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Abstract
AIM: To evaluate properties of bone quantity/quality 
using young non-obese Type 1 (T1D)-diabetic (NOD) 
prone and syngenic non-diabetic (NOD.scid ) mice.  

METHODS: Quantitative bone assessment of tibia 
was conducted using dual-energy X-ray absorptiometry 
(DXA) for the evaluation of body mass, bone mineral 
content, body fat mass and lean mass. Qualitative as-
sessment was accomplished by three-point breakage 
for assessment of force to failure and micro-computed 
tomography for evaluation of trabecular and corti-
cal properties of bone. In addition, fasting blood was 

evaluated prior to sacrifice at week eleven and fifteen 
to evaluate and compare glucose homeostasis between 
the strains of mice. 

RESULTS: Our findings support a perturbation in 
the relationship between bone quantity, quality, and 
subsequently, the association between structure and 
strength. There were no differences in DXA-assessed 
body composition (body fat, % fat mass and lean 
mass) and bone composition (bone mineral content 
and bone mineral density) between strains. However, 
relative to NOD.scid , NOD mice had lower trabecular 
bone volume, relative trabecular bone volume, trabecu-
lar number and trabecular total material density (P  < 
0.05). Conversely, NOD mice had greater cortical total 
mean volume (P  < 0.05). General linear models analy-
sis adjusted for body weight revealed a significant con-
tribution of T1D to bone health as early as 5 wk. 

CONCLUSION: It is well-established that diabetes is a 
significant risk factor for increased fractures, although 
the underlying mechanisms are not fully understood. 
Investigation of bone parameters encompassing 
strength and structure early in the life course will fa-
cilitate the elucidation of the pathogenesis of impaired 
bone integrity. 
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Core tip: Diabetes-related impairment in bone micro-
architectural properties and parameters of quality was 
apparent as early as 5 wk.
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INTRODUCTION
Apart from the classical complications of  diabetes, ad-
verse effects associated with bone health are becoming 
increasingly apparent. Individuals with diabetes have 
higher incidence of  fracture and greater prevalence 
of  osteoporosis. Many[1,2], but not all[3-7] investigations 
report low bone mineral content (BMC) and density 
(BMD). Fracture healing is also compromised in dia-
betics with as high as 87% recovery delay relative to 
“healthy” counterparts[8-10]. While the skeletal manifes-
tations of  dysregulated glucose metabolism have been 
primarily considered in terms of  bone quantity (i.e., low 
bone mass), bone strength, the most obvious character-
istic of  bone structure/health is dependent upon vari-
ous qualitative aspects.

A variety of  animal models have been developed and 
used to examine the mechanisms of  diabetes-related 
complications. Autoimmune-prone non-obese diabetic 
(NOD) mice are a widely studied model of  spontane-
ous type 1 diabetes (T1D)[11-13]. In contrast to the phar-
macologic streptozotocin (STZ)-induced T1D model, 
NOD mice become spontaneously diabetic secondary to 
a progressive diminished capacity of  insulin-producing 
pancreatic beta islet cell function due to autoimmune 
destruction of  the islet beta-cells. The earliest signs of  
autoimmune pathology in the NOD mouse occur at ap-
proximately 4 to 5 wk of  age with leukocytes beginning 
to accumulate around the pancreatic islets, progressively 
intensifying and eventually leading to destruction of  the 
insulin-producing beta cells at about 12 wk of  age[14]. 
Whereas some studies have investigated bone pheno-
types in adult NOD mice, the skeletal effects at disease 
initiation, to our knowledge have not been investigated. 
As a comparator strain, syngenic autoimmune-deficient 
NOD.scid mice lack functional lymphocytes, precluding 
the autoimmune destruction of  beta cells and unlike 
NOD mice, do not develop T1D[11,13-16]. 

While insulin stimulates not only osteoblastic cell dif-
ferentiation, but also osteoblastogenesis and thus plays 
a pivotal role in bone metabolism[17,18], an impairment in 
insulin regulation compromises bone processes giving rise 
to an altered phenotype. Accordingly, disease states related 
to insulin homeostasis/glucose handling might be expected 
to elicit profound physiologic alterations, particularly dur-
ing growth[19]. The objective of  the study was to evaluate 
properties of  bone quantity (via DXA) and quality (via mi-
croCT, three point breakage) using young NOD vs NOD.
scid mice, two different models in terms of  insulin response 
to glucose. We hypothesized that as diabetes progressed in 
the NOD mice, the strength-structure impairments would 
manifest as illustrated by decreased force required to break, 
as well as trabecular and cortical bone measures.

MATERIALS AND METHODS
Mice 
Five-to-seven week-old female NOD (n = 24) and NOD.scid 
mice (n = 23) were bred and housed at the Research Sup-
port Building of  the University of  Alabama at Birming-
ham, under pathogen-free conditions and observing IA-
CUC approved mouse protocols. Mice were kept under 
a normal diurnal cycle in a temperature-controlled room 
and were fed with standard chow (NIH316 formula, Pu-
rina item #5K52) from age of  weaning. 

Dual-energy X-ray absorptiometry
For assessment of  bone quantity by dual-energy X-ray 
absorptiometry (DXA) analysis, animals were briefly 
anesthetized with isoflurane (2%) and placed in a pros-
trate position on the imaging plate. BMD, bone mineral 
content (BMC) was assessed in vivo (GE-Lunar PIXImus, 
software version 1.45, GE-Lunar). Additionally, lean mass 
and fat mass as well as animal area was obtained at 5, 8, 
11 and 15 wk.

Three-point breakage analysis and micro-computed 
tomography 
For qualitative assessment, three point breakage and mi-
cro-computed tomography was used. Tibia strength was 
assessed by three-point breakage analysis using an MTS 
858 MiniBionix (MTS Systems, Eden Prairie, MN) with a 
100 N load cell. The span was 9 mm and the bones were 
loaded at a rate of  0.1 mm/s. For the determination of  
the 3D architecture of  the trabecular and cortical bone, 
mouse femurs were scanned using the Scanco μCT40 
desktop cone-beam micro-CT scanner (Scanco Medi-
cal AG, Brüttisellen, Switzerland). Femurs were placed 
vertically, but inverted (distal femur at the top) in 12 mm 
diameter scanning holders and scanned twice: one for 
cortical and one for trabecular bone. Scans were per-
formed at the following settings: 12 mm resolution, 55 
kvp, 145 μA with an integration time of  200 ms. Scans 
were automatically reconstructed into 2-D slices, and the 
region of  interest was outlined in each slice using the 
micro-computed tomography (μCT) Evaluation Program 
(v5.0A, Scanco Medical). Cortical bone was determined at 
the mid-shaft of  the femur with a scan of  25 slices. The 
region of  interest (ROI) tool was used to outline the out-
side edge of  the cortical bone. Cortical bone was identi-
fied and separated from the marrow by using a threshold 
value of  294. A 3D reconstruction was performed on the 
ROI consisting of  everything within the outer cortical 
surface. Data was obtained for bone volume, (BV), bone 
density, total volume (TV) (bone plus marrow), bone 
volume fraction (BV/TV), trabecular thickness (Tb. Tk.), 
number (Tb. N) and cortical thickness. The scan of  the 
trabecular bone was performed at the distal femur below 
the growth plate (on the inverted bone). Each scan con-
sisted of  209 slices of  which 100 were used for the analy-
sis. ROI’s were drawn on each of  the 100 slices just inside 

Casazza K et al. Diabetes compromises bone in early life

146 August 15, 2013|Volume 4|Issue 4|WJD|www.wjgnet.com



the cortical bone, to include only the trabecular bone and 
marrow. Trabecular bone threshold was set at 226 HU, to 
distinguish it from the marrow. The 3D reconstruction 
was performed on the ROI which only contained tra-
becular bone; no cortical bone was present in these ROI’s. 

Statistical analysis 
Analysis of  variance (ANOVA) was used to determine 
differences in bone properties between strains. If  an 
aging effect was apparent for a given parameter, a post 
hoc comparison was performed. Statistical significance 
was set at α < 0.05. In order to determine whether the 
strength-structure relationship was different, general lin-
ear models in which group, weight and body area were 
the covariates were conducted. All analyses were con-
ducted using SAS (Institute Inc., Cary NC).

RESULTS
Serum glucose was collected from 11 and 15 wk old 
NOD and NOD.scid mice. As expected, NOD mice dis-
played increased glucose beginning at 15 wk (Figure 1) 
and is consistent with the phenotype of  this autoimmune 
T1D mouse model[11-13]. The growth characteristics were 
then determined between NOD and NOD.scid mice. At 5 
wk, NOD mice were smaller than NOD.scid as represent-
ed by significantly less total mass, lean mass, body weight. 
However, by 8 wk size and weight did not differ and the 
similarity in body dimensions. At 15 wk NOD mice were 
significantly heavier (Figure 2). 

 We next analyzed the bone mechanical properties of  
tibiae harvested from 5 and 8 wk old NOD and NOD.
scid mice. In a three-point bending test, NOD mice dem-
onstrated less mechanical strength than NOD.scid mice at 
5 wk but not at 8 wk of  age (Figure 3). 

Body composition and bone parameters of  5 and 8 
wk old NOD and NOD.scid mice were next examined 
(Table 1). The weight of  the NOD and NOD.scid mice 

were similar (Table 1). There were no differences in body 
composition (body fat, fat mass and lean mass) and bone 
composition (bone mineral content and bone mineral 
density) were detected properties in NOD compared to 
NOD.scid mice (Table 1). 

Because DXA can be an insensitive bone research 
technique, we performed microCT analyses to dissect the 
differences in trabecular and cortical bone. Tibiae were 
harvested from 5 and 8 wk old NOD and NOD.scid mice. 
Including all mice, there was not a significant difference 
in bending strength between NOD and NOD.scid mice. 
However, relative to NOD.scid, NOD mice had lower 
trabecular bone volume, relative trabecular bone volume, 
Tb.N, and trabecular total material density (P < 0.05) 
(Table 1). Conversely, NOD mice had greater cortical to-
tal mean volume (P < 0.05). We next performed a general 
linear models analysis that adjusted for body weight that 
revealed a significant contribution of  age (Table 2). Ac-
cordingly, analysis was conducted by age. Table 2 presents 
the bone quality measures using microCT assessed at 5 
and 8 wk. Diabetes-related impairment in bone microar-
chitectural properties and parameters of  quality was ap-
parent as early as 5 wk. 

DISCUSSION
There is a paucity of  mechanistic information on how 
disease initiation and progression affect bone. While low 
bone mass in diabetes is often reported, material proper-
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Figure 1  Comparison of blood glucose (mg/dL) in non-obese diabetic (dark 
gray bars) and syngenic non-diabetic (light gray bars) mice at 11 and 15 
wk demonstrates initiation of the type 1 diabetic phenotype. Error bars rep-
resent SEM. At five, eight (data not shown) and eleven there was no difference 
in blood glucose levels between strains of mice. aHowever at 15 wk, non-obese 
diabetic mice had significantly greater blood glucose than NOD.scid mice and 
concentration was indicative of diabetes (< 120 mg/dL). 

Table 1  Pooled data from all mice ages 5 to 15 wk

Parameter mean ± SEM
NOD

NOD.scid

Body composition properties (DXA)
   Body weight   19.7 ± 0.6   19.9 ± 0.4
   BMC     0.37 ± 0.40     0.34 ± 0.30
   BMD     0.04 ± 0.04     0.040 ± 0.001
   Body fat     2.8 ± 0.1     2.9 ± 0.2
   Lean mass   14.7 ± 0.4   14.8 ± 0.2
   % Fat   15.8 ± 0.7   16.2 ± 0.7
Trabecular bone properties (microCT)
   TV     1.5 ± 0.1     1.5 ± 0.1
   BV     0.10 ± 0.01      0.15 ± 0.011

   BV/TV     0.06 ± 0.01      0.10 ± 0.011

   Tb. Th     0.050 ± 0.002     0.050 ± 0.002
   Tb. N     2.3 ± 0.2     2.80 ± 0.11
   Tb. MBV   931.9 ± 20.1   922.9 ± 20.7
   Tb. TMD   92.2 ± 8.8   124.5 ± 9.71

Cortical bone properties (microCT)
   TV     0.19 ± 0.10     0.21 ± 0.01
   BV     0.12 ± 0.02     0.120 ± 0.004
   BV/TV     0.60 ± 0.01     0.60 ± 0.01
   Ct. TMV   801.8 ± 22.5     770.4 ± 17.51

   Ct. TMD 1288.5 ± 15.9 1291.6 ± 16.3

1Indicates significant difference between groups P < 0.05. BMC: Bone 
mineral content; BMD: Bone mineral density; BV: Bone volume; TV: Total 
volume (bone plus marrow); BV/TV: Bone volume fraction; Tb. Tk.: Tra-
becular thickness; Tb. N: Trabecular number; Tb. TMV: Trabecular mate-
rial volume; Tb. TMD: Trabecular material density; Ct. TMV: Total cortical 
material volume; Ct. TMD: Total cortical material density; NOD: Non-
obese diabetic; NOD.scid: Syngenic non-diabetic.
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ties of  bone, specifically those addressing initiation of  
impairment in material properties is lacking. The present 
study provides support of  impaired bone structure/ar-
chitecture with diabetes on bone via impairment of  bone 
structure/architecture early in the life course.

Pre-diabetic NOD mice had lower trabecular proper-
ties, but greater cortical volume, suggesting composition-
al differences exist in tissue properties prior to disease 
progression. Nyman and colleagues recently reported a 
time-dependent alteration in matrix organization begin-
ning approximately ten weeks after STZ injection, in line 
with consistent reports[20]. The mice in the study were 11 
wk old when injected. While the authors noted a decre-
ment in mineralization, they subsequently observed an 
increase in non-enzymatic collagen cross-linking[21]. It is 
possible that injections in close proximity or prior to rap-
id skeletal growth may lead to accelerated change in the 
strength-structure relationship. Further, a later-induced 
diabetic phenotype provokes skeletal phenotypes via dif-
ferent pathways and several conditions in both models 
may have indirect effects on the reported properties of  
bone. Notably, beyond those initiated with diabetic onset 

further changes in strength-structure relationship were 
not observed by Nyman and colleagues[20]. The increased 
Ct.MTV and Ct.TMD in NOD mice at 8 wk which did 
not translate into increased mechanical strength was sur-
prising. Speculatively, a compensatory increase in insulin 
early in T1D prior to insulinitis may enhance anabolic 
properties at the outer surface. However, assessment of  
the strength-structure relationship requires evaluation 
of  both outer and inner surfaces as well as the intrinsic 
properties within the bone (Ego Seeman, personal com-
munication).

Particularly relevant during rapid skeletal growth, insulin 
has direct anabolic effects on periosteal apposition[17,18,21]. 
This would explain why diabetes did not affect the BMC 
or BMD, despite lower trabecular microarchitecture. In the 
context of  humans, while it was recently reported that as 
adolescents with T1D attained reproductive maturation, 
had “normal” cortical cross sectional area[19], fracture risk 
remains greater among this population. It is important to 
note that it was recently reported that while mechanical 
properties of  bone in humans with diabetes were impaired 
relative to non-diabetic controls, strength was not differ-
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Figure 2  Comparison of changes in body composition parameters as assessed by dual-energy X-ray absorptiometry at 5, 8, 11 and 15 wk. aNon-obese dia-
betic mice were significantly heavier.
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tumorigenic effects provoked an unanticipated effect on 
growth in NOD.scid mice that likely affected strength-
structure relationship. Further investigation in a com-
parable strain with optimal growth conditions [e.g., non-
obese diabetes resistant (NOR)] are needed to confirm 
our findings. 

In conclusion, the T1D mouse model revealed com-
plex changes early in the developmental process. There was 
diminished trabecular microarchitecture which manifested 
into weakened bone strength relative to non-diabetic mice, 
independent of  bone mass. Our findings support a per-
turbation in the relationship between bone structure and 
strength and a need for intervention efforts to promote 
bone parameters during growth and development.
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While the skeletal manifestations of dysregulated glucose metabolism have 
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ent between middle-aged and older adults with diabetes[22], 
supporting our findings of  the deleterious effects on bone 
integrity initiated early in disease progression. 

While NOD mice are used to examine spontaneous 
T1D progression, immune-deficient NOD.scid mice may 
incur indirect effects on bone properties, which may ex-
plain the reported differences in the literature. Lacking 
mature B and T cells, NOD.scid mice are both insulitis- 
and diabetes-free throughout life. However, because of  a 
high incidence of  thymic lymphomas, the mean lifespan 
is relatively short[13,23,24]. Accordingly, while the unique im-
mune defects provide an excellent in vivo environment for 
hematopoietic investigation extending to effects within 
the marrow compartment, this model may not be suitable 
for assessing bone material properties. The long-term 

Table 2  Presents the bone quality measures using micro computed tomography assessed at 5 and 8 wk

5 wk 8 wk

NOD
(n  = 4)

NOD.scid
(n  = 4)

NOD
(n  = 6)

NOD.scid
(n = 4)

Body weight   14.9 ± 0.2    19.2 ± 0.41   19.2 ± 0.5   19.9 ± 0.6
BMC     0.19 ± 0.01      0.30 ± 0.011     0.30 ± 0.02     0.30 ± 0.01
BMD     0.030 ± 0.001      0.040 ± 0 .002     0.040 ± 0.001     0.040 ± 0.001
Tibia strength     4.5 ± 0.2   10.0 ± 0.8     8.4 ± 0.7     8.2 ± 0.8
Trabecular bone properties
   TV     1.4 ± 0.2     1.6 ± 0.1     1.50 ± 0.06     1.40 ± 0.04
   BV     0.08 ± 0.02     0.14 ± 0.01     0.11 ± 0.02     0.16 ± 0.05
   BV/TV      0.05 ± 0.021     0.09 ± 0.00     0.07 ± 0.01      0.11 ± 0.041

   Tb. Tk     0.05 ± 0.01     0.05 ± 0.00     0.05 ± 0.00     0.05 ± 0.01
   Tb. N      2.0 ± 0.31     2.8 ± 0.3     2.40 ± 0.09     2.90 ± 0.58
   Tb. TMV   63.8 ± 4.9  108.9 ± 7.41 104.3 ± 8.9   137.0 ± 14.6
   Tb. TMD   872.7 ± 42.5   930.5 ± 17.6   891.8 ± 21.3   948.8 ± 65.2
Cortical bone properties
   TV      0.18 ± 0.021     0.23 ± 0.02     0.20 ± 0.02     0.20 ± 0.02
   BV     0.10 ± 0.02     0.14 ± 0.02     0.12 ± 0.00     0.11 ± 0.01
   BV/TV     0.60 ± 0.03     0.60 ± 0.01      0.63 ± 0.011     0.58 ± 0.01
   Ct. TMV   743.5 ± 56.9   787.4 ± 21.5   831.0 ± 13.2    753.0 ± 16.21

   Ct. TMD 1262.9 ± 18.9 1324.1 ± 20.8 1304.3 ± 11.0 1258.6 ± 13.4

1Indicates significant difference between groups P < 0.05. BMC: Bone mineral content; BMD: Bone mineral density; BV: Bone volume; TV: Total volume (bone 
plus marrow); BV/TV: Bone volume fraction; Tb. Tk: Trabecular thickness; Tb. N: Trabecular number; Tb. TMV: Trabecular material volume; Tb. TMD: Tra-
becular material density; Ct. TMV: Total cortical material volume; Ct. TMD: Total cortical material density; NOD: Non-obese diabetic; NOD.scid: Syngenic 
non-diabetic.
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Figure 3  Tibia strength by 3-point breakage analysis using the NTS 
85MTS Minibionix8 with a 100 N load cell. The span was 9 mm and the 
bones were loaded with a rate of 0.1 mm/s to evaluate maximum load to failure 
in 5 and 8 wk in non-obese diabetic (dark gray bars) and syngenic non-diabetic 
(light gray bars). Error bars represent SEM. aNon-obese diabetic mice demon-
strated less mechanical strength than syngenic non-diabetic mice at 5 wk.
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Innovations and breakthroughs
Maintenance of glucose in circulation within a “normal” range, as well as the 
standard of “normality” throughout dynamic growth processes, varies, and has 
particular relevance to body composition trajectories during critical periods of 
development.
Applications
Peak bone mass, a major determinant of adult bone health is largely achieved 
by the end of sexual and skeletal maturity. Thus, an emerging area of investiga-
tion is the contribution of insulin/glucose homeostasis to bone (re)modeling, 
with considerable interest in understanding influential factors serving to maxi-
mize bone mass accrual in childhood, and therefore optimize bone phenotype 
throughout life. 
Peer review
A potential explanation for observed differences in bone parameters in adults 
may be related to impairment in the remodeling-associated bone-resorption/
formation coupling, which is maximally operational during the rapid skeletal 
development phase in childhood. Although the process of bone remodeling is 
complex, accumulating evidence supports glucose homeostasis as an integral 
part of bone formation (quantity) and micro-architecture (quality). Consistent 
with this, individuals exhibiting impaired glucose handling are at risk for compro-
mised bone mass and integrity. In particular, type 1 diabetes mellitus is associ-
ated with increased bone mass loss (e.g., osteopenia, osteoporosis), increased 
risk of fragility fracture, and poor bone healing following injury. Investigation 
early in the life course is highly relevant.
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