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Abstract
AIM: To investigate the in vivo  effects of type Ⅰ diabetes 
on the mechanical strength of tibial bone in a rodent 
model.

METHODS: The biomechanical effect of diabetes on 
the structural integrity of the tibia in streptozotocin in-
duced diabetic Wistar rats was analysed. Induction of 
diabetes was achieved by an intra-peritoneal injection 
and confirmed by measuring serial blood glucose levels 
(> 150 mg/dL). After 8 wk the tibiae were harvested 
and compared to a control group. Biomechanical anal-
ysis of harvested tibiae was performed using a three-
point bending technique on a servo hydraulic MTS 858 
MiniBionix frame. Maximum force applied to failure (N), 
stiffness (N × mm) and energy absorbed (N/mm) were 
recorded and plotted on load displacement curves. A 
displacement control loading mode of 1 mm/min was 
selected to simulate quasi-static loading conditions. 
Measurements from load-displacement curves were di-
rectly compared between groups.

RESULTS: Fourteen streptozotocin induced diabetic 
Wistar rats were compared against nineteen non-dia-
betic controls. An average increase of 155.2 g in body 
weight was observed in the control group compared 
with only 5 g in the diabetic group during the experi-
mental study period. Levels of blood glucose increased 
to 440.25 mg/dL in the diabetic group compared to 
116.62 mg/dL in the control group.The biomechani-
cal results demonstrate a highly significant reduction 
in the maximum load to failure from 69.5 N to 58 N 
in diabetic group compared to control (P  = 0.011). 
Energy absorption to fracture was reduced from 28.2 
N in the control group to 23.5 N in the diabetic group 
(P  = 0.082). No significant differences were observed 
between the groups for bending stiffness.

CONCLUSION: Streptozotocin-induced diabetes in ro-
dents reduces the maximum force and energy absorp-
tion to failure of bone, suggesting a predisposition for 
fracture risk.
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poorly addressed in the literature with conflicting results. 
Fleischli et al[12] demonstrated no differences in the mate-
rial properties of  human metatarsal bones when compar-
ing younger diabetics to older non-diabetic donors. In a 
subsequent study on cadaveric human tibiae no signifi-
cant differences were demonstrated between diabetic 
and non-diabetic specimens[13]. Animal studies suggest a 
reduction in bone mineral density as a direct consequence 
of  DM. This is exhibited by bone loss in trabecular bone 
and failure to accrue cortical bone due to premature ces-
sation of  growth[14]. Further biomechanical experimental 
animal studies have demonstrated either increased stiff-
ness[9,15] or reduced stiffness[16-18]. These variances are 
confusing but may be accounted for due to a number of  
factors. Stiffness as an indicator of  overall bone strength 
alone is not the only significant biomechanical factor that 
can be affected by diabetes. Taken in isolation, changes 
in stiffness may be a consequence of  a reduction in to-
tal whole bone strength. Any decoupling of  stiffness or 
strength as a ratio may account for the reported differ-
ences observed in studies. Changes to strength may not 
only be an effect of  the material strength of  the tissues 
but also a consequence of  differences in the size and 
shape of  the bone being tested. Furthermore, the length 
of  time that the rats were exposed to a diabetic state may 
also account for differences in results.

The aim of  the current study is to examine and quan-
tify the mechanical behavior of  bone in streptozotocin-
induced diabetic rats compared to normal controls.

MATERIALS AND METHODS
Animal model
The experimental protocol was ethically approved by the 
General Directorate of  Veterinary Services (license No: 
K/7559/29-10-09) and by the Bioethics Committee of  
University of  Athens Medical School, Hellas. The study 
was conducted in accordance with Hellenic legislation for 
experimental animal studies (P.D.160/91) and in compli-
ance with European Union law (86/609/EEN.2015/92) 
and the Convention on Vertebrate Animals Protection 
for experimental or other scientific purposes (123/1986). 
Forty male Wistar rats aged 3 mo, weighing between 
200-300 g were supplied by the Institute Pasteur. Wistar 
rats represent a close homology to the human type 1 DM 
phenotype, demonstrating comparable genetic and physi-
ological characteristics. All animals had free access to food 
and water. Animals were randomly assigned to a control 
(C) or diabetic (D) group. Those assigned to the D group 
were induced to a diabetic state by an intra-peritoneal 
injection of  streptozotocin at a dose of  55 mg/kg body 
weight. Streptozotocin is an agent known to be specifi-
cally toxic to the beta cells in the islets of  Langerhans 
in the pancreas. The mechanism of  action is thought to 
be mediated by alkylation of  DNA bases, resulting in 
reduction of  nicotinamide adenine dinucleotide. This, 
therefore, eliminates production of  insulin and induces a 
hyperglycaemic state. After 1 wk, body weight estimation, 
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Core tip: The bones of streptozotocin-induced diabetic 
Wistar rats are more fragile with reduced toughness, 
characterized by a reduction in the capacity to absorb 
energy and with lower forces required to induce frac-
ture in comparison to those in the control group. Our 
findings confirm previous studies and lend weight to 
the literature describing the detrimental relationship 
between the mechanical properties of bone subjected 
to diabetes mellitus. Further research needs to be con-
ducted to ascertain whether uncontrolled diabetes in 
a human population affects the structural and biome-
chanical properties of bone.
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INTRODUCTION
Bone is a composite of  organic collagen and inorganic 
crystalline hydroxyapatite. Bone loss in diabetes mellitus 
(DM) has been attributed to metabolic abnormalities, 
abnormal calcium concentration within cells, and high 
blood glucose levels[1]. DM interferes with the forma-
tion of  the collagen network, therefore affecting the 
biomechanical integrity of  bone. Any basis for reduction 
in bone integrity and material strength has yet to be ac-
curately defined. A lack of  insulin in in vitro experiments 
results in a reduction in ossification and calcification and 
a reduction in cartilage formation[2]. Furthermore, in rat 
studies the proliferation of  osteoblasts and nucleotide 
synthesis[3,4] in vitro are associated with insulin binding 
through expression of  insulin receptors[5]. Production of  
advanced glycation end products has also been implicated 
in the reduction of  bone material strength in diabetes, 
through the non-enzymatic cross-linking of  collagen[6,7]. 
Despite molecular evidence for this theory, mechanical 
data on the effect of  diabetes on bone remain conflicting 
and sparse.

Clinical and experimental studies demonstrate that 
diabetes is associated with molecular and cellular changes 
with resultant alterations to bone physiology[8]. Patients 
with type 1 DM have been observed to exhibit a dis-
proportionately high risk of  fracture with reduced bone 
mass, leading to speculation that diabetic bone has re-
duced strength[9,10]. Furthermore studies indicate that dia-
betes exerts a similar effect on bone to that observed in 
the normal ageing process, with a predisposition to frac-
ture susceptibility, delayed union and osteoporosis[11]. The 
biomechanical properties of  bone in diabetes have been 



and glucose blood sampling was conducted to determine 
animals in a hyperglycemic state, defined as blood sugar 
> 150 mg/dL. Twenty-six animals were originally induced 
with streptozotocin to a diabetic state. Seven out of  those 
26 animals were excluded from the study (3 died and 4 
did not respond) leaving 19 animals in the D group. The 
diabetic state was defined as polyuria and minimal weight 
gain post streptozotocin injection. Fourteen rats remained 
in the C group and compared with the 19 rats in the D 
group. Eight weeks after induction of  diabetes, the ani-
mals were euthanized according to the Convention on 
Vertebrate Animals Protection for experimental scientific 
purposes (123/1986) using isoflurane gas and sodium-
pentobarbital. Tibial bones were carefully dissected of  
soft tissue from each animal in each group, isolated and 
harvested for mechanical testing.

Biomechanical testing
Biomechanical analysis was performed by three-point 
bending mechanical tests. The experiments were con-
ducted using a servo hydraulic MTS 858 Mini Bionix 
frame (MTS Systems, Eden Prairie, MN, United States). 
Tibiae were placed horizontally on the frame on rounded 
edges at a distance of  24 mm. Attention was paid to 
ensure all the specimens were placed in exactly the same 
manner with regards to position and orientation in an ef-
fort to minimize variability. The load was applied at the 
mid-shaft of  the diaphysis using a punch with a rounded 
notch (Figure 1). The displacement control loading mode 
was selected. The rate of  the imposed displacement was 
selected as 1 mm/min in an effort to simulate quasi-
static loading conditions. The displacement was imposed 
continuously until fracture. The load-displacement curves 
and the maximal load at fracture in Newtons (N) were 
recorded. Failure was defined and observed by a propaga-
tion of  an almost vertical fracture starting almost univer-
sally at the lower cortical bone surface. This is expected 
in bending tests of  a brittle material because of  the rela-
tively lower tensile strengths compared to the respective 
opposite compressive strength.

Maximum force applied to failure (N), stiffness (N 

× mm) and energy absorbed (N/mm) were recorded 
and plotted on load-displacement curves. The maximum 
load is represented by the maximum compressive force 
applied until fracture. Deformation (strain) was defined 
as the degree of  transverse displacement at the loading 
point. The initial non-linear curve corresponds to the 
adaptation of  the specimens on the rounded edges of  
the loading device. The almost perfectly linear portion 
represents the linear elastic behavior of  the tissue and 
the slope is equal to the stiffness. The nonlinear portion 
corresponds to the non-elastic (plastic) behavior of  the 
tissue.

Statistical analysis
Statistical analysis on the groups was conducted using 
analysis of  variance. An overall P value of  < 0.05 was 
considered to be statistically significant.

RESULTS
Weight and glucose measurements
Table 1 demonstrates weight measurements and glucose 
measurements of  both groups over the experimental 
study period. An average increase of  155.2 g in body 
weight was observed in the C group compared with only 
5 g in the D group during the experimental study period. 
Levels of  blood glucose increased to 440.25 mg/dL in 
the D group compared to 116.62 mg/dL in the C group.

Biomechanical analysis
Table 2 summarizes the differences in maximum force 
to failure, stiffness and energy-absorbed values recorded 
between the two groups. Maximal load to failure in C 
was 69.5 ± 10.3 N (mean ± SD) compared with a reduc-
tion to 58 ± 13.2 N (mean ± SD) in the D group. This 
demonstrated a statistically significant difference (P = 
0.011). Stiffness measurements demonstrated no signifi-
cant differences between the two groups. A statistically 
significant reduction (P = 0.019) was observed in mea-
surements for energy absorption from 28.2 ± 5 N in the 
control group to 23.5 ± 5.6 N in the D group.

DISCUSSION
Our experimental randomized controlled study demon-
strated the effect of  diabetes on bone strength. 

The literature on the association between bone 
strength and fracture risk in DM remains weak. The bone 
changes directly observed in DM can be attributed to a 
multitude of  interrelated factors. Both the material and 
geometric properties of  bone are implicated in influenc-
ing mechanical strength. Macroscopic structure (size and 
shape), architecture (cortical and cancellous components) 
and the bone substance (organic and inorganic compo-
nents) are all influenced by DM. Furthermore, changes in 
collagen, elastin and proteoglycan concentrations, forma-
tion of  advanced glycation end products and the orienta-
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Figure 1  Mini-Bionix Frame with application of three-point bending at the 
mid diaphysis.
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tion of  collagen fibers are all important determinants of  
mechanical integrity, which are also affected.

In our study, we aimed to directly quantify whether an 
uncontrolled diabetic state directly alters the mechanical 
properties of  appendicular long bone of  tibiae, to add 
to the quality of  published evidence that DM adversely 
affects bone quality. Immature rodents were used in an 
attempt to mimic the presentation of  DM in humans, 
which typically occurs prior to skeletal maturity. Wistar 
rats were selected for the animal model as this genotype 
represents a close homology to DM in humans. We ob-
served statistically significant changes in the D group, 
with reductions in maximum force and energy absorbed 
to failure demonstrating that the DM alters mechanical 
properties after as little as 8 wk. Interestingly, in our study 
we found no statistically significant differences in stiff-
ness between C and D groups. Reported information on 
stiffness is conflicting in the literature, with some dem-
onstrating increased[9] and other decreased values[16,18]. 
These variances are confusing but may be accounted to 
a number of  factors. Stiffness as an indicator of  overall 
bone strength alone is not the only significant biome-
chanical factor that can be affected by diabetes. Taken in 
isolation, changes in stiffness may be a consequence of  a 
reduction in total bone strength. Any decoupling of  stiff-
ness or strength as a ratio may account for the reported 
differences observed in studies. The changes to strength 
therefore may not only be an effect of  material strength 
of  the tissues but also as a consequence of  differences in 
the size and shape of  the bone being tested. When values 
for stiffness are normalized against the geometry and 
structural shape of  the bone, these differences in stiff-
ness can be accounted for. 

A number of  experimental rodent studies exist 
documenting the biomechanical effects of  bone in strep-
tozotocin induced DM. These studies exhibit various 
experimental protocols. To our knowledge, eight studies 
exist evaluating bone mechanics using a type 1 diabetic 
model in rodent studies[9,14-16,19-22]. All these studies exhibit 
differences in their methodology, specifically duration 
of  induced DM, species of  rodent and diabetogen used 

to initiate DM. However, despite their differences these 
studies consistently demonstrate reductions in ultimate 
force to failure in the D groups, in keeping with the result 
of  our study. The three studies which report on values 
for energy to failure[15,16,22] all demonstrate a reduction in 
energy to failure in the diabetic groups, in keeping with 
our analysis.

Our findings lend weight to the argument that DM 
(in a type 1 DM rodent model) reduces the mechanical 
behavior of  bone. However, the changes that occur are 
probably not only to be result of  changes in mechanical 
properties but are probably also due to inherent detri-
mental changes which occur in the structural material 
properties. This theory has been confirmed in a mouse 
model where significant differences were observed in the 
strength-structure relationship, with reductions to the 
tissue mineral density of  bone in DM, which became ap-
parent after only 10 wk[23].

Our experimental model subjected the D group of  rats 
to uncontrolled levels of  hyperglycaemia. This experimen-
tal protocol represents a scenario, which would only be 
representative of  the small proportion of  the human DM 
population who poorly control their blood glucose levels. 
It is likely be that our experimental model represents a 
worse case scenario. Conversely the duration that the rats 
were exposed to an uncontrolled hyperglycaemic state was 
only 8 wk. This is unlikely to represent the chronic human 
diabetic state. It is possible that subjecting the animals to 
a longer period of  hyperglycaemia would cause further 
deterioration in the material properties of  bone. This has 
been confirmed by Nyman et al[23] in a mouse model ex-
posed to DM for up to 18 wk, in which further deteriora-
tion in mechanical properties was observed with longer 
exposure.

There are several limitations to our study. Firstly the 
duration of  induced DM was only 8 wk, which may not 
be representative of  the changes that occur chronically. 
It could be postulated that any effects on mechanical 
properties could be under-estimated and the further det-
rimental changes could have occurred if  DM was allowed 
to continue. The experimental model also represents a 
scenario where DM remains unchecked with hypergly-
cemia allowed to develop without control. This model is 
unlikely to be representative of  a clinical scenario where 
DM is treated and therefore represents a worse case pre-
sentation. Furthermore, this study did not investigate the 
effects of  DM on bone structure and architecture. No 
histomorphometric analysis was conducted to investigate 
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Prior to induction One weekpost-induction Ateuthanasia
C group D group C group D group C group D group

  Weight (g) 263.5 272.5        367        284.7       418.7       277.5
  Glucose (mg/dL) 135.5 128.5 121.37 359.37 116.62 440.25

Table 1  Weight and blood glucose comparison between groups

C group: Control group; D group: Diabetic group.

Max force (N) Stiffness (N × mm) Energy (N/mm)
  Diabetic group 58.0 ± 13.2 101.1 ± 30.2 23.5 ± 5.6
  Control group 69.5 ± 10.3 118.4 ± 23.0 28.2 ± 5.0
  P value         0.011             0.082          0.019

Table 2  Summary of biomechanical data (mean ± SD)
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whether the mechanical changes to the material observed, 
exhibited correlation to bone quality.

Although the pathogenesis of  osteopenia in diabetes 
is a poorly understood phenomenon, decreased bone 
formation, mineralization and absorption seem to be 
associated with inferior mechanical properties of  bone 
turnover in diabetes. These changes may be not so fre-
quently observed in humans, as most people do not allow 
serum glucose levels to go unchecked and manage DM 
with strict administration of  insulin therapy. Significant 
changes to bone biomechanics may, therefore, only be 
representative of  a small cohort of  human diabetics who 
have long-standing prolonged disease which is resistant 
to or poorly controlled by insulin therapy.

The bones of  streptozotocin-induced diabetic Wistar 
rats are more fragile with reduced toughness character-
ized by a reduction in the capacity to absorb energy and 
with lower force required to induce fracture, in compari-
son to those in the control group. Our findings confirm 
previous studies and add weight to the literature investi-
gating the detrimental relationship between the mechani-
cal properties of  bone subjected to DM.
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