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Abstract

Type I (T1) diabetes is an autoimmune and metabolic disease associated with bone loss. Previous 

studies demonstrate that T1-diabetes decreases osteoblast activity and viability. Bisphosphonate 

therapy, commonly used to treat osteoporosis, is demonstrated to inhibit osteoclast activity as well 

as osteoblast apoptosis. Therefore, we examined the effect of weekly alendronate treatments on 

T1-diabetes induced osteoblast apoptosis and bone loss. Bone TUNEL assays identified that 

alendronate therapy prevents the diabetes-induced osteoblast death observed during early stages of 

diabetes development. Consistent with this, alendronate treatment for 40 days was able to prevent 

diabetes-induced trabecular bone loss. Alendronate was also able to reduce marrow adiposity in 

both control diabetic mice compared to untreated mice. Mechanical testing indicated that 40 days 

of alendronate treatment increased bone stiffness but decreased the work required for fracture in 

T1-diabetic and alendronate treated mice. Of concern at this later time point, bone formation rate 

and osteoblast markers, which were already decreased in diabetic mice, were further suppressed in 

alendronate treated diabetic mice. Taken together, our results suggest that short term alendronate 

treatment can prevent T1-diabetes-induced bone loss in mice, possibly in part by inhibiting 

diabetes onset associated osteoblast death, while longer treatment enhanced bone density but at the 

cost of further suppressing bone formation in diabetic mice.
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INTRODUCTION

Type I (T1) diabetes is both an autoimmune and metabolic disease characterized by little to 

no insulin production and hyperglycemia. Medical advances to maintain euglycemia are 

increasing patient lifespan, however, even today proper maintenance of glucose level 

remains difficult. Prolonged exposure to hyperglycemia results in increased occurrence of 

secondary complications such as neuropathy, nephropathy, retinopathy and osteoporosis 

[Beisswenger et al., 2005; Duby et al., 2004; Goralski and Sinal, 2007; McCabe, 2007; 

Susztak et al., 2006; Valeri et al., 2004]. Osteoporosis is defined as 2.5 standard deviations 

below average bone density in humans. A decrease in bone density by even 1 standard 

deviation results in increased fracture risk by roughly 2.4 times. Bone loss and increased 

fracture risk are evident in the hip [Alexopoulou et al., 2006; Forsen et al., 1999; Hamilton 

et al., 2009; Meyer et al., 1993; Miao et al., 2005; Munoz-Torres et al., 1996; Schwartz et 

al., 2001] and spine [Alexopoulou et al., 2006; Hamilton et al., 2009; Munoz-Torres et al., 

1996] of T1-diabetic patients and are independent of gender and age. Spontaneous and 

pharmacologic-induced rodent models of T1-diabetes display comparable decreases in bone 

density to T1-diabetic patients [Botolin and McCabe, 2006a; Coe et al., 2012].

Analysis of bone parameters in diabetic patients and mouse models indicate that bone 

formation is reduced [Bain et al., 1997; Botolin et al., 2005; Botolin and McCabe, 2007; 

Bouillon et al., 1995; Cakatay et al., 1998; Glajchen et al., 1988; Lumachi et al., 2009; 

McCabe et al., 2011; McCabe, 2007; Motyl and McCabe, 2009b; Motyl et al., 2009; Motyl 

and McCabe, 2009c]. Bone formation is regulated by numerous factors and can be 

suppressed through multiple processes including increasing mesenchymal cell progression to 

adipocyte over osteoblast lineage selection as well as by increasing osteoblast death. 

Elevated marrow adiposity is associated with diabetic bone loss [Botolin and McCabe, 2007; 

McCabe, 2007; Motyl and McCabe, 2009a]. However, inhibition of marrow adiposity does 

not prevent diabetes-induced bone loss [Botolin and McCabe, 2006b; Martin and McCabe, 

2007; Motyl and McCabe, 2009c] suggesting that additional mechanisms are required. 

Recently, we reported elevated osteoblast apoptosis during diabetes onset when the first 

detectable decrease in osteocalcin expression is observed [Coe et al., 2011; Motyl et al., 

2009]. Osteoblast death has also been shown to be elevated in bacteria-challenged type 2 

diabetic animals [He et al., 2004] and reduced by treatment with TNFα-specific inhibitors 

[Alblowi et al., 2009; Kayal et al., 2010]. Bone marrow cells from diabetic mice contribute 

to the increased osteoblast death seen in T1-diabetes [Coe et al., 2011].

To date, no perfect therapy exists for treating diabetes-induced bone loss. The most 

commonly used preventive therapy for decreased bone density is bisphosphonates [Bushardt 

et al., 2006; Cole et al., 2008; McClung, 2003a; McClung, 2003b]. These drugs selectivity 

integrate into bone mineral surfaces where they inhibit osteoclast-mediated resorption, 

recruitment and differentiation [Black, 1996; Devogelaer, 1996; Devogelaer et al., 1996; 

Giannini et al., 1993; Hosking et al., 1998; Liberman et al., 1995; McClung et al., 1998] and 

prevent both vertebral and non-vertebral fractures [Hughes et al., 1989; Russell and Rogers, 

1999; Sahni et al., 1993; Sato et al., 1991]. Previous studies suggest that bisphosphonates 

not only inhibit osteoclast-mediated resorption but they also inhibit osteoblast and osteocyte 

death [Plotkin et al., 2006; Plotkin et al., 1999], thus making them a possible beneficial 
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therapy for treating diabetic patients. In vitro studies report that bisphosphonates protect 

rodent-derived osteoblasts from advanced glycation end products (AGE)-induced death 

(previously shown elevated in diabetic bone) [Gangoiti et al., 2008]. Clinically, type 2 

diabetic and non-diabetic women taking bisphosphonates displayed a benefit in overall bone 

health [Keegan et al., 2004]. The goal of this study was to determine if weekly alendronate 

therapy, a commonly used bisphosphonate, would prevent diabetes-associated osteoporosis. 

Our findings indicate that short-term alendronate treatment reduced diabetes-induced 

osteoblast death and prevented diabetes-induced bone loss, but at 6 weeks the consistent 

diabetes-induced reduction of bone formation markers was further suppressed by 

alendronate treatment.

METHODS

Diabetic Mouse Models

Diabetes was induced (starting at experimental day 0) in adult (16 week old) male C57BL/6 

mice by daily intraperitoneal injections of streptozotocin (50 mg/kg body weight in 0.1 M 

citrate buffer, pH 4.5) for 5 consecutive days. Controls were given citrate buffer alone. 

Alendronate was delivered (beginning on day 0) by weekly subcutaneous injections in 

control (n=8) and diabetic (n=8) mice at a concentration of 2 mg/kg/week, a dose consistent 

with past mouse studies [Nijenhuis et al., 2008]. Mice were maintained on a 12-hour light, 

12-hour dark cycle at 23°C, given standard lab chow and water ad libitum. Diabetes was 

confirmed 12 days after initial injection using an Accu-Check compact glucometer (Roche 

Diagnostics Corporation, Indianapolis, IN) with a drop of blood from the saphenous vein. 

Mice were euthanized at either 7 or 40 days after the start of diabetes induction. At this time 

general parameters were measured, including blood glucose levels and total body, tibialis 

anterior and subcutaneous femoral fat pad mass. Animal procedures were approved by the 

Michigan State University Institutional Animal Care and Use Committee.

RNA Analysis

Immediately after euthanasia, one tibia and femur were cleared of soft tissue and snap frozen 

in liquid nitrogen and stored at −80°C. Frozen tibias were crushed under liquid nitrogen 

conditions, homogenized, and placed in Tri Reagent (Molecular Research Center, Inc., 

Cincinnati, OH). RNA integrity was determined through formaldehyde-agarose gel 

electrophoresis. cDNA was synthesized through a reverse transcriptase reaction utilizing 

Superscript II Reverse Transcriptase Kit and oligo dT (12–18) primers (Invitrogen, 

Carlsbad, CA), amplified by quantitative real time PCR with iQ SYBR Green Supermix 

(Bio-Rad, Hercules, CA), and gene-specific primers. Forward and reverse primers for aP2, 

Bax, HPRT, osteocalcin and cathepsin K have been previously described [Botolin et al., 

2005; Harris et al., 2009]. Expression of HPRT is constant in diabetic and control mouse 

bones and therefore was used as a housekeeping gene. Real time PCR was carried out for 40 

cycles, each cycle consisting of 95°C for 15 seconds, 60°C for 30 seconds (except 

osteocalcin which has an annealing temperature of 65°C) and 72°C for 30 seconds. RNA-

free samples were used as a negative control and did not produce amplicons. PCR products 

were separated on 1.5% agarose gel electrophoresis and sequenced to verify the desired gene 

is being amplified.
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Micro-computed Tomography (μCT) analysis

Fixed femurs in 70% ethanol were scanned using the GE Explore μCT system at a voxel 

resolution of 20um from 720 views with a beam strength of 80kvp and 450uA. Integration 

time for each scan was 2000ms. 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 (800) and isosurface analysis confirmation, trabecular bone densities 

(bone volume fraction (BV/TV), bone mineral density (BMD) and content (BMC), and 

trabecular thickness (tb. th), number (tb. n) and spacing (tb. sp)) were measured in the 

trabecular region defined at 0.17mm under the growth plate of the femur extending 2mm 

toward to diaphysis, and excluding the outer cortical shell. Cortical bone measurements are 

determined with a 2-mm3 region of interest (ROI) in the mid-diaphysis. Cortical thickness, 

moment of inertia, cortical area, marrow area, total area, inner perimeter and outer perimeter 

as well as all trabecular parameters were computed using the GE Microview Software for 

visualization and analysis of volumetric image data.

Mechanical Strength Testing

Mouse femurs were subjected to three-point bending to determine their mechanical 

properties [Isaksson et al., 2009a; Isaksson et al., 2009b; Jamsa et al., 1998; Phillips et al., 

2008; Schriefer et al., 2005]. Specimens were thawed at room temperature prior to testing 

and kept wet in saline solution. The bones were placed on the apparatus support with the 

medial surface facing up and loaded using an MTS Insight at 0.05 mm/s until failure. The 

stiffness was determined by calculating the slope of the load versus displacement curve. The 

elastic modulus was calculated using elementary beam theory (Equation 1) [Jamsa et al., 

1998].

(1)

Where P is the load, L is the span length of the three-point bend support (10 mm), I is the 

moment of inertia, and δ is the deflection at the center of the bone. The load and 

displacement values were determined using the linear portion of the load versus 

displacement curve. The ultimate stress was calculated using Equation 2.

(2)

In equation 2, P is the ultimate load, L is the span length, c is half the bone diameter along 

the loading axis, and I is the moment of inertia. To calculate the moment of inertia, the 

mouse bone was modeled as a hollow ellipsoid. The thickness of the bone was averaged 

from MicroCT data for each specimen. The moment of inertia for a hollow ellipsoid can be 

calculated using equation 3 where B and D represent the outer major and minor diameters 

(respectively) and b and d represent the inner major and minor diameters (respectively).

[Harris et al.]
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Bone Histology and Histomorphometry

Bones were fixed in 10% buffered formalin, transferred to 70% alcohol after 24 hours and 

then processed for dehydration, clearing and infiltration on a routine overnight processing 

schedule. Samples were then paraffin embedded on a Sakura Tissue Tek II embedding 

center and 5 μm sections prepared. Osteoclasts were identified, by staining for tartrate 

resistant acid phosphatase (TRAP) (Sigma). The number or surface area of osteoclasts, 

osteoblasts and adipocytes was determined in the trabecular region of the femur (defined at 

0.17mm under the growth plate of the femur extending 2mm toward to diaphysis). 

Osteoclast and osteoblast surface was measured in three trabecular regions for each mouse 

and expressed as a percent of total trabecular surface. Visible adipocytes, greater than 30 

μm, were counted in the same trabecular region.

Scanning Electron Microscopy

Bone specimens SEM micrographs were obtained using a JEOL 6400V SEM (Japan 

Electron Optics Laboratories, Tokyo, Japan) with a LaB6 emitter (Noran EDS, Noran 

Instruments Inc., Middleton, WI) at an accelerating voltage of 15 kV and magnification of 

25,000×.

Cell death

Cell death was determined using a TACS•XL® Basic In Situ Apoptosis Detection Kit 

(TUNEL, Trevigen Inc., Gaithersburg, MD) on the L1–3 vertebrae or femur sections. 

Osteoblasts with positive nuclei were counted and expressed as a percentage of total 

osteoblasts counted per bone. Positive controls included slides incubated with nuclease. Five 

trabecular regions were examined for each mouse. Total osteoblasts counted ranged between 

20 and 100 per bone.

Dynamic bone formation

Mice were injected intraperitoneally with 200μl of 10mg/ml calcein (Sigma, St. Louis, MO, 

USA) dissolved in saline at 7 and 2 days prior to harvest. L3–L4 vertebrae were fixed in 

formalin at time of harvest then transferred to 70% ethanol 24 hours later. Vertebrae were 

then embedded, sectioned and examined under UV light. Five images were taken and the 

distance between the calcein lines and their length along the bone surface was measured and 

used to calculate MAR. Mineralizing surface was calculated by measuring total calcein 

labeling per total trabecular surface. Bone formation rate was calculated by the equation 

BFR=mineralizing surface × mineral apposition rate as previously stated [Bennett et al., 

2007; Schriefer et al., 2005].

Serum Measurements

Blood was collected at the time of harvest, allowed to clot at room temperature for 5 

minutes, then centrifuged at 4,000 rpm for 10 minutes. Serum was removed and stored at 

−80°C. Serum went through no more than two freeze/thaw cycles. Serum TRAP5b and 

Osteocalcin were measured using a Mouse TRAP and OC assay kits (SB-TR103, 

Immunodiagnostic Systems Inc., Fountain Hills, AZ, USA and BT-470, Biomedical 
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Technologies Inc., Stoughton, MA, USA respectively) according to the manufacturer’s 

protocol.

Statistical Analysis

All data is presented as mean ± standard error. Statistical significance (p-value < 0.05) of 

main effects (treatment or diabetes) as well as treatment × diabetes interaction (which 

determines if diabetes alters the treatment effect or vise versa) was determined using 2-way 

factorial analysis of variance (ANOVA) where noted, by using SPSS statistical software 

(Chicago, IL). When diabetes and treatment were found to have a significant effect, a Fisher 

post hoc test was performed to determine significant differences between treatment groups. 

When 2-way ANOVA analysis did not show significance we used the less stringent 1-way 

ANOVA with a Fisher post hoc test to determine significant differences between groups. 

Specific statistical analyses are noted in the figure legends.

RESULTS

Previously, we demonstrated an increase in osteoblast death in T1-diabetic mice during early 

stages of disease induction [Coe et al., 2011; Motyl et al., 2012]. Given that past reports 

indicate a role for bisphosphonates in suppressing osteoblast apoptosis, we examined if 

alendronate treatment could suppress diabetes induced osteoblast apoptosis at this early time 

point. Diabetes was induced by streptozotocin injection in 16-week-old adult male C57BL/6 

mice, and the mice were divided into two subgroups: alendronate treated and non-treated 

mice. Mouse femur sections were examined for TUNEL positive osteoblasts seven days 

after the start of the study, a time point where osteoblast death is readily detectable [Coe et 

al., 2011]. Consistent with past reports, the untreated diabetic mouse bones exhibited a 

significant (Fisher post-hoc test) increase in TUNEL positive osteoblasts (elevated nearly 4-

fold). Two-way ANOVA analysis indicated that there was treatment × disease effect 

indicative of alendronate not affecting controls but affecting diabetic mice. In parallel, 

expression of the pro-apoptotic factor Bax was elevated by 40% compared to control mice 

(Figure 1B). Consistent with our hypothesis, alendronate-treated T1-diabetic mice did not 

display an increase in the number of TUNEL positive osteoblasts or in Bax mRNA levels in 

bone (Figure 1).

Because of the beneficial effects of alendronate on early stage (7 day) T1D diabetic bone 

changes, we examined if there were benefits to general body and bone parameters with 40 

days of bisphosphonate treatment in control and diabetic. Analysis of general mouse 

parameters indicated that 40 days alendronate treatment decreased both femoral and visceral 

fat pad mass by 12.5% and 42%, respectively, compared to controls (table I), but did not 

prevent any of the diabetes-induced physiological changes. Specifically, diabetic mice with 

or without alendronate treatment displayed comparable elevations in blood glucose levels 

when compared to their respective controls (averaging 511 mg/dl and 494 mg/dl, 

respectively) (Table I). Both alendronate treated and untreated diabetic mouse groups 

displayed decreases in total body mass (14% and 13%, respectively), femoral fat pad mass 

(62% and 61%, respectively), tibialis anterior mass (24% and 25%, respectively), and 
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visceral fat mass (94% and 96%, respectively) when compared to their respective treatment 

controls.

Next, we examined bone density parameters at 40 days post-diabetes induction using micro-

computed tomography quantification and three-dimensional isosurface imaging of the distal 

femur trabecular region (Figure 2A). As expected and consistent with past studies, diabetes 

reduced trabecular bone volume fraction (BV/TV) and bone mineral density (BMD), by 

31% and 27%, respectively (Figure 2B). Changes in trabecular parameters of the diabetic 

mice were characterized by decreases in trabecular thickness and number and increases in 

trabecular spacing (Table II). In contrast, alendronate therapy significantly increased both 

BV/TV and BMD by 54% and 27%, respectively, beyond control mouse levels. Alendronate 

treatment also increased trabecular number by 25% compared to non-treated controls. Even 

more importantly, alendronate therapy maintained high bone density and volume in the 

diabetic mice. Consistent with previous reports, T1-diabetes decreased femur diaphyseal 

cortical thickness, cortical area and the percent cortical area/total area compared to control 

bones (Figure 3, Table II). In contrast, T1-diabetic mice treated with alendronate displayed 

cortical bone parameters that were similar to control mice (Figure 3, table II). Two-way 

ANOVA analysis did not reveal an interaction between diabetes and alendronate treatment 

for bone volume or cortical parameters.

Consistent with alendronate’s benefit to bone density, it significantly reduce the overall 

marrow adipocyte number per total marrow area in both control and diabetic mice resulting 

in diabetic-treated mice having significantly less adipocytes than untreated diabetic mice 

(Figure 4). In contrast, bone aP2 expression, an adipocyte marker, was elevated in diabetic 

mice but levels were not suppressed by alendronate treatment in control or diabetic mice. 

The discordance between alendronate treatment reducing basal adipocyte numbers but not 

aP2 levels in mice could result from the presence of smaller adipocytes present in 

alendronate treated mice but not included in our counts (hence the basal adipocyte number is 

actually higher), altered adipocyte maturation (greater aP2 expression per adipocyte, so 

fewer adipocytes would still express the same level of aP2 as untreated mice) or changes in 

macrophage numbers in the marrow of alendronate treated mice (leading to increased 

overall levels of aP2). Of interest, the specific T1-diabetes induced bone marrow adiposity 

effect [Botolin and McCabe, 2007; Martin and McCabe, 2007; McCabe, 2007; Motyl and 

McCabe, 2009c] was seen in both untreated and treated mice (Figure 4). Specifically, T1-

diabetes induced a significant greater than 2-fold increase in bone marrow adipocyte number 

per total marrow area and a 60% increase in bone aP2 mRNA levels (a mature adipocyte 

marker) in both untreated and treated mice.

To test if the observed changes in bone density translated into stronger bone, we examined 

femur diaphyseal bone strength parameters by three-point bending following 40-days of 

alendronate treatment. Both diabetes and alendronate showed limited effects on the ultimate 

stress and elastic modulus of the specimens (Figure 5). The bones did, however, show a 

change in stiffness. Bones from alendronate treated mice showed a higher stiffness (~20%) 

compared to control specimens. T1-diabetic mouse bones showed a decrease in stiffness 

(~20%) and alendronate significantly increased the stiffness (~30%) (Figure 5). However, 

compared to control mice, the work to fracture was significantly decreased in both diabetic 
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(45%) and alendronate treated (~30%) mice, while alendronate treated diabetic mice 

displayed a minor trend to decrease (~10%).

Following fracture, the cross sectional images of the femurs were viewed using scanning 

electron microscopy (SEM) to further assess bone quality. Representative images (Figure 6) 

demonstrate the structural differences between bones from control compared to bones from 

diabetic and alendronate treated mice, which displayed evidence of circumferential cracks 

running parallel to the bone surface (as indicated in Figure 6 by the white arrows) on the 

compressive portion of the bones. The presence of cracks is consistent with the calculated 

work to fracture (Figure 7) that decreases in the bones from the untreated-diabetic mice 

(p<0.05), the alendronate treated control mice (p<0.05), and the treated-diabetic mice bone 

(trend) when compared to the bones from the untreated control mice. Interestingly, the 

largest cracks appear in the samples having the lowest work to fracture (untreated-diabetic 

and the alendronate treated control) in comparison to the smaller cracks in the treated-

diabetic mice bone. The functional significance of these cracks is not fully known, since we 

did not control for variations in the bone matrix, pore size and pore distribution, but is an 

area of future investigation.

To assess the mechanism of alendronate treatment effects on diabetic bone we examined 

osteoclast and osteoblast markers. Bisphosphonates are known suppressors of bone 

resorption and accordingly we observed that alendronate therapy decreased serum active 

Trap5b levels in both the control and diabetic mice (Figure 7). However, we did not observe 

significant reductions in other osteoclast markers (cathepsin K expression or percent 

osteoclast surface), this is likely due to the time point that they were measured at (40 days) 

and variability among mice. Similarly, T1-diabetes induced changes were variable, but did 

show an increase in serum Trap5 levels in both untreated and treated mice.

Examination of osteoblast markers indicated that T1-diabetes decreased serum osteocalcin 

levels and osteocalcin mRNA levels by 30% and 37%, respectively, similar to past studies 

(Figure 8). Alendronate therapy alone decreased serum and tibia osteocalcin levels while 

alendronate treated diabetic mice displayed the lowest osteocalcin levels of the groups 

(Figure 8). Consistent with this finding, diabetes alone and alendronate therapy alone or in 

combination (diabetic mice treated with alendronate) decreased dynamic bone formation 

rate. Specifically, bisphosphonate treatment resulted in an ~80% reduction in bone 

formation rate, while diabetes only decreased BFR by ~40%. One-way ANOVA determined 

that alendronate treatment caused further suppression (by more than 66% compared to 

untreated diabetic mice, p<0.001) of an already low BFR in diabetic mice. Interestingly, we 

observed the circumferential cracks in the three groups with low osteoblast marker levels.

DISCUSSION

Bisphosphonate therapy is the first line of pharmacological defense against osteoporosis. 

Previous studies have demonstrated that bisphosphonates selectively integrate into bone 

mineral surfaces and increase bone mineral density [Black, 1996; Devogelaer, 1996; 

Devogelaer et al., 1996; Giannini et al., 1993; Hosking et al., 1998; Liberman et al., 1995; 

McClung et al., 1998] by inhibiting osteoclast-mediated resorption, recruitment and 
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differentiation and by stimulating osteoclast apoptosis. Previous studies suggest that 

bisphosphonates not only inhibit osteoclast-mediated resorption, but they also inhibit 

osteoblast and osteocyte death [Plotkin et al., 2006; Plotkin et al., 1999]. Previously, we 

demonstrated that T1-diabetes results in elevated osteoblast apoptosis and increased Bax 

expression in bone [Coe et al., 2011]. Here, we demonstrate that alendronate prevents 

osteoblast death and elevated Bax expression during early stages of diabetes development 

and more importantly prevents diabetes-induced bone loss at 6 weeks post-diabetes 

induction. However, the longer treatment time led to decreased osteoblast marker levels and 

a lower work to fracture, both of which can increase fracture risk and bone loss with 

extended treatment. This is a major concern considering that diabetes is associated with 

altered matrix properties that can already weaken the bone [McCabe et al., 2011; Saito et al., 

2014].

Only a few studies have addressed the impact of bisphosphonate therapy on diabetic bone 

and all of these studies have been directed at T2-diabetic changes. One clinical study 

involving patients on long-term (4 years) bisphosphonate treatment indicated that the 

treatment did not prevent bone loss in postmenopausal women with type 2 diabetes 

[Dagdelen et al., 2007]. In contrast, a study performed on 13 post-menopausal Japanese 

women with type 2 diabetes taking bisphosphonates for 6 or 12 months demonstrated 

elevated bone density in the lumbar spine at both time points [Kanazawa et al., 2010]. 

Similarly, Keegan et al. found that non-diabetic and type 2 diabetic women benefitted in 

overall bone health from bisphosphonate therapy [Keegan et al., 2004]. Interestingly, in this 

study more diabetic women reported taking estrogen supplements compared to non-diabetic 

women. This is important to note since estrogen would contribute to bone health due to its 

positive impact on bone formation.

Bisphosphonates, while thought to predominantly affect osteoclast activity, can also affect 

osteoblasts. Of benefit is their ability to suppress osteoblast and osteocyte apoptosis [Plotkin 

et al., 1999], similar to what we observed. Osteocyte apoptosis is also increased in the STZ-

induced diabetes model [Portal-Nunez et al., 2010] and could also contribute to the increase 

we observe in Bax mRNA levels. Of additional interest to the diabetic condition, Gangoiti, 

et al. reported that mouse and rat osteoblasts treated with advanced glycation end products to 

induce cell death were protected from death at low bisphosphonate concentrations [Gangoiti 

et al., 2008].

Although inhibition of osteoblast and osteocyte apoptosis is beneficial for T1-diabetic bone, 

bisphosphonates can also suppress bone formation and osteoblast differentiation [Giuliani et 

al., 1998; Reinholz et al., 2000], similar to what we observed. The anti-resorptive properties 

of bisphosphonates likely reduce overall bone turnover and can be problematic under T1-

diabetic conditions where bone turnover and anabolic properties are already significantly 

suppressed. Many studies support the notion that T1-diabetic bone loss is due primarily to 

decreased bone formation with little to no change in bone resorption ([Bonfanti et al., 1997; 

Cakatay et al., 1998; Kemink et al., 2000: Botolin and McCabe, 2006b; Motyl and McCabe, 

2009c: Botolin and McCabe, 2007; Martin and McCabe, 2007). Thus giving an anti-

resorptive drug to patients that do not have an osteoclast defect could be counterproductive. 
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Therefore, bisphosphonate variants that do not affect osteoclast activity or bone turnover but 

still inhibit osteoblast and osteocyte apoptosis could be beneficial [Takeuchi et al., 1999].

It should also be noted the bisphosphonate dose could influence the outcome of the 

response. In this study we used a weekly subcutaneous injection of 2 mg/kg/week. While 

this is a common mid-range dose in mouse studies [Nijenhuis et al., 2008], it is given by 

injection and not orally (the way patients would receive it). Thus the bioavailability is likely 

greater in our model. However, consequences of high dose alendronate treatment, such as 

increased osteoblast apoptosis [Gangoiti et al., 2013; Gangoiti et al., 2008], were not 

observed in our study, but we did observe a decrease in bone toughness in treated controls. 

Clearly more work is needed to understand the mechanisms of the bisphosphonate effects on 

diabetic bone.

Bisphosphonates are known for their ability to suppress bone resorption markers [Liberman 

et al., 1995; Orwoll et al., 2000; Saag et al., 1998] and induce osteoclast apoptosis in vitro 

and in vivo [Plotkin et al., 2006; Plotkin et al., 1999; Takeuchi et al., 1999]. While we 

observed a decrease in serum active Trap5b levels we did not observe changes in other 

osteoclast markers. The majority of clinical studies, however, support the premise that 

resorption is decreased or not altered in T1-diabetic patients while formation is clearly 

decreased [Bonfanti et al., 1997; Cakatay et al., 1998; Kemink et al., 2000], consistent with 

our overall findings in this study.

Elevated marrow adiposity is often (but not always [Botolin and McCabe, 2006b; Motyl and 

McCabe, 2009c]) inversely related to diabetes-induced bone loss [Botolin and McCabe, 

2007; Martin and McCabe, 2007; Slade et al., 2012]. Here, we show that alendronate 

treatment did not affect the diabetes-induced increase in marrow adiposity as determined by 

elevated adipocyte numbers and increased aP2 expression compared to controls. 

Interestingly, alendronate treatment of control and diabetic mice did result in and overall 

decrease in adipocyte number per total marrow area compared to corresponding untreated 

conditions. Consistent with our data, a recent clinical study indicated that bisphosphonate 

therapy suppressed marrow adipocyte number by as much as 20% in post-menopausal 

women [Duque et al., 2010]. Additionally, a clinical study that examined over 2400 

postmenopausal women treated with risedronate (another bisphosphoante) demonstrated 

significant decreases in adiposity while increasing BMD levels and reducing the incidence 

of vertebral and non-vertebral fractures [Harris et al., 1999]. In our study, the lack of an 

observed decrease in aP2 expression in control mice treated with alendronate could be due 

to several factors including altered adipocyte size and/or the influence of other cells present 

in the bone marrow microenvironment that express aP2. One study reported that 

hematopoietic cells, specifically monocytes, express both early and late adipocyte markers, 

PPARγ and aP2, respectively [Pelton et al., 1999]. Thus, elevated basal levels of monocytes 

in the control mice treated with alendronate could account for the lack of effect of 

alendronate on aP2 expression.

It is important also to note that studies investigating diabetic patients taking bisphosphonate 

therapy indicate an increased (albeit rare) incidence of osteonecrosis of the jaw at high doses 

commonly used to treat cancer patients compared to non-diabetic patients [Khamaisi et al., 
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2007]. Additionally, there is the link between bisphosphonate therapy and increases in rare 

femur fractures [Black et al., 2010; Kim et al., 2010]. Given that diabetes and 

bisphosphonates both reduce bone turnover, there is the potential for additive or synergistic 

effects with long-term treatment that could result in an increase in brittle bone. However, 

our bone strength measurements indicate that alendronate treatment increased stiffness and 

yield strength in control mice. However, examination of the fractured bone suggests 

increased brittleness.

Taken together, the benefits of bisphosphonate therapy in combating osteoporosis are well 

known for the majority of healthy patients. Our results suggest that short-term 

bisphosphonate therapy can benefit diabetic bone by increasing osteoblast viability and bone 

density. However, given that T1-diabetes suppresses bone anabolic activity and that 

bisphosphonate treatment causes yet a further reduction of osteoblast markers, our data 

suggests caution is needed with regard to long-term treatment protocols for T1-diabetic bone 

loss. Future studies examining the chronic effects of alendronate on T1-diabetic bone health 

are needed. Understanding the positives and negatives of such a treatment on T1-diabetic 

bone health is critical for identifying new and improved bisphosphonate therapies.
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Figure 1. Alendronate suppresses early stage diabetes-induced osteoblast death
Mouse bones were examined during early stage diabetes development, 7 days post-diabetes 

induction with or without alendronate treatment. Bars represent the average value ± SE (n≥5 

per group). A) Percentage of TUNEL positive stained osteoblasts in femur bone. Data was 

analyzed by 2-way ANOVA (charts on right) followed by Fisher post hoc analyses that 

determined significant differences * p< 0.05 (control vs diabetic), ** p<0.01 (untreated vs 

treated diabetic). B) Bax mRNA expression from control (white bars) and diabetic (black 

bars) non-treated and alendronate treated (+ Aln) mice. Bax expression is calculated relative 

to the housekeeping gene HPRT. Bars represent the average value ± SE (n≥5 per group). 

*denotes a significant difference (p<0.05) compared to control as determined by one-way 

ANOVA.
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Figure 2. Long-term treatment with alendronate (40 days) prevents diabetes-induced trabecular 
bone loss
A) Representative microcomputed tomography isosurface images of trabecular bone 

volume/total volume (BV/TV) from distal femurs were obtained from control and diabetic 

mice treated with or without alendronate at 40 days post-diabetes induction. B) Average 

BV/TV and bone mineral density (BMD) in control (white bars) and diabetic (black bars), 

non-alendronate treated and alendronate treated mice. Bars represent the average value ± SE 

(n=7–8 per group). * p<0.05, ** p<0.001 as determined by one-way ANOVA.
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Figure 3. Decreased cortical thickness in diabetic mice
Representative microcomputed tomography isosurface images of cortical thickness from the 

mid-diaphysis region of femurs were obtained from control and diabetic mice treated with or 

without alendronate. Graphical representation of cortical thickness in millimeters is 

displayed from control (white bars) and diabetic (black bars), non-alendronate treated and 

alendronate treated mice. Bars represent the average value ± SE (n=7–8 per group). * 

p<0.05 compared to respective control. ** p<0.05 compared to untreated diabetic bone as 

determined by one-way ANOVA.
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Figure 4. Diabetes induces marrow adiposity and alendronate therapy decreases marrow 
adiposity
Representative images of bone marrow adiposity from distal femurs were obtained from 

control and diabetic mice treated with or without alendronate for 40 days. Graphical 

representations of adipocyte number per total marrow area and aP2 mRNA expression are 

displayed from control (white bars) and diabetic (black bars), non-alendronate treated and 

alendronate treated mice. Bars represent the average value ± SE (n=7–8 per group). RNA 

levels are calculated relative to the housekeeping gene HPRT. Data analyzed by one-way 

ANOVA, * p<0.05, **p<0.01.
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Figure 5. Alendronate increases bone stiffness while diabetes and alendronate reduce force to 
fracture
Three-point bending tests were performed on femurs from control (white bars) and diabetic 

(black bars) non-treated and alendronate treated mice. Stiffness, ultimate stress, energy and 

work to fracture (area under the stress strain curve) were calculated and represented as 

average value ± SE (n≥7–8 per group). Work to fracture was analyzed by 2-way ANOVA to 

determine the effects of bisphosphonate treatment, diabetes and bisphosphonate treatment × 

diabetes on femur strength parameters. Fisher post hoc test was used to compare differences 

between groups. The rest of the graphs were analyzed by one-way ANOVA followed by 

Fisher post hoc tests to compare differences between groups, *p<0.05, **p<0.01.
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Figure 6. Representative scanning electron microscopy (SEM) images of fracture surfaces of 
bones obtained from alendronate treated control and diabetic mice
After strength testing, the bone fracture surfaces were examined. Noted are the tensile (T) 

and compressive fracture areas (C). White arrows point to circumferential cracks that run 

parallel to the bone surface.
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Figure 7. Alendronate effects on bone resorption markers
Serum TRAP5 concentration, cathepsin K mRNA levels, and osteoclast surface were 

analyzed in non-treated and alendronate treated in control (white bars) and diabetic (black 

bars) mice at the 40 day time point. Bars represent the average value ± SE (n=7–8 per 

group). Data was analyzed by one-way ANOVA followed by Fisher post hoc tests to 

compare differences between groups, *p<0.05, **p<0.01.
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Figure 8. Bone formation is decreased at 40 day time point as a result of both diabetes and 
bisphosphonate therapy
A & B) Serum osteocalcin concentration and tibia mRNA osteocalcin expression was 

analyzed in non-treated and alendronate treated in control (white bars) and diabetic (black 

bars) mice. Bars represent the average value ± SE (n=7–8 per group). RNA levels are 

calculated relative to the housekeeping gene HPRT. C) Mice were injected with calcein 

dissolved in saline 7 and 2 days prior to harvest. L3–L4 vertebrae sections were 

photographed under UV light and the distance between the calcein lines were measured. 

Bone formation rate is graphed and bars represent the average value ± SE (n=7–8 per 

group). One-way ANOVA followed by Fishers post hoc tests determined differences among 

the groups. * p<0.05 compared to respective control, ** p<0.01, ***p<0.001.
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Table I

Body parameters in control and diabetic with or without alendronate.

Alendronate

Control
(n=7)

Diabetic
(n=7)

Control
(n=8)

Diabetic
(n=8)

Body Mass (g) 28.4 ± 0.9 24.6 ± 1.0* (−13%) 27.4 ± 0.6 23.7 ± 0.5* (−14%)

Blood Glucose (mg/dl) 156 ± 7 494 ± 29* (217%) 166 ± 7 511 ± 34* (208%)

Fem Fat Mass (mg) 15.8 ± 1.6 6.1 ± 0.7* (−61%) 12.5 ± 1.1ˆ (−12.5%) 4.8 ± 0.7* (−62%)

Tibialis Mass(mg) 3.2 ± 0.2 2.4 ± 0.3* (−25%) 3.3 ± 0.8 2.5 ± 0.3* (−24%)

Vis Fat Mass (mg) 6.88 ± 1.7 0.17 ± 0.01* (−96%) 4.01 ± 0.61ˆ (−42%) 0.26 ± 0.17* (−94%)

Abbreviations: Fem. Fat, femoral fat pad mass, Vis. Fat, visceral fat pad mass. Statistics:

*
p<0.05 compared to respective control.

ˆ
p<0.05 compared to untreated controls. (%) change indicated compared to control littermates and vehicle treated control.
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Table II

pCT femur parameters in control and diabetic vehicle and alendronate treatment littermates.

Alendronate

Trabecular Control Diabetic Control Diabetic

BMC (mg) 0.48 ± 0.02 0.34 ± 0.02* 0.60 ± 0.05* 0.65 ± 0.05*ˆ

BMD (mg/cc) 154 ±5 113 ±9* 195±14* 216 ± 18*ˆ

BV/TV (%) 19.4 ± 1.2 13.4 ±1.6* 29.8 ±4.1* 28.5±2.1*ˆ

Tb. Th (μm) 40.0 ± 1.2 36.4 ±2.0* 48.7 ± 5.1$ 54.9 ± 7.1 *ˆ

Tb. N (1/mm) 4.79 ± 0.26 3.56 ± 0.27* 5.97 ± 0.22* 5.96±0.19*ˆ

Tb. Sp (mm) 0.17 ±0.01 0.26 ± 0.03* 0.12±0.01* 0.11 ±0.01*ˆ

Cortical

Ct. Th (mm) 0.220 ± 0.003 0.206 ± 0.005* 0.230 ± 0.006 0.230 ±0.011ˆ

Imax(mm4) 0.20 ± 0.03 0.16 ±0.01 0.19 ±0.02 0.18 ±0.02

Ec. Pm (mm) 3.68 ± 0.07 3.79 ± 0.07 3.53 ± 0.06* 3.57 ± 0.06ˆ

Ps. Pm (mm) 5.09 ± 0.08 5.01 ±0.07 5.00 ± 0.07 5.01 ±0.06

Ma. Ar (mm2) 0.93 ± 0.03 0.96 ± 0.04 0.86 ± 0.03 0.89 ±0.03

Ct. Ar (mm2) 0.92 ± 0.02 0.78 ± 0.03* 0.93 ± 0.03 0.92 ± 0.04ˆ

Tt.Ar (mm2) 1.85 ±0.06 1.76 ±0.05 1.79 ±0.04 1.81 ±0.04

Ct. Ar/ Tt. Ar (%) 49.9 ± 0.44 44.6 ± 1.56* 52.0 ± 1.09 50.8 ± 1.58ˆ

BMD (mg/cc) 919 + 27 961 ± 26 914± 17 973 ± 24*

Significance:

*
p<0.05 compared to non-treated control

ˆ
p<0.05 compared to non-treated diabetic

$
p<0.07 compared to non-treated control.

Abbreviations: BMC, bone mineral content, BMD, bone mineral density, BV/TV, bone volume fraction, Tb. Th, trabecular thickness, Tb. Sp, 
trabecular spacing, Tb. N, trabecular number, Imax, maximum moment of inertia, Ec. Pm, endocortical perimeter, Ps. Pm, periosteal perimeter, 

outer perimeter, Ma. Ar, Marrow area, Ct. Ar, cortical area, Tt. Ar, total area.
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