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Abstract

in T1D mice.

Type 1 diabetes (T1D) contributes to bone loss in humans as well as in both spontaneous and pharmacologic-
induced T1D mouse models. The severity of complications of T1D, such as nephropathy, differs in different mouse
strains. However, the contribution of genetics in modifying the extent of T1D-induced bone loss has not been fully
addressed. Here, we compare the T1D-induced bone pathology between three commonly used inbred mouse strains:
Balb/c, C57BL/6 and 129/Sv mice. All T1D mouse strains displayed a characteristic bone phenotype characterized
by significant bone loss, decreased levels of osteoblast markers and increased marrow adiposity. However, strain-
dependent differences were also observed. Most notably, 129/Sv T1D mice displayed the greatest magnitude of bone
loss despite having the least disease severity (as indicated by blood glucose levels) of the three strains studied. These
findings suggest the contribution of strain dependent/genetically associated factors to the degree of bone loss observed
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Introduction

Type 1 diabetes (T1D) is a metabolic disease, characterized by
hypoinsulinemia and thyperglycemia that has profound effect on the
bone [1,2]. Human and animal models of T1D display diminished bone
mineral apposition rate (MAR), bone mineral density (BMD) and bone
mineral content (BMC) [3,4]. Potential contributors to the pathogenesis
of T1D bone loss include disturbed glucose metabolism [5,6] systemic
and bone marrow inflammation [7-9], changes in lipid metabolism
[10-12], and changes in systematic hormones [13] (Figure 1). Bone
marrow adiposity, which can promote bone ossl, may play less of a
role in T1D osteoporosis [1,14,15], but is a key marker of the diabetic
bone pathology in mice. All of the above parameters are regulated by
a many factors including the environment and genetics. Genetics has
been shown to influence the severity of several complications of T1D,
including nephropathy [16]. However, the contribution of genetics
in modifying the extent of T1D-induced bone loss has not been fully
addressed.

Animal models are critical for examining and identifying
mechanisms of T1D bone phenotype, including the role of genetics.
Inbred mice offer unlimited numbers of genetically identical “twins”
[17-19] whose environments can be strictly controlled. Comparisons
among mouse strains have been used to identify genetic loci that
contribute to levels of bone density in healthy mice. Genome-wide
analysis indicates that chromosomes 1,4,8,13 and 14 harbor quantitative
trait loci that affect bone phenotypes in the inbred C3H and C57BL/6
mice [20]. Similar analyses performed on C57BL/6 and 129/Sv mice
identified Bmd20 on chromosome 6 and Bmd22 on Chromosome
1 as contributing to both total body and vertebral BMD levels [21].
Genetic variation in such areas could impact skeletal stem cell lineage
differentiation [22], inflammation, metabolism, and hormone levels
that ultimately regulate osteoblast and osteoclast activities.

Bone architecture also displays strain specificity. A study comparing
the bone phenotypes in 29 different inbred strains found significant
variation in femur cross-sectional area, density, and mechanical
properties [23]. Specifically, Balb/c mice had greater femur length

compared to 129/] and C57BL/6] mice, and C57BL/6 mice had lower
BMD compared to Balb/c and 129/] mice [23]. Other studies found that
compared to C57BL/6 mice [24], C3H mice had thicker femoral and
vertebral cortices, higher BMD and smaller medullary cavities, despite
having similar body size and weight [25,26]. Differences in osteoblast
and osteoclast activities (bone remodeling rates) can influence bone
and thus it is not surprising that they are also strain dependent. For
example, C57BL/6 mice have a higher endosteal bone resorption
rate compared to C3Hmice [26]. Such differences in starting bone
volume and bone-remodeling rates could influence skeletal responses
to anabolic or catabolic perturbations. In support of this, C3H mice
display less bone loss under disuse conditions and have a reduced
anabolic response to mechanical vibration when compared to C57BL/6
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Figure 1: Schematic picture indicating factors thought to contribute to the
bone pathophysiology observed in type 1 diabetes.
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mice [27,28]. Thus, the selection of mouse strain is a key when planning
studies that address changes in bone phenotype.

Interestingly, while mechanisms of T1D osteoporosis have been
studied in several rodent models, the contribution of mouse strain to
the level of bone loss has not been fully addressed. Here, we examined
if genetic differences can impact the skeletal response to T1D by
directly comparing general parameters of T1D-induced bone loss in
Balb/c, C57B/6, and 129/Sv mice, which are commonly used inbred
mice strains. We found that T1D caused bone loss in all strains, but
the magnitude of bone loss was greatest in 129/Sv. These data provide
a strong rationale for additional studies designed to exploit mouse
strain/genetic differences in T1D bone pathologies as a way to identify
mechanisms regulating bone loss in this disease so that effective
therapies can be developed to treat or prevent bone loss.

Methods
Diabetic mouse models

Adult (15-16 weeks) Balb/c, C57BL/6 and 129/Sv strains of male
mice were obtained from Harlan Laboratories (Houston, TX). Type
I diabetes was induced by 5 daily intraperitoneal injections with
streptozotocin (STZ) (40 pg/g body weight in 0.1 M citrate buffer),
a pharmacological agent that is toxic to pancreatic insulin secreting
beta islet cells. Control mice were injected with citrate buffer alone.
Diabetes was confirmed (12 days after the start of diabetes induction)
and monitored by blood glucose measurements, >300 mg/dl was
considered diabetic. Specifically, one drop of blood was obtained from
the saphenous vein and blood glucose measured using an Accu-Check
compact glucometer (Roche Diagnostics Corporation, Indianapolis,
IN). Forty days after the first STZ injection, the mice were euthanized
and total body, tibialis anterior, and subcutaneous femoral fat pad
masses were recorded. All mice were kept on a light/dark (12 h/12
h) cyle at 23°C, and received food (standard lab chow) and water ad
libitum. The Michigan State University Institutional Animal Care and
Use Committee approved all animal procedures.

RNA analysis

Whole tibiae were isolated, crushed and RNA extracted using Tri
Reagent according to manufacture protocol (Molecular Research Center
Inc., Cincinnati, OH). RNA integrity was verified by formaldehyde-
agarose gel electrophoresis. Synthesis of cDNA was performed using
the Superscript IT kit with as described by the manufacturer (Invitrogen,
Carlsbad, CA). cDNA was amplified by PCR using the iQ SYBR Green
Supermix (Bio-Rad, Hercules, CA). Forward and reverse primers for
aP2, HPRT (not modulated under diabetic conditions), osteocalcin
(OC), and Trap5 were amplified using primers previously described
[7,29]. Real time PCR was carried out for 40 cycles using the iCycler
(Bio-Rad,Hercules, CA). Each cycle consised of 95°C for 15 seonds,
60°C for 30 seconds (except for OC, which had an annealing temperatre
of 65°) and 72°C for 30 seconds. RNA-free samples, a negative control,
did not produce amplicons. Melting curve and gel analyses (sizing and
sequencing) verified single products of the appropriate base pair size.

Micro-computed Computed Tomography (u CT)analysis

Femurs were scanned using the GE Explore uCT system at a voxel
resolution of 20 um from 720 views a beam strength of 80 kvp and
450 uA. Scans included bones from each condition and a phantom
bone to standardize the grayscale values and maintain consistency
between runs. Using the systems auto-threshold (1400) and an
isosurface analysis, bone volume fraction (BVF), BMD and BMC, were

measured in the trabecular region, 0.17 mm distal of the growth plate.
The GE Microview Software was used for visualization and analysis of
volumetric image data computed trabecular densities.

Statistical analysis

All statistical analyses were performed using SPSS data analysis
program for ANOVA comparisons using Tukey test. A p-value of less
than 0.05 was considered statistically significant. Values are expressed
as averages + SE.

Results

STZ-induced T1D causes loss of body, muscle and fat mass
irrespectivef strain

Various animal models have been developed and used to identify
the mechanisms of diabetes-associated complications. Some mouse
models become spontaneously diabetic such as the non-obese diabetic
mice [10]. Other T1-diabetic models are pharmacologically induced
[11], including low-dose STZ injection which causes repetitive damage
to the pancreatic -cells and hence the loss of insulin secretion. This
approach is successful in different mouse genetic backgrounds [30]. To
address the role of mouse genotype/strain on T1D bone pathology, we
used the multiple low dose STZ injection method to induce T1D in
Balb/c, C57BL/6 and 129/Sv mice, strains that are commonly used in
research. STZ induced hyperglycemia in all mice. Interestingly, T1D
Balb/c mice had the highest non-fasting blood glucose levels (647 + 33
mg/dl) when compared to C57BL/6 mice (503 + 24 mg/dl) and 129/
Sv mice (429 + 28 mg/dl). Strain differences in blood glucose levels
were also seen in control mice where control C57BL/6 mice had the
highest level of glucose (197 + 9 mg/dl; Figure 2A) compared to the
other strains, consistent with a previous report [30]. The relatively high
T1D glucose level and low basal glucose level in Balb/c mice suggests
that the serum glucose level in Balb/c mice is more sensitive to STZ-
induced T1D compared to the other two mice strains. Both the control
and T1D129/Sv mice had the lowest blood glucose levels compared the
other two strains (Balb/c and C57BL/6).

Next, we examined general body parameters. Body weights differed
in control mice, being significantly greater in C57BL/6 (29.8 + 0.5 g)
compared to 129/Sv (27.5 + 0.5 g) or Balb/c (27.8 £+ 0.5 g) mice. STZ-
induced T1D caused weight loss in all mouse strains, but the percentage
change (from genotype controls) was the least in the C57BL/6 mice,
likely because weight before and after STZ injection was highest for
C57BL/6 mice compared to other strains (Figure 2B). Examination of
muscle mass demonstrated that 129/Sv mice had the greatest muscle
mass of all strains, despite having the lowest body weight of all strains
(Figure 2C). This difference was evident both before and after STZ
injection. Overall, T1D induced a loss of muscle mass (tibialis anterior)
in all strains to a similar extent. Examination of femoral fat pad mass
in control mice indicated that Balb/c mice had the smallest fat depot
(13.1 + 0.6 g) compared to C57BL/6 (34.1 + 2.7 g) and 129/Sv (33.7 £
1.6 g). STZ induced T1D caused fat pad mass loss in all mice regardless
of strain, however there were significant differences in the amount
of fat lost (Figure 2D). The most dramatic T1D-induced decrease in
femoral fat mass was seen in 129/Sv mice (from 33.7 + 1.6 gt0 4.9 + 0.4
g). The observed general body changes were also seen in spontaneous
T1D mouse models. Specifically, spontaneous T1D models (such as the
NOD and Ins24%**-T1D mice in a background strain such as Balb/c or
C57BL/6) demonstrate increased serum glucose levels, decreased body,
fat pad and tibialis weight [10,31]. Thus the general phenotype of STZ-
induced T1D mice is not a direct artificial effect of STZ [10].
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Figure 2: Body parameters of STZ induced T1D in the 15-week old
Balb/c, C57BL/6, and 129/Sv mice. 15-week old Balb/c, C57BL/6, and 129/
Sv were treated with vehicle or 40 mg/kg STZ for 5 consecutive days and
then harvested at 40 days post first injection (dpi). General body parameters
were measured at 40 dpi. STZ-induced diabetes caused an (A) increase in
blood glucose levels and (B) decrease in body mass independent of mouse
strain. However, the magnitude of blood glucose induction by STZ was strain
dependent. Both (C) Lean muscle (tibialis anterior) and (D) femoral fat mass
were decreased by T1D. White bars represent the control mice and the black
bars represent diabetic mice for each strain. Bars represent the average value
+ SE (n >.8-10 per group); * denotes p<0.05

Balb/c

STZ-induced T1D causes bone loss irrespective of strain, but
differed imagnitude

Although different individual strains have been used to study T1D-
induced bone loss, few studies compared the diabetic bone phenotypes
in different mouse strains. Decreased bone formation and bone loss are
evidentin diabetic animals from a variety of strains, including nonobese
diabetic mice [10,32], CD-1 [33], C57BL/6 [34], and db/db in C57BL/6
background [35]. Also, given that this response is similar to what is seen
in humans with type I diabetes [36], we reasoned that strain differences
might only alter the magnitude of effects on bone in response to the
STZ-induced T1D. Therefore, we imaged mouse femur bones by uCT
and identified that T1D results in trabecular bone loss in all mouse
strains studied (Figure 3A). 129/Sv and Balb/c mice havesignificantly
higher basal BVF when compared to C57BL/6. This is consistent with
previous findings showing a higher basal BVF in Balb/c compared to
C57BL/6 mice [25]. However, after STZ-T1D induction, 129/SV mice
demonstrate similar low BVF as C57BL/6 mice, significantly lower
than that of Balb/c mice. Therefore, 129/Sv has a significantly greater

decrease in BVF (58.7%) compared to Balb/c (37.1%) and C57BL/6
(31.3%) mice (Figure 3B). This suggests that STZ induced T1D in129/
Sv mice leads to a more severe bone loss phenotype. Similar to the
STZ models, bone loss has been observed for spontaneous T1D mouse
models in various mice backgrounds [4,7,10,11] confirming that this
response is a T1D complication.

STZ-induced T1D affected molecular markers of bone
phenotype similarly among different se strains

To assess if TID decreased osteoblast activity and/or increased
osteoclast activity and/or affected bone marrow adiposity, we
examined molecular markers of bone phenotype and pathology in
all mouse bones. We did not observe a significant strain difference
in the level of an osteoclast marker, Trap5 mRNA levels, even after
STZ-induced diabetes (Figure 4A). However, an osteoblast marker
(OC mRNA levels) was consistently decreased after STZ-induced
T1D in all mouse strains. No significant difference in the extent of
the reduction was observed (Figure 4B). In addition,addition, all T1D
mice showed an up regulation of marrow adiposity marker aP2 after
STZ-induced T1D with no significant difference in magnitude between
strains (Figure 4C). This suggests that STZ-induced T1D results in
consistent decreased osteoblast activity, unchanged osteoclast activity
and increased marrow adiposity concurrent with bone loss.

Discussion

As many as 50% adults with T1D exhibit bone loss and an increased
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Figure 3: Mouse strain affects the magnitude of STZ-induced T1D
reduction in bone volume fraction. Trabecular bone volume fraction (BVF)
was determined in the region of the distal femur. 129/Sv lost significantly
more BVF compared to Balb/c and C57BL/6 diabetic mice. Percent BVF was
calculated using uCT imaging technique and displayed relative to individual
strain’s control. Bars represent the average value + SE (n > 8-10 per group);
* denotes p<0.05.
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Figure 4: Unchanged bone resorption, decreased bone formation and
increased marrow adiposity were observed in T1D mice of all strains. RNA
was obtained from mouse tibias and analyzed for levels of genes known to be
bone phenotype markers. Levels were expressed relative to HPRT, a house
keeping gene that did not modulate among strains nor were its levels modified
by T1D. (A) RNA analysis of the resorption marker Trap5 demonstrated no
significant change in all three mice strains. (B) Bone formation marker, OC,
decreased similarly in all three strains studied. (C) Elevated aP2 expression
was observed in all three mice strains. Control (white bars) and diabetic (black
bars) mice for each strain were examined. Bars represent the average value
SE (n > 8-10 per group); * denotes p<0.05.

risk of fractures, which if they occur affect the overall quality of life in
T1D patients. Identification of the factors contributing to T1D bone
loss is critical to understanding the underlying pathogenesis of T1D
osteoporosis so that effective therapies can be developed to treat or
prevent bone loss [37]. Understanding the influence of mouse strain/
genotype on the extent of T1D induced bone loss serves several key
points: 1) addresses if genetic factors can impact the extent of bone
pathology, 2) identifies differences among mouse strains that can
be utilized in the future to assess bone pathology modifiers, and 3)
provides a data base that can be referred to when selecting a mouse
strain for a T1D study. Here, our findings reinforce that overall skeletal
responses to T1D are consistent across mouse strains and therefore not
completely genetically dependent. The magnitude of disease and bone
loss effects, on the other hand, was sensitive to mouse strain/genotype
differences.

We observed differences in blood glucose levels between T1D mice
of different strains: this parameter, considered to characterize disease
severity and/or responsiveness to STZ, has a genetic component as has
been previously reported; specifically, studies show that the ability of
STZ to induced T1D is mouse strain specific and that certain mouse
strains need higher doses of STZ to induce T1D [30]. In our study all
mice developed T1D with the same STZ dosing/treatment regime.
However, the 129/Sv mice exhibited the lowest non-fasting blood
glucose levels, which were still well above our cut off for diabetes (429
versus 300 mg/dl). With regard to bone, the increase in blood glucose

levels/disease severity did not directly correlate with the amount of
bone loss ultimately observed. Specifically, even though the T1D 129/
Sv mice had the lowest blood glucose levels they lost the most bone.
This was surprising given that previous studies indicate a relationship
between mouse blood glucose levels and osteoblast death in bone [38],
which can contribute to TID bone loss. The discordance between
blood glucose levels and bone loss may result from the presence of a
maximum level of hyperglycemia and/or disease severity wherebone
loss is no longer proportional to disease severity (i.e, increases in
hyperglycemia beyond 500 mg/dl does not cause proportional losses
in bone).

We found that T1D mice from all strains, Balb/c, C57BL/6 and 129
Sv mice, consistently demonstrated decreased bone density, the extent
of which was modified by mouse strain. Differences in the magnitude
of T1D bone loss between mice might be explained by different genetic
anabolic responses/properties. This is supported by the previous
observation that there is a genetic association between bone density
and serum levels of IGF-1 in the F2 progeny of the cross of LID (with a
mixed genetic background of FVB/N, C57BL, and 129Sv) and ALSKO
mice (with a mixed genetic background of BALB/c and 129/Sv) [39].
It is also found that C3H mice have higher serum levels of growth
hormone [40,41] and IGF-1 [42], compared to C57BL/6. The specific
factors that account for the strain-dependent contributions to the
extent of T1D bone loss remain to be identified.

The 129/Sv strain demonstrated the greatest level of bone loss. This
strain is commonly used to create the knockout mice and embryonic
stem cell cultures [43] and thus if a genetically modified mouse
colony is not fully backcrossed into a new strain, it can contain some
129/Sv genome which can influence its responsiveness to T1D, for
example. Given the role of mouse strains in regulating overall basal
levels of bone density as well as the degree of disease severity and
bone responses to disease, working with mice that have known similar
backgrounds and/or are litter mates is critical to avoid errors in data
interpretation. In addition to bone density differences, the immune
system differs between mouse strains including Balb/c and C57BL/6
mice. Balb/c mice have more plasma cytoid dendritic cells in their
lymphoid organs compared to C57BL/6 and the numbers of other
subsets of dendritic cells varied between the strains [44,45]. Differences
in acute inflammatory responses in 129/Sv, Balb/c and C57BL6 mice
have also been reported [46]. In addition, when fed the same diet, 129/
Sv mice absorb significantly more cholesterol than C57BL/6 mice.
Correspondingly, 129/Sv mice have markedly lower rates of hepatic
and intestinal cholesterol synthesis compared to C57BL/6 mice [47].
The varied immune sensitivity and metabolism in different mice
strains might contribute to their unique T1D bone phenotype. More
endpoint analyses, e.g. bone histomorphometry and bone marrow cell/
peripheral blood cell profiles should be studied in the future to support
and explain the observed bone phenotype in this study.

Using different mouse models, we and others demonstrated that
T1D induced bone loss is marked by a predominant suppression in
bone formation and increased marrow adiposity [1,7,11,48]. Therefore
the bone formation marker (OC), bone resorption marker (Trap5)
and marrow adiposity marker (aP2) were examined here. Because of
differences in the amount of bone loss, we expected to see differences
in the molecular bone parameters, but did not. This suggests that
difference in bone phenotype cannot be fully explained by differences
in markers of osteoclast/osteoblast activity and marrrow adiposity.
This may be the result of looking at only one time point. In addition
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to bone deposition markers, bone turnover rate (affected by the in
vivo metabolic and anabolic status) might be another factor that
should be taken into account. More bone markers, particularly bone
turnover markers such as serum alkaline phosphatase, procollagen 1
extension peptide, urine or serum N-telopeptide, c-telopeptide and
deoxypyridinoline should be examine to investigate the underlying
mechanisms. Other mechanisms to explain the strain dependent
severity of bone loss in T1D also await further elucidation. In summary,
these data provide a foundation for understanding how mouse strain
influences skeletal responses to T1D. The data also provide a strong
rationale for additional future studies designed to exploit mouse strain/
genetic differences in T1D bone pathologies to identify mechanisms
regulating bone loss in this disease.
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