorer quality bone. This 

behavior of rapid bone deposition to support weight gain is well known in woven bone in 

the long bones of livestock that need to walk soon after birth. Additionally, it has been 

observed that bone growth rates affect bone microarchitecture in birds [50] and many other 

animals. It is widely accepted that rapidly growing bone will be of inferior structural quality 

to that of more slowly grown bone [51] although further study could illuminate more 

specific growth rate – structure relationships, especially if rapidly growing animals such as 

high-growth, or hg, mice are compared to controls. SEM images showing differences in the 

apparent structural quality of bone in obese mice compared to the Chow group (Fig. 5) lend 

some credence to this hypothesis; TEM images also suggest a reduction in material quality 

with concurrent increase in weight (Fig. 6).

In examining whether the observed effects are due to obesity and not simply diet quality, 

standardized correlation analysis (Table 1) for the Chow and HFD groups suggest that diet 

choice is not the sole cause of the effects observed. This follows from the regression data 

where the general trends that exist in the overall study (in HFD vs. Chow groups) are also 

found within the individual groups. For example, the negative correlations between size-

independent mechanical behavior and bone size are observed within both the Chow and 

HFD groups. Most interestingly, larger bones are consistently associated with poorer 

mechanical properties, independent of the obesity condition. This implies that larger bones 

in obese individuals are not necessarily protective against fracture, a fact which is supported 

by similar yield and maximum loads between the two groups. Since bone size increases and 

mechanical property decreases seem to be occurring concurrently, and are both brought 

about by obesity, bone size and size-independent mechanical properties are linked in the 

correlation analysis of this work.

We do note the presence of a hyperglycemic state in the majority of the HFD mice within 

the last week of the study. While the diabetic condition did not persist throughout our study, 

as indicated by the fasting blood glucose levels at age 15 and 21 weeks, it did appear to 

come into play by age 22 weeks, as indicated by the fasting blood glucose levels of the 

glucose tolerance test. Diabetics are known to have increased fracture risk, which is 

consistent with the results presented here, and it is possible that the hyperglycemia played a 

role in the results observed. The specific role of hyperglycemia was not investigated as part 

of this study; however, the short length of time that hyperglycemia was present in the obese 

mice makes it an unlikely candidate as the sole contributor to the effect seen.
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In conclusion, this study has shown that diet-induced obesity in mice increases bone size yet 

decreases the (size-independent) mechanical properties of cortical bone. The maximum 

loads that the bones can sustain, however, remain essentially unchanged with the implication 

that the quality and quantity of bone act in a compensatory manner to optimize the load-

bearing behavior of bone.
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Appendix. Blood Glucose Levels

Blood glucose levels indicate that diabetes was likely present in most of the HFD mice in 

the final week of the study, but was not present for the first 18 weeks out of the 19 week 

study. Evaluation of levels at age 15, 21, and 22 weeks indicate that only two mice had 

blood glucose levels above 200 mg/dL at week 21, but 10 out of 15 HFD mice were over 

200 mg/dL at week 22 and one mouse had uncontrolled diabetes. The uncontrolled diabetic 

mouse also died a few days prior to sacrifice and was excluded from any further analysis. 

None of the Chow mice exhibited blood glucose levels above 200 mg/dL, so this level was 

taken to be a cut-off for a diabetic state in the mice. Figure 7 shows the blood glucose levels 

at age 15, 21, and 22 weeks, as well as the glucose tolerance test results at age 22 weeks. 

The mice were sacrificed two days following the glucose tolerance test, so Figs. 7c-d reflect 

the glycemic condition of the mice at the conclusion of the study. There is a possibility that 

such incidence of diabetes could have had some influence on the observed data; however, as 

this diabetic condition presented itself very late in the study, we conclude that it is unlikely 

to be the sole contributor to the effects observed.
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Fig. 1. Validation of Obesity Model: Body Composition, Serum Leptin Concentration, and Bone 
Mineral Measures
(a) Representative HFD and Chow mice. Typical HFD mouse (top) and typical Chow mouse 

(bottom) at the conclusion of the 19 week diet period; (b) Average weekly weights of Chow 

and HFD groups. Horizontal axis is mouse age in weeks; (c) lean body mass (left) and fat 

body mass (right) for Chow and HFD groups at conclusion of study; (d) serum leptin 

concentration at conclusion of study; (e) serum IGF-I concentrations at the concluion of 

study. No difference was observed in lean mass, but signficant increase in the fat mass and 

in leptin concentration for the HFD group. n=15 for the Chow group and n=14 for HFD 

group. (** P<0.01, *** P<0.001)
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Fig. 2. Bone quantity measures – Bone mineral
(A) Whole-body bone mineral content (BMC); BMC is higher in the HFD group, which is 

expected because bones are larger (*** P<0.001). (b) Whole-body areal bone mineral 

denstiy (aBMD) is unchanged, which is not suprising as the lean body mass was unchanged 

(see Fig. 1). (c) Bone mineral content of the spine and (d) areal bone mineral density of the 

spine are significantly higher as a result of HFD (* P<0.05). (e) volumetric bone mineral 

density (vBMD) of the femoral cortical bone as well as (f) femoral BMC and (g) are not 

significantly different between groups.
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Fig. 3. Cortical bone quantity measures – Bone size
(a) Average cortical thickness; (b) outer cortical thickness; (c) inner cortical radius; (d) 

cortical cross-sectional area; and (e) second moment of area. Significant increase (* P<0.05; 

** P<0.01) for the HFD group is observed for all measures except (f) femoral length. (g) 

Whole-body bone mineral content (BMC); BMC is higher in the HFD group, which is 

expected because bones are larger (*** P<0.001). (f) Whole-body areal bone mineral 

denstiy (aBMD); and (i) volumetric bone mineral density (vBMD) of the femoral cortical 

bone are not significantly different between groups, which is not suprising as the lean body 

mass was unchanged (see Fig. 1). n=15 for the Chow group and n=14 for HFD group.
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Fig. 4. Cortical bone quality: whole-bone and tissue-level mechanical property measurements
(a) Yield strength; (b) maximum strength; (c) bending stiffness; (d) fracture toughness, Kc; 

(e) yield load; (f) maximum load; (g) yield strain; and (h) maximum strain. Measured size-

independent mechanical properties (except strain) were significantly decreased for HFD 

group vs. Chow group despite increased bone size (a-f); these parameters are an indication 

of bone-tissue quality. Size-dependent measures which address whole-bone behavior 

(specifically, load) did not differ between groups indicating a compensatory mechanism 

between bone size and tissue quality. n=15 for the Chow group and n=14 for HFD group (* 

P<0.05; ** P<0.01; *** P<0.001).
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Fig. 5. Through-wall SEM images of fracture region showing tissue structure at the whole-bone 
scale
a) Cortical wall in bone from Chow group; (b) Cortical wall in HFD group. The scale bar 

indicates 100 μm. The medial cortex in HFD bone (b) shows reduced alignment of osteocyte 

lacunae and reduction in lamellar alignment at the tissue level. These images are 

representative of five samples each of HFD and Chow. The inset indicates that images were 

taken from vertical sections through a region beyond the notch at the crack surface. The dark 

grey region indicates the notch, and the arrow indicates direction of crack growth, with 

crack propagation happening evenly from both sides of the notch.
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Fig. 6. High-magnification TEM images of structure and mineral organization
(a) and (b) Mineral organization of bone from Chow group; as well as (c) and (d) mineral 

organization of bone from HFD group. The scale bar indicates 200 nm. Mineral appears 

more poorly aligned and organized in HFD bone than in Chow bone, suggesting a reduction 

in microstructural tissue quality.
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Fig. 7. Blood glucose levels after 4 hour fasting
(a) Blood glucose levels at age 15 weeks; (b) blood glucose levels at age 21 weeks; (c) 

baseline blood glucose levels in glucose tolerance test at age 22 weeks; (d) glucose tolerance 

test curve at age 22 weeks. At week 21, two HFD mice exhibited blood glucose levels over 

200 mg/dL, and at week 22, 10 out of 15 HFD mice were hyperglycemic. One mouse at age 

22 weeks had uncontrolled diabetes and died shortly prior to the conclusion of the study.
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Table 1

Correlation coefficients between standardized properties in bone from (a), (c) Chow and (b), (d) HFD groups. 

Coefficients from correlation analysis applied between standardized mechanical properties and standardized 

bone and physiological properties of (a) Chow group and (b) HFD group. In cases where measurements were 

related and highly positively correlated, a composite score was used in the analysis. Bone size is the largest 

predictor of mechanical properties, more so than bone-mineral measures or body composition. Interestingly, 

size-independent measures of bone quality are most affected by the size of the bone, which implies a reduced 

quality with increasing quantity. Correlation coefficients between body mass measures and bone size measures 

show that LBM is positively correlated with bone size in both groups (c) & (d), and that FBM is very weakly 

negatively correlated with bone size. HFD (d) was almost significant for LBM-bone size correlation 

(P=0.053).

a. Chow (n=15) b. HFD (n=14
†
)

Size – independent measures Size – dependent measures Size – independent measures Size – dependent measures

Predictors (σy, σu, E) Kc P y P u (σy, σu, E) Kc P y P u

vBMD 0.12
0.55

* 0.08 −0.42 −0.24 −0.07 0.24 −0.01

(M.A.A,Ro) −0.44 −0.43 0.23 0.19
−0.86

***
−0.59

* 0.57 −0.04

LBM −0.37 −0.18 0.25 −0.07
−0.67

* −0.16 0.50 0.02

FBM −0.30 0.16 −0.11
−0.53

* 0.41 0.10 −0.54 −0.02

c. Bone size in Chow- (M.A.,A,Ro) d. Bone size in HFD - (M.A.A,Ro)

LBM
0.514

* 0.548

FBM −0.215 −0.315

** P<0.01

vBMD = volumetric bone-mineral density; M.A.= second moment of area; A = Ct. cross-sectional area; Ro = outer Ct. Rd; LBM = lean body mass; 

FBM = fat body mass; σy = yield strength; σu = maximum strength; E = bending modulus; Kc = fracture toughness; Py = yield load; Pu = 

maximum load. (M.A., A, Ro ) = composite bone size score, (σy, σu, E) = composite strength and modulus score.

†
One mouse was found to be diabetic and was excluded from all analyses.

*
P<0.05

***
P<0.001.
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