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A B S T R A C T   

Diabetes Mellitus is a metabolic disease which profoundly affects many organ systems in the body, including the 
skeleton. As is often the case with biology, there are inherent differences between the sexes when considering 
skeletal development and disease progression and outcome. Therefore, the aim of this study was to develop a 
protocol to reliably induce diabetes in both sexes of the C57BL/6 mouse utilizing streptozotocin (STZ) and to 
characterize the resulting bone phenotype. We hypothesized that destruction of the β-cells in the pancreatic islet 
by STZ would result in a diabetic state with downstream skeletal manifestations. Beginning at 8 weeks of age, 
mice were injected for 5 consecutive days with STZ (65 mg/kg males, 90 mg/kg females) dissolved in a citrate 
buffer. The diabetic state of the mice was monitored for 5 weeks to ensure persistent hyperglycemia and mice 
were euthanized at 15 weeks of age. Diabetes was confirmed through blood glucose monitoring, glucose and 
insulin tolerance testing, HbA1c measurement, and histological staining of the pancreas. The resulting bone 
phenotype was characterized using microcomputed tomography to assess bone structure, and whole bone me-
chanical testing to assess bone functional integrity. Mice from both sexes experienced loss of β-cell mass and 
increased glycation of hemoglobin, as well as reduced trabecular thickness and trabecular tissues mineral density 
(TMD), and reduced cortical thickness and cortical bone area fraction. In female mice the change area fraction 
was driven by a reduction in overall bone size while in male mice, the change was driven by increased marrow 
area. Males also experienced reduced cortical TMD. Mechanical bending tests of the tibiae showed significant 
results in females with a reduction in yield force and ultimate force driving lower work to yield and total work 
and a roughly 40 % reduction of stiffness. When tissue level parameters were estimated using beam theory, there 
was a significant reduction in yield and ultimate stresses as well as elastic modulus. The previously reported 
mechanistic similarity in the action of STZ on murine animals, as well as the ease of STZ administration via IP 
injection make this model is a strong candidate for future exploration of osteoporotic bone disease, Diabetes 
Mellitus, and the link between estrogen and glucose sensitivity.   

1. Introduction 

The World Health Organization (WHO) estimates that in 2016, 8.5 % 
of adults worldwide suffered from Diabetes Mellitus, an increase from 
4.7 % in 1980 (W. H. Organization, 2016). This level is expected to rise 
to roughly 7.7 % by 2030 (Shaw et al., 2009). Type I Diabetes Mellitus 
(T1D) is often diagnosed in childhood and is characterized by an 
inability to produce insulin endogenously. As a group, T1D patients 
exhibit reduced bone mass when compared to age matched peers and 
while this loss is relatively small (<10 % or within one standard devi-
ation) it occurs during peak bone formation years, prohibiting patients 
from reaching ideal peak bone mass during adolescence (Bouillon, 1991; 

Hough et al., 2016). Further, diabetic patients experience lower bone 
turnover rates, impaired bone healing, lower bone density and are more 
likely to experience falls and to suffer from bone fractures due to un-
derlying skeletal deficiencies (Report, 2020; Sundararaghavan et al., 
2017; Starup-Linde et al., 2019). 

The streptozotocin (STZ) mouse model of diabetes uses STZ, 
chemotherapeutic agent used clinically to treat pancreatic cancer, to 
ablate the pancreatic β-islet cells responsible for producing insulin in 
response to elevated blood glucose. In humans, the onset of T1D affects 
the bone through multiple pathways; insulin deficiency drives a reduc-
tion of the viable pool of osteoblast progenitors through insufficient 
transcription of Runx-2 (Fowlkes et al., 2008) and reduced production of 
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new collagen by osteoblasts through decreased binding with receptors 
for IGF-1 and insulin receptors (Palta et al., 2014; Bouillon, 1992); the 
downregulation of the Wnt/β-catenin pathway due to increased secre-
tion of sclerostin by osteocytes (Hie et al., 2011); decreased osteocalcin 
production by osteoblasts (Inaba et al., 1995); increased circulation of 
inflammatory cytokines (Jeffcoate et al., 2005; Jin et al., 2013); 
increased levels of RANKL leading to higher numbers of osteoclasts 
(Zhou et al., 2006; Tsentidis et al., 2016); and accumulation of advanced 
glycation end product (AGEs) through non-enzymatic glycosylation of 
collagen causing apoptosis of mesenchymal stem cells further reducing 
the pool of potential osteoprogenitors and decreasing the mineralization 
of new bone (Santana et al., 2003; Yamagishi et al., 2005). STZ models 
of diabetes in rats and mice exhibit many of the same chemical markers: 
reduced Runx-2 transcription (Fowlkes et al., 2008; Hie et al., 2011; Lu 
et al., 2003); downregulation in the Wnt/β-catenin pathway (Portal- 
Nunez et al., 2010); reduced expression of IGF-1 and insulin receptors 
(Bouillon, 1992; Zhao et al., 2013); increased production of inflamma-
tory cytokines (Niu et al., 2016); altered sclerostin production and 
increased levels of RANKL (Bortolin et al., 2015); and decreased levels of 
osteocalcin (Hie et al., 2011). The mechanistic commonalities of STZ- 
induced diabetes with human T1D along with the high specificity of 
toxicity to the cells of the pancreatic β-islet, the ability to control the 
timeline of diabetic onset, and the high success rate of induction (Nahdi 
et al., 2017) indicate this model to be a powerful tool for the study of 
diabetes. 

In theory, the use of the STZ mouse model is well-established though 
many protocols of induction exist. STZ use is reported at varying dosages 
(55–275 mg/kg), for varying lengths of time (injections for 1–5 days), 
and through various delivery methods, and the sensitivity of an indi-
vidual mouse to STZ is strain, sex, and breeder dependent (Chan-
dramouli et al., 2018; Gurley et al., 2006; Hayashi et al., 2006; Leiter, 
1985; Nakamura et al., 1984; Bell et al., 1994; Cortright et al., 1996; Le 
May et al., 2006). Interactions between the cells of the pancreas and 
estrogen make it difficult to induce diabetes in female mice using STZ, 
with male mice experiencing more severe disease phenotypes at lower 
doses (Cortright et al., 1996; Le May et al., 2006). In the study of diabetic 
bone, male Lewis rats have often been used, with mixed reports on 
reduced tibial length and reduced torsional strength and increase in 
stiffness, while male Wistar rats have shown a reduction in femoral 
strength when tested in three-point bending (Cortright et al., 1996; 
Einhorn et al., 1988; Horcajada-Molteni et al., 2001). Male Balb-C mice 
treated with STZ have shown significantly reduced trabecular bone 
volume fraction (BV/TV), volumetric bone mineral density (BMD), and 
trabecular thickness in tibiae after STZ treatment, although this was not 
accompanied by a significant change in tibial length (Botolin and 
McCabe, 2007). CD-1 mice (the sex of which was not reported) treated 
with STZ had reduced bone formation through quantitative histo-
morphometric analysis (Lu et al., 2003; Motyl and McCabe, 2009). Male 
C57BL/6 mice were studied by Hamada et al. in 2007 after 12 weeks of 
STZ treatment, showing a decreased bone volume fraction, and reduced 
bone formation (Hamada et al., 2007). Recently, STZ induced male and 
female C57BL/6J mice have been shown to have reduced bone healing 
capabilities, with female mice expressing increased amounts of inflam-
matory marker IGF-1 and both sexes presenting with a lower BV/TV in 
the trabecular bone of the tibiae (Cignachi et al., 2020). 

The previously mentioned sequelae of cellular changes in diabetes 
result in the alteration of trabecular microarchitecture, reduced cortical 
bone volume, and detrimental impacts on bone mechanical properties 
(Einhorn et al., 1988; Motyl and McCabe, 2009; Ni et al., 2019; Wein-
berg et al., 2014). However, these studies failed to consider the possi-
bility that sex-specific skeletal impacts might exist, a crucial 
consideration given that diabetes is equally prevalent among aging 
human men and women and that, clinically, women have been observed 
to have worse bone-health related outcomes (Schwartz et al., 2002). The 
aim of this study was to develop a protocol to reliably induce diabetes in 
mice from both sexes, and to characterize the resulting disease 

phenotype with a focus on skeletal manifestations and the potential 
downstream effects on the mechanical performance of the bone. It was 
hypothesized that once a diabetic state was established, elevated blood 
glucose would drive quality-based changes and altered architecture in 
the bones of mice from both sexes, resulting in mechanical deficits. 

2. Materials and methods 

2.1. Mouse model 

Male and female C57BL/6 mice were purchased from Envigo labs 
(Indianapolis, IN) at 7 weeks of age and allowed 1 week in our facility to 
acclimate prior to the initiation of the study. Mice were grouped into 
weight-matched treatment groups (Control (ctrl) or Treatment (STZ)) 
within each sex (n = 15 per group). Mice were administered either STZ 
dissolved in a 50 mM citrate buffer vehicle control or vehicle alone via 
intraperitoneal injection for 5 consecutive days starting at 8 weeks of 
age (females: 90 mg/kg, males: 65 mg/kg). Mice were sacrificed at 15 
weeks of age via cardiac exsanguination, through which up to 1 mL of 
blood was collected, followed by cervical dislocation. Bones were 
wrapped in phosphate-buffered saline (PBS)-soaked gauze and stored at 
− 20 ◦C. Animal experiments were approved through the IACUC at 
Indiana University-Purdue University Indianapolis (protocol # 
SC309R), and carried out with deference to the guidelines set forth by 
the National Research Council in the Guide for the Care and Use of Lab-
oratory Animals (Guide for the Care and Use of Laboratory Animals, 
2011). 

2.2. Blood glucose measurements 

Non-fasting blood glucose measurements were made in all mice prior 
to the first STZ injection. Ctrl mice were monitored for two consecutive 
weeks while STZ mice were monitored for four consecutive weeks to 
confirm BG of all control mice was <300 mg/dL and BG of all STZ mice 
was >300 mg/dL. The BG of all mice were measured at sacrifice. Blood 
was collected from the tip of the tail and measured on an Alphatrak 2 
glucometer using the mouse setting adjustment prescribed by the 
manufacturer (Zoetis Products, Chicago Heights, IL). 

2.3. Glucose and insulin tolerance testing 

Mice were subjected to either glucose tolerance testing (GTT, n = 7 
per group) or insulin tolerance testing (ITT, n = 8 per group) at 15 weeks 
of age, prior to the study endpoint. Mice in the GTT group were fasted 
overnight and injected subcutaneously with a bolus of glucose (2 g/kg) 
at time = 0. Blood glucose measurements were made at 0, 10, 20, 30, 60, 
and 90-minute timepoints. Mice in the ITT group were fasted for 2 h 
prior to testing and injected subcutaneously with a bolus of insulin (0.75 
U/kg) at time = 0. Blood glucose measurements were made at 15-minute 
intervals over the course of 1 h. Data are reported as area under the 
curve based on averaged values for each group at each timepoint. 

2.4. Pancreatic analysis 

Pancreata from 5 mice in each group were harvested and weighed, 
then fixed in 10 % formalin for 6 h. Specimen were dehydrated through 
a graded ethanol sequence, cleared with two changes of xylenes, and 
submerged through four changes of melted paraffin (~60 ◦C). Pancreata 
were then embedded in paraffin, allowed to harden, and sectioned using 
a rotary microtome. Sections were flattened on a heated water bath, 
floated onto microscope slides, then dried. Each slide was incubated 
with anti-insulin (C27C9) rabbit monoclonal antibodies (Cell Signaling 
Technology, Danvers, MA) overnight at 4 ◦C. Insulin was visualized with 
anti-rabbit ImmPRESS reagent and NovaRed substrate kit; hematoxylin 
was used to counterstain the tissue. From each pancreas, 5 sections 
separated by at least 50 μm were analyzed using Zen Blue software 
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(Zeiss, Oberkochen, Germany). The insulin-positive area in pixels was 
divided by the total pancreas area in pixels and expressed as a per-
centage. Embedding and sectioning was performed by the Histology 
Core in the Indiana Center for Musculoskeletal Health at Indiana Uni-
versity School of Medicine. Staining and measurements were performed 
by the Islet and Physiology Core in the Center for Diabetes and Meta-
bolic Diseases at Indiana University School of Medicine. 

2.5. HbA1c analysis 

0.5–1 mL of blood was collected via cardiac exsanguination and 
stored in EDTA coated tubes. HbA1c was measured using a latex 
agglutination inhibition assay. Total hemoglobin was determined by 
conversion to alkaline haemitin in non-ionic detergent. The reported 
values are the ratio of the glycated hemoglobin to the total hemoglobin. 
Measures were performed by the Translation Core in the Center for 
Diabetes and Metabolic Diseases at Indiana University School of Medi-
cine on a Daytona+ clinical chemistry analyzer (Randox Laboratories, 
Crumlin, United Kingdom). 

2.6. Microcomputed tomography (μCT) 

Right and Left tibiae were scanned three at a time, through a 0.5 mm 
aluminum filter (V = 60 kV, I = 167 μA) at a 9.8 μm/voxel resolution on 
a Skyscan 1172 (Bruker, Kontich, Belgium) (Kohler et al., 2021). Scans 
were performed at intervals of 0.7 degrees, averaging two frames at each 
increment. Scans of hydroxyapatite phantoms (0.25 and 0.75 g/cm3 

CaHA) were used to calibrate bone mineral density. Image reconstruc-
tion was performed in NRecon software (Bruker, Kontich, Belgium) and 
images were rotated in DataViewer (Bruker, Kontich, Belgium) to ensure 
consistent orientation. To analyze geometric properties, 1-mm trabec-
ular regions of interest beginning just distal to the proximal tibial 
growth plate were segmented from the surrounding cortical shell in 
CTan software. Bone was segmented from non-bone using a grayscale 
threshold of 70 to delineate soft tissue and artifact from bone. Trabec-
ular bone was segmented from cortical bone using the contouring 
threshold program native to CTan software. CTan was then used to 
measure bone volume fraction (BV/TV), trabecular number (Tb. N.), 
trabecular separation (Tb. Sp.), trabecular thickness (Tb. Th.), and tissue 
mineral density (TMD). A 1-mm cortical region of interest at the tibial 
mid-diaphysis of each bone was chosen. The geometry of each section 
was evaluated in a custom MATLAB (MathWorks, Natick, MA) script to 
find total cross-sectional area (TA), bone area (BA), marrow area (MA), 
bone area fraction (BA/TA), cortical thickness (Ct. Th.), moments of 
inertia along the minor (Imin) and major axes (Imax), and cortical TMD. 

2.7. Mechanical testing 

Left tibiae were tested to failure in a 4-point bending configuration 
with a 9 mm support span and a 3 mm loading span (TA Electroforce 
5500). Displacement was applied monotonically in the medial-lateral 
direction at 0.025 mm/s (medial surface in tension). Bones were kept 
hydrated with PBS throughout the test. Force and displacement values 
were recorded. Analysis was performed in MATLAB (MathWorks, 
Natick, MA) to construct a force-displacement curve which was 
normalized with μCT data and standard engineering bending equations 
for four-point bending to produce a stress-strain curve. Yield was iden-
tified using the 0.2 % strain offset method after which the yield point 
was mapped back to the force/displacement domain. Working in the 
force/displacement domain, yield force, maximum force, displacement 
at yield, post-yield displacement, and total displacement were deter-
mined. Stiffness was taken from the linear slope in the elastic region and 
work to yield, post-yield work, and total work were calculated from the 
area underneath the curve. In the stress/strain domain, yield stress, ul-
timate stress, strain to yield, and total strain were identified. The slope of 
the stress-strain curve in the elastic region was taken as the elastic 

modulus, the area under the elastic region of the curve was taken as the 
resilience, and the area under the entire curve was taken as toughness 
(Wallace, 2019). 

2.8. Bone fluorescent advanced glycation end product (fAGE) analysis 

After mechanical testing, 5 samples from each group were randomly 
selected for quantification of bone AGEs. The ends of the broken left 
tibiae were removed, and marrow was flushed from the marrow cavity. 
Bones were demineralized for 30 min in Immunocal™ Decalcifier so-
lution (StatLab, McKinney, TX) until clear and pliable. Demineralized 
bones were rinsed with water, weighed, and dried overnight in an oven 
at 37 ◦C. Samples were transferred to glass hydrolysis tubes and digested 
with 100 μL 6 M HCL/mg at 110 ◦C for 20 h. Samples were cooled, 
diluted with water, and tested on a Cytation 3 plate reader (Biotek, 
Winooski, VT) with fluorescence capabilities at 360 nm excitation and 
460 nm emission. Samples were tested against a quinine standard and 
values were normalized to collagen content using a colorimetric assay 
kit for hydroxyproline as a marker for collagen (BioVision Inc., Milpitas, 
CA). 

2.9. Statistical analysis 

Statistical analyses were performed in Prism (GraphPad v. 9, Sand 
Diego, CA). All data within each sex were evaluated via two-tailed, 
unpaired Student t-tests (with p < 0.05 set as the threshold for statisti-
cal significance). Where data points failed to fall within a normal dis-
tribution, a Mann-Whitney rank sum test was performed. The area under 
the curve (AUC) function in Prism was utilized to calculate AUC for each 
GTT and ITT test. These values were then evaluated via t-test. All data 
are reported as mean +/− standard deviation unless otherwise noted. 

3. Results 

3.1. STZ treatment effectively led to hyperglycemia in male and female 
mice 

For this study, a threshold of 300 mg/dL blood glucose was set to 
differentiate between diabetic and healthy mice. Prior to induction, the 
blood glucose of all mice was confirmed to be below this threshold. One 
week following the final STZ injection, 13 of the 15 female mice and 14 
of the 15 male mice had measured blood glucose above the diabetic 
threshold. Two weeks following the final injection 100 % of mice had 
crossed the diabetic threshold. Glucose was tracked for two consecutive 
weeks in the control mice to verify that no mice became spontaneously 
diabetic, and for four consecutive weeks in STZ mice to ensure persistent 
hyperglycemia. Blood Glucose was again measured at sacrifice, with 
100 % of the diabetic mice measuring over the 300 mg/dL threshold, 
and all control mice measuring below the 300 mg/dL threshold. 

3.2. Ablation of β-cells by STZ leads to increased HbA1c, reduced mass 
and reduced tibial length 

The percent change in body mass over the course of the study was 
significantly different in STZ-treated mice versus control mice (p <
0.0001 for both sexes). On average control mice saw an increase in body 
mass of 14.6 % at sacrifice over initial mass while STZ mice decreased by 
2.5 % (Fig. 1, A). Final tibial length was significantly decreased in female 
STZ-treated mice versus control (p = 0.0039 Fig. 1, B). HbA1c was used 
as a measure of the average percent of glycated hemoglobin in the blood 
(Fig. 1, C). In both male and female STZ-treated mice, HbA1c was nearly 
doubled versus control mice (p < 0.0001 in both cases). Immunohisto-
chemical analysis of sections taken from the pancreata showed a sig-
nificant decrease in percent β-cell area in STZ-treated females versus 
control (p < 0.0001). Although it trended downward, this decrease 
failed to reach significance in male mice. 
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3.3. STZ-treated mice lose ability to metabolize glucose 

To evaluate glucose tolerance and assess β-cell function, a glucose 
tolerance test (GTT) was performed three days prior to sacrifice, 6 weeks 
after the last STZ injection (Fig. 2, A). Mice were fasted for 12 h before 
testing. At time = 0 female mice in both the control and treatment 
groups had BG levels lower than the 300 mg/dL threshold used to 
classify hyperglycemia. In contrast, while male mice in the control group 
were within the healthy BG range, STZ-treated males had elevated BG 
even after the 12-hour fast. Mice from both sexes treated with STZ had 
impaired glucose tolerance. In control animals, blood glucose spiked and 

peaked within the first 10 min of observation. The glucose in the dia-
betic mice continued to climb, peaking around 30 min for the males and 
around 1 h for the females. Control mice rapidly returned to the fasting 
blood glucose level, fully recovering within the first hour. Treated mice 
did not begin to process the glucose as quickly, and never returned to 
their fasting blood glucose levels. The area under the curve was calcu-
lated for each group, showing a significant elevation in the STZ treated 
mice from both sexes (p < 0.0001, Fig. 2, C). 
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Fig. 1. Differences in mass, tibial length and HbA1c following reduction of β-cell area. A. STZ-treated mice gained significantly less mass over the duration of the 
study in both sexes. Percent change of mass was calculated as the final mass at 15 weeks of age divided by the initial mass at 8 weeks of age, multiplied by 100. B. 
Tibial length in STZ-treated females was shorter compared with control mice while no difference was noted in males. C. STZ-treated mice had significantly higher 
levels of glycated hemoglobin in the blood compared to control mice. D. STZ-treated females had significantly lower β-cell population in the pancreas compared to 
healthy mice. Data presented as mean +/− SD. 
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3.4. STZ-treated mice retain the ability to process insulin 

Glucose level of the control animals from both sexes began to 
decrease within the first time-segment after insulin injection, while the 
diabetic animals experienced a small spike in blood glucose 15 min post 
injection. Between 15 and 30 min, blood glucose of the diabetic animals 
began to drop. By the end of the hour, blood glucose of the diabetic 
animals was lower than pre-injection, although within the period of 
observation, blood glucose never dropped low enough to bring the mice 
out of a hyperglycemic state (Fig. 2, B). When the BG measurements at 
each time point were normalized to the BG at t = 0, there was no dif-
ference between the response of the control mice and the STZ mice to the 
exogenous insulin, indicating that STZ treated mice retain the ability to 
process exogenous insulin (Fig. 2, D). 

3.5. fAGEs were not elevated in bone from STZ-treated mice 

Tibiae, with the ends and marrow removed, were digested and pro-
cessed for fAGE content. fAGEs were evaluated as a metric of the prev-
alence of non-enzymatic glycation events within the bone tissue. There 
were no significant differences in the levels of fluorescence measured in 
STZ-treated mice from either sex (Fig. 2, E). 

3.6. Effects of STZ-treatment on bone morphology 

STZ-treated mice from both sexes had lower TMD and trabecular 
thickness compared with their control counterparts (Table 1). No other 
trabecular properties differed in either sex. Analysis of the cortical bone 
at the tibial mid-diaphysis showed that STZ-treated males had enlarged 
marrow area which contributed to a significantly lower bone area 
fraction (Table 2). STZ significantly increased cortical TMD in male 
mice. STZ-treated females had significantly lower total area and bone 
area at the mid-diaphysis of the tibia resulting in a significantly lower 
bone area fraction. STZ-treated females also had lower principal mo-
ments of inertia compared to control females. 

3.7. STZ-treatment alters mechanical performance of bones 

At the whole bone level, there were no significant mechanical dif-
ference in STZ-treated males versus controls (Fig. 3, A; Table 3). Bones 
from STZ-females yielded and broke at forces that were, on average, 75 
% lower than forces noted in control bones. This reduction in yield force 
led to a reduction in the amount of work needed to reach yield and 
maximum force. There was also a 41 % reduction in the stiffness in STZ- 
treated female bones. 

At the tissue level, estimations of yield stress, ultimate stress, and 
elastic modulus were decreased in STZ-treated female versus controls 
(Fig. 3B; Table 4). There were no significant tissue level changes in STZ- 
treated male mice. 

4. Discussion 

STZ has been used for over 30 years as a means of destroying 

pancreatic β-cells to induce a diabetic state in animal models (Junod 
et al., 1967). In the pancreas, STZ competes with glucose to enter the 
β-cell through the Glut2 complex. This specificity is a key aspect of the 
effectiveness of STZ. Once inside the cell, the methyl nitrosourea portion 
of the STZ alkylates DNA, breaking it into fragments. This activates Poly 
ADP-ribose synthetase to repair the DNA, which in turn depletes the 
NAD+ supply. NAD+ is crucial to the cellular production of ATP and the 
lowered ATP production results in the formation of hydrogen peroxide 
and hydroxyl radicals causing oxidative stress, after which cell death by 
both necrosis and apoptosis has been observed (Nahdi et al., 2017). 
Estrogen receptor alpha (ER-α) presents abundantly on the surface of 
β-islet cells in females, creating the opportunity for estradiol to intervene 
in the destruction of cells by STZ by preserving the ability of the mito-
chondria to produce ATP and by promoting healthy protein production 
in the endoplasmic reticulum (ER) (Gupte et al., 2015). Few STZ studies 
use female models given the known difficulty in consistently establish-
ing a diabetic state in this sex. In our prior attempts, male mice 
consistently and reliably became diabetic (blood glucose >300 mg/dL) 
after five daily injections of 45 mg/kg STZ. At that same dose, female 
mice did not become diabetic even when the initial 5-day treatment 
period was followed by a single booster shot of an additional 45 mg/kg 
one week after the first round of injections was completed. A pilot study 
assessed induction with varying doses of STZ. At 60 mg/kg, 50 % of 
female mice became diabetic. At 75 mg/kg, 83 % of mice became dia-
betic. At 90 mg/kg 100 % of mice became diabetic. During that study, 
80 % of females and 86 % of males became consistently hyperglycemic 
one week following the final injection. By two weeks, 100 % of treated 
animals crossed the diabetic threshold. This informed the differential 
dosing used in the current study. As there was no factor by which to 
normalize male data to female data given the difference in STZ dosing, 
the sexes were considered separately for statistical evaluation. While 
using a differential dose allowed study of both sexes, the absence of a 
factor by which to normalize the severity of diabetes to the dose 
different between sexes is a limitation that prevents direct comparison of 
results from male and female mice. 

Although histological examination of the pancreatic tissue indicated 
that β-cells were not completely absent, it is unclear if this is due to 
failure to completely destroy the β-cell population or if some cells re-
generated during the 7 weeks following disease initiation. The decrease 
in % β-cell area observed in both sexes after STZ treatment paralleled the 
measured hyperglycemia in all STZ-treated mice over the duration of the 
study (BG > 300 mg/dL). Taken together, this indicates that STZ was the 
direct driver of the disease phenotype. Prior to euthanasia, all mice 
underwent either glucose or insulin tolerance testing to quantify the 
ability of the mice to produce and respond to insulin. GTT showed that 
STZ-treated mice were unable to modulate injected glucose, taking 
longer to reduce BG levels and doing so with less efficiency than control 
mice. Insulin production was compromised in the treated mice. How-
ever, when insulin was given to diabetic and control mice after a two 
hour fast, all groups responded similarly, reducing BG levels by com-
parable amounts at all timepoints. This finding suggests that while STZ- 
treated mice lost the ability to produce insulin endogenously, the ability 
to utilize insulin was not affected. Hyperglycemia resulting from a 

Table 1 
Properties of trabecular bone microarchitecture from microcomputed tomography.  

Trabecular bone properties Male p-Value Female p-Value 

Control STZ Control STZ 

(n = 15) (n = 15) (n = 15) (n = 15) 

BV/TV (%) 14.70 ± 2.54 13.66 ± 1.89  0.141109 11.46 ± 1.73 10.87 ± 1.13  0.400065 
Tb. Th. (mm) 0.0577 ± 0.0015 0.0551 ± 0.0025  0.025616 0.0616 ± 0.0021 0.0553 ± 0.0051  <0.000001 
Tb. N. (1/mm) 2.55 ± 0.46 2.48 ± 0.32  0.558661 1.86 ± 0.28 1.98 ± 0.20  0.352643 
Tb. Sp. (mm) 0.19 ± 0.01 0.19 ± 0.01  0.423911 0.27 ± 0.04 0.26 ± 0.03  0.190540 
TMD (g/cm3) 0.75 ± 0.01 0.73 ± 0.02  0.008610 0.77 ± 0.02 0.75 ± 0.03  0.004614 

Values in bold denote significance. 
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reduction in the number and health of the β-cells, separate from loss of 
the ability to process insulin, is a hallmark of T1D in humans (Ndisang 
et al., 2017). Patients with T2D also experience a reduction in the ability 
of the β-cells to produce insulin, although studies suggest that this 
damage may be reversible and is accompanied by an inability of the 
body to process insulin efficiently. 

Historically, diagnosis of Diabetes Mellitus relied on measurements 
of blood glucose or fasting plasma glucose (FPG). Current recommen-
dations by the American Diabetes Association prioritize the use of He-
moglobin A1c (HbA1c) as a marker for diagnosis because it provides a 
look at the glycemic landscape within the last period of complete red 

blood cell turnover (~120 days in humans and ~45 days in C57BL/6 
mice (Dholakia et al., 2015; Lew and Tiffert, 2017; Sherwani et al., 
2016)). The percentage of HbA1c in the blood serum measures the non- 
enzymatic glycation of hemoglobin (Kahanovitz et al., 2017). Studies of 
HbA1c levels between sexes demonstrate that diabetic females tend to 
have a higher percentage of glycated cells although men tend to be more 
sensitive to the increased blood glucose at lower levels (Du et al., 2016; 
G. D. F et al., 2019). Using the control groups to define a normal range of 
HbA1c in C57BL/6J mice from each sex, it was observed that elevated 
blood glucose in STZ-treated mice resulted in an increase in HbA1c, the 
magnitude of which was greater in the males than in the females as 

Table 2 
Properties of cortical bone from microcomputed tomography.  

Cortical bone properties Male p-Value Female p-Value 

Control STZ Control STZ 

(n = 15) (n = 15) (n = 15) (n = 15) 

TA (mm2) 1.14 ± 0.10 1.19 ± 0.15  0.623594 1.04 ± 0.10 0.95 ± 0.11  0.001187 
BA (mm2) 0.69 ± 0.06 0.67 ± 0.06  0.285441 0.65 ± 0.05 0.54 ± 0.06  0.000009 
MA (mm2) 0.45 ± 0.04 0.52 ± 0.10  0.004266 0.38 ± 0.05 0.41 ± 0.08  0.187268 
BA/TA (%) 60.87 ± 1.26 56.51 ± 3.50  0.000348 63.34 ± 1.90 57.06 ± 4.67  <0.000001 
Ct. Th. (mm2) 0.22 ± 0.01 0.25 ± 0.17  0.407012 0.22 ± 0.01 0.19 ± 0.02  0.251839 
Imax (mm4) 0.12 ± 0.04 0.12 ± 0.05  0.838135 0.09 ± 0.04 0.07 ± 0.03  0.000478 
Imin (mm4) 0.08 ± 0.01 0.08 ± 0.01  0.610319 0.07 ± 0.01 0.05 ± 0.01  0.000439 
Ct. TMD (g/cm3) 1.32 ± 0.01 1.40 ± 0.07  <0.000001 1.37 ± 0.07 1.40 ± 0.05  0.067496 

Values in bold denote significance. 
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Fig. 3. A. Schematic Representations of Mechanical Data. Bones from STZ-treated female displayed lower yield and ultimate form versus those from control animals 
leading to reductions in work to yield and total work. B. Control bones withstood higher stresses than bones from STZ-treated mice. Data presented as mean +/− SD, 
n = 15. 

Table 3 
Structural-level mechanical data from 4-pt bending tests.  

Force-displacement data Male p-Value Female p-Value 

Control STZ Control STZ 

(n = 15) (n = 15) (n = 15) (n = 15) 

Yield force (N) 19.22 ± 3.72 18.66 ± 2.26  0.609501 20.10 ± 2.68 13.25 ± 3.05  <0.000001 
Ultimate force (N) 19.7 ± 3.52 19.18 ± 1.89  0.619420 20.54 ± 2.23 13.39 ± 3.09  <0.000001 
Displacement to yield (μm) 268.91 ± 41.26 275.37 ± 51.40  0.736219 253.07 ± 53.44 274.36 ± 61.08  0.269519 
Post-yield displacement (μm) 220.67 ± 246.66 138.8 ± 234.76  0.228618 98.33 ± 98.42 113.6 ± 206.24  0.350524 
Total displacement (μm) 489.58 ± 270.72 414.17 ± 221.75  0.682674 351.41 ± 123 387.96 ± 215.66  0.806334 
Work to yield (mJ) 2.81 ± 0.78 2.77 ± 0.75  0.866746 2.75 ± 0.62 2.00 ± 0.67  0.004953 
Post-yield work (mJ) 3.4 ± 3.47 1.6 ± 2.04  0.249556 1.65 ± 1.43 1.37 ± 2.36  0.61279 
Total work (mJ) 6.21 ± 3.91 4.37 ± 1.86  0.412376 4.4 ± 1.65 3.37 ± 2.57  0.029496 
Stiffness (N/mm) 78.19 ± 14.52 74.15 ± 12.15  0.482656 90.54 ± 21.53 53.65 ± 12.53  <0.000001 

Values in bold denote significance. 
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documented in humans (Chandramouli et al., 2018; Tramunt et al., 
2020). Other work by our lab has shown that allowing the diabetic state 
to persist longer results in HbA1c levels as high as 14 % in diabetic fe-
male mice. This finding supports the idea that glycation will increase 
over time, potentially resulting in a more profound disease state with 
secondary complications. 

It was hypothesized that one such complication of elevated blood 
glucose would be the presence of increased AGEs within the bone tissue 
which would lead to a stiffening of the collagen matrix (Meng et al., 
2015). Neither an increase in AGEs (measured here using an assay 
specific to fluorescent AGEs) nor mechanical displacement or strain 
were altered here, but there are reasons why these data should not 
discount the hypothesis altogether. While an increase in glycated- 
hemoglobin exists within the sugar-saturated blood, increased glucose 
likely takes longer to infiltrate the interstitial fluid in the bone leading to 
an increase in bone AGEs. Future studies will include looking at the 
development of AGEs after longer exposure to glucose. Additionally, the 
most abundant AGEs in bone, such as methylglyoxal-derived hydro-
imidazolone (MG-H1) and carboxymethyl-lysine (CML) do not auto- 
fluoresce and therefore are not detected by a fluorescence assay. 
Future studies will also use ELISA tests which are reported to success-
fully quantify CML in bone samples to explore whether increased AGEs 
are present even in the absence of changes in mechanical deformation 
(Goh and Cooper, 2008; Sroga and Vashishth, 2021). 

Diabetic mice were significantly smaller at the end of the study than 
their previously weight and sex matched control cohorts. In females, 
tibial length of the treated cohort was significantly shorter than the 
tibial length of the control cohort indicating an impact on longitudinal 
bone growth. This was mirrored in the reduction in both trabecular and 
cortical bone parameters which may also have contributed to the lower 
mass of the STZ-treated females. μCT revealed thinner trabeculae in STZ- 
treated animals of both sexes when compared with data from the control 
animals. A deficit was also observed in the cortical bone of STZ treated 
mice, but only in females. A lower bone area fraction was calculated for 
STZ-treated animals of both sexes, however, in males this was driven by 
an increase in marrow area with no change in total or bone area while in 
females the reduced bone area fraction was driven by a reduced bone 
area. This result in males was in keeping with previously reported data, 
although past papers did not provide enough data to compare the 
driving factors behind the change. This was also reflected in the 
significantly lower principal moments of inertia in the female-STZ 
bones. Trabecular TMD was lower in STZ-treated mice from both 
sexes, but cortical TMD was higher, reaching significance in STZ-treated 
males. In general, the mechanisms responsible for regulating TMD are 
not fully understood, and the reason for TMD being decreased in 
cancellous locations but increased in cortical bone sites in STZ-treated 
mice is not clear. In the future, attempts to monitor TMD longitudi-
nally to determine when levels become differentially regulated, and to 
characterize the mineral's composition in the two bone compartments, 
may help to elucidate the nuances seen in these bones. 

The deficit of published data on the mechanical performance of bone 

in this mouse model makes it difficult to compare with other published 
studies. Much of the previous work reporting geometric changes to bone 
properties in rats and mice relied on histological evaluation, where our 
lab performed specific, quantitative measurement via microcomputed 
tomography with resolution of 9.8 μm. Because of this, it is impossible to 
compare our numerical results with past reported data, even within the 
same mouse strain. Additionally, reported mechanical data relied on 
torsion testing, which cannot be directly equated to measures of strength 
in bending, and testing of femora in three-point bending, the results of 
which cannot be directly compared to results of four-point bending in 
tibiae. Absent a published report of the effects of STZ on the geometric or 
mechanical properties of primary bone formation in female C57Bl/6J 
mice, the decision was made to fully characterize the geometric and 
mechanical parameters of bone in both sexes. 

From mechanical tests to failure, the strength (represented by the 
yield and maximum forces) of bones from STZ-treated females was 
significantly compromised. On average, the maximum load-carrying 
capacity of the STZ-treated females was 65 % that of control females. 
The nearly 40 % decrease in the stiffness of STZ-treated female bones 
reflects this decrease in strength as displacement values did not differ 
between groups. Although both sexes experienced a reduction in the 
amount of work to yield, the decrease in stiffness and strength did not 
reach significance in male mice. In STZ-female mice, changes in stress 
and elastic modulus reflect detrimental alterations to tissue quality. STZ- 
male had no significant differences in tissue-level mechanical properties, 
although trends were similar. Overall, the more compelling deficiencies 
in cortical geometry couple with decreased tissue-level mechanical 
behavior in the STZ-treated female mice drove the pronounced whole 
bone mechanical phenotype observed in these mice. 

Although our results indicate this model is a suitable tool for future 
investigations of T1D in bone, this study is not without limitations. The 
differential dosing of the males and females prevents direct comparison 
that could be useful in understanding how the sexes respond differently 
to STZ and it is possible that the dose of STZ in males affected the HbA1c 
levels without being potent enough to affect the bone in the same 
manner as the females. While we showed that control mice modulated 
BG more effectively than STZ mice, the lack of a direct test for circu-
lating levels of insulin limits our ability to understand the full effect of 
the BG on the insulin levels. Finally, the relatively short time period of 
this study limited exploration of the long-term effects of STZ on bone. 
This will be left to future work. 

The successful induction of a Diabetes in both sexes using STZ was 
indicated by persistent high glucose in the blood, elevated HbA1c levels, 
and decreased architectural and mechanical properties of the bone. 
Female mice experienced altered mineral density in the bone, compro-
mised bone quality, and reduced longitudinal growth in keeping with 
clinical diabetic outcomes (Sundararaghavan et al., 2017). The ability of 
this model to mimic human symptoms of diabetes, as well as the pre-
sentation of a strong bone disease phenotype, makes the STZ-induced 
diabetic mouse a suitable candidate for future work studying the im-
pacts of diabetes in bone and potential therapeutics to ameliorate 

Table 4 
Estimated tissue-level mechanical data from 4-pt bending tests.  

Stress-strain data Male p-Value Female p-Value 

Control STZ Control STZ 

(n = 15) (n = 15) (n = 15) (n = 15) 

Yield stress (MPa) 197.19 ± 45.32 189.57 ± 34.54  0.628317 238.54 ± 47.08 191.17 ± 43.54  0.003755 
Ultimate stress (MPa) 202.12 ± 43.3 194.52 ± 30.44  0.631602 244.48 ± 46.08 193.39 ± 45.12  0.002014 
Strain to yield (mε) 22.88 ± 3.89 23.85 ± 5.93  0.583495 20.28 ± 4.62 20.51 ± 4.68  0.894482 
Total strain (mε) 40.55 ± 19.54 36.23 ± 20.51  0.460959 28.07 ± 98.3 28.83 ± 15.28  0.902462 
Resilience (MPa) 2.39 ± 0.59 2.42 ± 0.75  0.898884 2.59 ± 0.59 2.17 ± 0.77  0.098414 
Toughness (MPa) 5.2 ± 3.07 3.8 ± 1.74  0.436289 4.15 ± 1.54 3.69 ± 2.97  0.097526 
Elastic modulus (GPa) 9.74 ± 2.81 8.88 ± 2.01  0.136974 13.71 ± 4.41 10.48 ± 2.66  0.020902 

Values in bold denote significance. 
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observed bone alterations. 
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