WEALTY 4
of %,

1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

/ HHS Public Access
Author manuscript
T Curr Osteoporos Rep. Author manuscript; available in PMC 2020 December 01.

Published in final edited form as:
Curr Osteoporos Rep. 2019 December ; 17(6): 455-464. doi:10.1007/s11914-019-00538-6.

Effects of diabetes on bone material properties

Sashank Lekkalal, Erik A. Taylor?, Heather B. Hunt!, Eve Donnelly:3
LDepartment of Materials Science and Engineering, Cornell University, Ithaca, NY

2:Sibley School of Mechanical and Aerospace Engineering, Cornell University, Ithaca, NY

3-Research Division, Hospital for Special Surgery, New York, NY

Abstract

Purpose of Review—Individuals with type 1 and type 2 diabetes mellitus (T1DM, T2DM) have
an increased risk of bone fracture compared to non-diabetic controls that is not explained by
differences in BMD, BMI, or falls. Thus, bone tissue fracture resistance may be reduced in
individuals with DM. The purpose of this review is to summarize work that analyzes the effects of
T1DM and T2DM on bone tissue compositional and mechanical properties.

Recent Findings—Studies of clinical T2DM specimens revealed increased mineralization and
AGE concentration and significant relationships between mechanical performance and
composition of cancellous bone. Specifically, in femoral cancellous tissue, compressive stiffness
and strength increased with mineral content; post-yield properties decreased with AGE
concentration. In addition, cortical resistance to in vivo indentation (bone material strength index)
was lower in patients with T2DM vs. age-matched non-diabetic controls, and this resistance
decreased with worsening glycemic control. Recent studies on patients with TLDM and history of
a prior fragility fracture found greater mineral content and concentrations of AGEs in iliac
trabecular bone and correspondingly stiffer, harder bone at the nanosacle.

Summary—Recent observational data showed greater AGE and mineral content in surgically
retrieved bone from patients with T2DM vs non-DM controls, consistent with reduced bone
remodeling. Limited data on human T1DM bone tissue also showed higher mineral and AGE
content in patients with prior fragility fractures compared to non-DM, non-fracture controls.
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Introduction

Individuals with type 1 and type 2 diabetes mellitus (T1DM, T2DM) share a common
complication of greater fracture risk relative to controls without DM [1,2]. In meta analyses,
the risk of hip fracture is greater in individuals with TLDM (RR = 6.9 [1], 6.3 [2]) and in
individuals with T2DM (RR = 1.4 [1], 1.7 [2]) both compared to controls without DM. Bone
mineral density (BMD) is lower in individuals with TIDM compared with an age-matched
control population [1]; however, the increased fracture risk in TLIDM is not explained by the
decreased BMD in this population [3]. On the other hand, individuals with T2DM have
normal or even greater BMD compared to an age-matched control population [1], yet the
increased fracture risk with T2DM persists after adjustment for BMD and potential
confounders like BMI and falls [4,5]. Despite the increased risk of falls in individuals with
DM due to several risk factors [6], falls do not completely account for the increased fracture
risk [3,7]. Therefore, metabolic or biochemical changes associated with DM may alter
aspects of the bone microstructure and tissue properties independently of the bone mass,
though the precise mechanisms responsible for these changes may be T1IDM- or T2DM-
specific.

The mechanisms by which diabetes mellitus may degrade the fracture resistance of bone are
complex, as addressed in several recent reviews [3,8-10]. In TLDM, pancreatic beta cell
failure and insulin/IGF1 deficiency impair osteoblastic bone formation and inhibit accrual of
peak bone mass during growth, and advanced glycation endproducts (AGEs) may directly
and indirectly alter matrix properties [8,9]. In T2DM, a constellation of factors comprising
hyperglycemia; oxidative stress; fat-derived inflammatory cytokines and adipokines; and
AGEs collectively inhibit osteocyte function, alter bone turnover, and degrade collagen
properties [9]. Facets of bone quality that may contribute to decreased fracture resistance in
diabetic bone include altered bone microarchitecture and tissue material properties, which
may arise from disease-induced changes in bone formation or remodeling, as well as direct
alteration of collagen matrix properties by accumulation of AGEs. AGEs are the reaction
products of reducing sugars with free amino groups in proteins and result in a diverse array
of structures including crosslinking and non-crosslinking products. Crosslinking AGEs have
been implicated in embrittling bone tissue in men with T2DM [11], rodent models of T2DM
[12], and in /n vitro ribosylation/glycosylation studies [13,14]. Non-crosslinking AGEs, like
carboxymethyl lysine (CML), can also be deleterious to bone tissue through interactions
with the receptor for AGEs (RAGE), which induces oxidative stress and inflammation [15].

The objective of this review is to summarize work that elucidates the material factors that
may contribute to fragility in TIDM and T2DM. Many studies have evaluated alterations in
BMD and bone microarchitecture in patients with DM (reviewed in [1,2,16,17]); here we
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focus on investigations that have evaluated the changes in tissue-level compositional and
mechanical properties associated with diabetic bone disease.

Type 1 Diabetes Mellitus

In individuals with T1DM, insulin/IGF1 deficiency impairs osteoblastic bone formation and
inhibits accrual of peak bone mass during growth, resulting in characteristically low bone
formation rates and low BMD [1,8]. Decreased osteoblast activity and survival have
generally been observed in both humans and animals with TIDM; however, the activity of
osteoclasts is not yet well characterized, with the limited studies available reporting either no
changes or increases in bone resorption [18]. Low turnover in patients with TLDM is evident
in several markers (recently reviewed in [19]): lower osteocalcin, a bone formation marker;
lower C-terminal telopeptide (CTx), a bone resorption marker; and higher sclerostin, a
potent inhibitor of the Wnt signaling pathway. Further, hyperglycemia; hypoinsulinemia;
autoimmune inflammation; and low levels of insulin-like growth factor-1 (IGF-1),
osteocalcin, and vitamin D observed in patients with TIDM may additionally contribute to
bone fragility [20,21]. Finally, accumulation of AGEs may embrittle the matrix or alter bone
turnover [13,14]. These mechanisms are yet to be confirmed by studies on human patients
with TIDM.

Human Studies

Trabecular bone from patients with TLDM and history of a prior fragility fracture had
greater mineral content and concentrations of AGEs than age- and sex-matched controls
[22]. Specifically, in a case-control study of iliac crest biopsies (n = 5/group), the
concentration of the AGE, pentosidine (Pen) measured by HPLC and degree of
mineralization measured by microradiography was higher in trabecular bone in patients with
T1DM with a prior fracture vs. that of non-diabetic non-fracture controls [22]. However, no
significant changes in Pen and degree of mineralization were observed between patients with
T1DM without a history of fracture and non-diabetic non-fracture controls. Serum HbAlc
was positively correlated with trabecular Pen, suggesting that AGE accumulation increases
with worsening glycemic control in this cohort. Together, both high Pen content and
mineralization may embrittle the bone matrix and contribute to the bone fragility observed in
patients with TAIDM. A key limitation of this study is that patients with any complications of
DM—who are at a greater relative risk for fracture than those without complications [1]—
were excluded from the study, which may have attenuated potential differences between
T1DM and control groups. Studies of a larger cohort and greater range of disease severity
are required to confirm these observations in a broad T1DM population.

The mechanical behavior of bone from patients with TLDM has been characterized in a
small number of opportunistic studies, which have generally noted modest effects of TLDM.
Cortical and trabecular bone at the iliac crest from patients with TIDM trended toward being
stiffer and harder vs. non-diabetic controls at the nanoscale as assessed by nanoindentation,
but were not different at the microscale as assessed by Vickers microindentation [22].
Ultimate stress and Young’s modulus estimated by whole-bone three-point bending did not
differ in patients with TLDM undergoing amputation of the 2"d - 5t metatarsal (mean age =
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51 years) vs. aged controls from deceased donors (mean age = 72 years) [23]. Similarly,
estimated elastic modulus, yield strength, and ultimate strength assessed by three-point
bending of tibial explants did not differ in patients with TLDM (mean age = 51 years) vs.
aged controls (mean age = 75 years) [24]. A limitation of these studies is that the
microarchitecture, which may potentially reflect altered gait and vasculature in patients with
T2DM, was not characterized; therefore, the outcomes of three-point bending were not
adjusted for potential differences in bone volume fraction (BV/TV). These results suggest
that changes in mechanical properties of human bone with TIDM may be similar to those of
aging in a non-diabetic environment; however, this assertion awaits confirmation in future
studies with age-matched controls across multiple anatomic sites.

Assessment of bone material properties at the tissue level in clinical samples of patients with
T1DM is limited. Thus, an urgent need in the field is to confirm changes in tissue-level
composition and mechanical properties observed in animal models of TIDM (see below)
with studies in humans to improve our understanding of the mechanisms of clinical fracture
in T1DM populations.

Animal Models

Studies of the effects of TLDM on bone material properties have predominantly been
conducted in animal models and have demonstrated changes in mineral and collagen
properties and mechanical behavior.

Streptozotocin-Induced Diabetes

T1DM can be induced in mice and rats with streptozotocin (STZ) injections, typically at
8-12 weeks of age, which causes necrosis of pancreatic beta cells thereby inducing
permanent diabetic hyperglycemia. STZ-induced T1DM rodents present similar blood
glucose (>300 mg/dl) and plasma insulin levels as TLDM syndrome in humans [25].
However, the effects of STZ vary in rats and mice (Table 1). This difference may be partly
attributed to differences in timing of induction of T1LDM relative to lifespan. Induction of
T1DM at 8-10 weeks occurs before skeletal maturity in rats (15 to 17 weeks [26]),
potentially causing more profound deficits in composition and mass accrual of bone, but
near skeletal maturity in mice (10 to 12 weeks [26]), potentially modeling the effects of later
onset of TLDM. Overall, bone tissue of STZ-induced T1DM rats showed decreased collagen
maturity—assessed by the ratio of mature trivalent to immature divalent enzymatic
crosslinks [27] —and increased AGE accumulation vs. vehicle-injected controls [28-32],
whereas TIDM mice showed increased collagen maturity vs. vehicle-injected controls [33].

STZ injections may also have differential effects on mineralization and mineral properties in
rats compared to mice. In rats, STZ injection decreased the mineral:matrix ratio, the ratio of
mineral content to organic matrix content, assessed by FTIR imaging in femoral cortical and
trabecular bone [29] but increased humeral ash content [31] vs. controls. In contrast, in mice,
STZ injection did not alter the FTIR mineral:matrix ratio [33] or calcium content assessed
with quantitative backscattered electron imaging (BEI) [32] vs. controls. C-axis mineral
crystal length observed by x-ray diffraction [34] was shorter consistent with higher
carbonate:phosphate [29] in STZ-injected rats vs. controls. The variable reports on changes
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in mineral properties with STZ-induced T1DM may arise from the use of different
measurement techniques and different outcomes across studies, e.g., multiple mineral:matrix
ratios [35,36]. Nevertheless, the STZ-injected rat model currently best reflects the changes
in material properties observed in humans with TIDM (Table 1).

In STZ-induced T1DM, at the tissue level, lower nano- and microhardness were observed,;
while at the whole-bone level, the bones were had reduced strength and toughness in
bending [30,31,34,37,38]. Reduced nanoindentation modulus, hardness and Vickers
microhardness were observed in the femoral cortex of STZ-injected mice vs. vehicle-
injected controls [37].

Combined, the impaired tissue-level and whole-bone mechanical properties with STZ-
induced T1DM contributes to our understanding of the effects of TLDM on bone
biomechanical performance and may partially explain the increased fracture risk with
T1DM. Further studies are needed to quantitatively relate tissue-level compositional changes
with mechanical properties at multiple levels of structural hierarchy.

OVE 26 Mouse Model

The OVE 26 mouse model demonstrates systemic changes of severe and progressive TLDM
through overexpression of calmodulin, which regulates insulin secretion by pancreatic B-
cells [39,40]. This model shows similar changes in collagen properties to STZ-injected mice.
Enzymatic and non-enzymatic collagen crosslinking are increased in OVE 26 mouse femurs
vs. wild type (WT) controls. Specifically, pyridinoline content measured by Raman
spectroscopy, an outcome similar to collagen maturity measured by FTIR spectroscopy, was
increased in OVE 26 mice vs. WT controls [39]. Additionally, the AGEs CML and Pen,
measured by Raman spectroscopy, were increased in OVE 26 mice vs. WT controls [39].
The increase in AGE content, which may arise from increased serum glucose levels with
T1DM, is associated with decreased remodeling and osteoclast activity and may explain the
increase in enzymatic crosslinking. However, alterations in the mineral phase of OVE 26
mice suggest biological activity different from those that drove the observed change in the
collagen phase. The Raman mineral:matrix ratio of bone tissue in OVE 26 mice was reduced
vs. WT controls [39], which suggests impaired bone formation/osteoblast activity or
increased remodeling/osteoclast activity.

In addition, tissue-level resistance to crack initiation and propagation is impaired in the OVE
26 mouse. Initiation toughness and propagation toughness, measured by whole-bone
notched bending, were decreased, and indentation distance increase (IDI, difference in
indentation distance into the bone between first and last cycles), measured by cyclic
reference point indentation (RPI), was increased in OVE 26 mice vs. WT controls [39].
Furthermore, inverse correlations were observed between CML and Pen with initiation
toughness and propagation toughness in both OVE 26 and WT mice [39]. Combined, the
greater collagen crosslinking and reduced mineral content observed in the OVE 26 mouse
may explain the observed decrease in resistance to fracture of the femur compared to non-
diabetic controls.
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Type 2 Diabetes Mellitus

In contrast to TIDM, which is characterized by a lack of insulin production, T2DM develops
in response to insulin resistance. T2DM is characterized by hyperglycemia and
hyperinsulinemia, which may differentially alter bone material properties. Hyperglycemia
disrupts bone remodeling via osteoblasts and osteoclasts. In addition, excess glucose can
alter bone tissue material properties through the accumulation of AGEs and downstream
effects of AGE-RAGE interactions. On the other hand, insulin is an anabolic agent, and
hyperinsulinemia may help explain the greater BMD observed in people with T2DM [41].
Moreover, insulin signaling helps regulate osteoblastic proliferation and supports
osteoclastogenesis [42]. The extent to which bone remodeling and material properties are
affected by the simultaneous effects of hyperglycemia, AGE accumulation, and
hyperinsulinemia, is not yet known.

Several recent studies of clinical specimens have given insight into the properties of human
tissues from patients with T2DM. Additionally, in vitro glycation studies provide a basis for
hypothesized changes to bone material properties in vivo. Finally, studies of bone
metabolism, mass and structural properties in several animal models of T2DM, are reviewed
elsewhere [26]; here we focus on the changes in material properties observed in these
models.

Human Studies

Two recent studies related compositional changes with T2DM to mechanical properties in
the proximal femur of subjects undergoing total hip arthroplasty. In the first study, cortical
tissue from the T2DM group trended towards having greater total fluoresent AGE (fAGE)
content (+21.3%, p = 0.09) and exhibited greater indentation distance and IDI measured by
cyclic RPI of vs. the non-DM control group. However, the total fAGE content and most
monotonic compression properties (with the exception of yield stress) did not differ between
groups in the cancellous tissue [43]. In the second study, cancellous tissue in the T2DM
group had greater Pen concentration and lower pyridinoline concentration assessed by
HPLC, greater sugar:matrix and mineral:matrix assessed by FTIR, no difference in total
fAGE content, and greater compressive stiffness and strength normalized by bone volume
fraction vs. the non-DM control group [11]. Moreover, statistical models from the latter
study demonstrated that T2DM has both beneficial and adverse effects on the apparent-level
mechanical behavior of cancellous bone. Patients with T2DM had numerically higher
BVITV (+24%, NS, p = 0.13), which had a large positive effect on bone strength, stiffness,
and toughness vs. controls. In contrast, after accounting for the effects of BV/TV, bone
tissue from patients with T2DM exhibited adverse effects of Pen, total fAGEs, and mineral
maturity on post-yield toughness. Individuals with T2DM that have average or greater
changes in tissue composition related to T2DM (e.g., AGE accumulation or mineral
maturity) but do not have the protective effect of greater BV/TV are at a greater risk of bone
embrittlement compared to those with or without T2DM that do not have this set of
deleterious tissue changes. Individuals with T2DM that have average or greater changes in
tissue composition related to T2DM (e.g., AGE accumulation or mineral maturity) but do
not have the protective effect of greater BV/TV are at a greater risk of bone embrittlement
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compared to those with or without T2DM that do not have this conglomeration of
deleterious tissue changes. Additionally, Pen content measured in tibial explants of men
undergoing total knee replacement was higher in the DM group (9 patients with T2DM and
1 patient with TAIDM) vs. non-diabetic controls [44]. Therefore, these studies provide
evidence that T2DM is associated with accumulation of AGEs and that these compositional
changes adversely affect bone tissue properties.

Additionally, alterations in mineral properties have also been observed with T2DM in
similar clinical specimens. A higher mean calcium concentration and a narrower distribution
of mineralization were observed in trabecular bone of the femoral neck in subjects with
T2DM vs. non-diabetic controls [45]. These changes are consistent with the greater FTIR
mineral:matrix observed in a similar patient population [11], and reduced bone remodeling
with T2DM [46], which enables progression of secondary mineralization and results in a
more mineralized tissue with a more homogeneous mineral distribution. Together, these
studies indicate altered mineralization and increased AGE accumulation in T2DM, which
may contribute to the inferior fracture resistance observed clinically at the whole-bone level.
Furthermore, additional studies are needed to relate changes in tissue-level compositional
and mechanical properties to disease severity and duration through long-term assessment of
HbA1c in populations with a wide range of glycemic control.

In addition to the prior studies, which required ex vivo analysis of mechanical properties and
composition, one key study measured the resistance of the tibial cortex to impact indentation
[Bone Material Strength Index (BMSi)] in vivo in individuals with and without T2DM [47].
BMSi was lower in patients with T2DM vs. non-DM controls [17,47,48]; decreased with
longer duration of diabetes [48]; and inversely correlated with 10-year HbAlc [47]. Because
the relationship between BMSi and clinical fracture risk or other measures of fracture
resistance is not yet well established [49], further assessment of fracture properties of bone
in the T2DM population is required to interpret these data and inform estimation of fracture
risk.

In Vitro Glycation Models

In vitro glycation or ribosylation simulates exposure to high blood glucose in T2DM. These
models, in which bone specimens are incubated in a solution containing glucose or ribose
for durations of ~7 days (equivalent to 2-3 decades of aging) [14,50,51], can be used to
understand the mechanisms through which glycation affects the compositional and
mechanical properties of bone.

In vitro glycation increases the AGE content of bone specimens compared to non-glycated
controls [14,50,51]. Glycation increased non-enzymatic crosslinks assessed by FTIR, HPLC,
and a fluorometric assay in the human femoral cortex vs. non-glycated controls [52].
Similarly, ribation of bovine metatarsi increased Pen, measured by HPLC, but did not
change mineralization, measured by gBEI, vs. non-glycated controls [53]. These results
indicate that in vitro glycation modifies the collagen crosslinking profile without altering
mineralization. One limitation of this model is that it cannot capture the effects of
metabolism and related dynamic changes in AGE accumulation due to remodeling in vivo.
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Because T2DM alters both bone mineral and matrix properties [11,43], the in vitro models
are useful for understanding the effects of increased glycation associated with T2DM on the
collagen properties in bone but cannot capture not all changes in bone tissue properties with
T2DM.

AGE accumulation degrades post-yield properties and increases bone stiffness. Post-yield
strain energy and damage fraction assessed by unconfined compression testing on femoral
cancellous bone and post-yield strain measured by three-point bending of bovine metatarsi
were reduced in the ribosylated group vs. non-glycated controls [14,53]. Stress at
equilibrium and equilibrium modulus measured by stress relaxation tests on demineralized
specimens from the mid-diaphysis of human tibiae were higher in glycated specimens vs.
non-glycated controls, suggesting stiffening and residual stress accumulation in the matrix
because of glycation [50]. Although these results inform the relationship between AGE
accumulation and mechanical properties /n vitro, this relationship has been recently reported
in human T2DM [11,44] but remains an area of active investigation.

Animal Models

Diet-Induced Obesity

A high fat diet (HFD) induces mild T2DM in C57BL/6 mice. Although this model does not
produce overt diabetes, it enables examination of changes in bone material properties due to
prediabetes and impaired glucose tolerance (Table 2).

HFD increases non-enzymatic crosslinking of collagen. Pen measured by Raman
spectroscopy and total fAGES were greater in cortical regions of the femur and tibia,
respectively, in obese mice vs. lean controls [54,55]. HFD did not change the bone
mineralization, crystallinity, and carbonate substitution at the femoral mid-diaphyseal cortex
[54]. In addition, the carbonate:phosphate ratio in trabecular bone from the femoral distal
epiphysis was lower in the obese group than in lean controls [54]. These results suggest that
AGE accumulation in the bone matrix begins in a prediabetic state, while the mineral
properties are only subtly altered during this period.

In general, HFD impairs structural and material performance in this model. Femurs of obese
mice were weaker and stiffer vs. lean controls [54-56]. Fracture toughness assessed by
notched whole-bone testing, as well as ultimate strength, yield strength, and Young’s
modulus estimated from whole-bone tests, were lower in obese mice vs. lean controls
[55,57]. However, Young’s modulus determined by finite element analysis of the femur was
higher in obese mice vs. lean controls, and the Pen content positively correlated with
Young’s modulus, indicating that AGE accumulation increases bone stiffness [54]. Although
the effects of HFD on the tissue modulus varied across studies, altered bone material
composition in HFD mice was associated with decreased bone fracture toughness.

Single Gene Mutation Models

Single gene models are spontaneous models that enable examination of the effects of an
individual gene mutation on bone material properties. The Zucker Diabetic Fatty (ZDF) rat
model, has a leptin receptor deficiency that leads to overt diabetes ~9-10 weeks of age, in
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males only [58]. The yellow Kuo Kondo (KK/Ay) mouse develops severe obesity and insulin
resistance by eight weeks [59]. The ob/ob mouse is a model of severe obesity resulting from
a spontaneous inactivating mutation in the leptin gene, whereas the db/db mouse is a model
of severe T2DM resulting from an autosomal recessive mutation of the db gene [26]. The
material properties of bone in single-gene mutation models are somewhat dependent on the
mutation (Table 2).

At the whole-bone level, the femora and tibia of ZDF rats were weaker and more compliant
in bending, and the L4 vertebrae were weaker and more compliant in compression,
compared to lean controls [60,61]. Vickers microhardness did not differ in the tibial cortex
of ZDF rats vs. lean controls [62]. ZDF rats had wider bone mineral density distributions
(BMDDs) measured by gBEI in metaphyseal bone vs. controls, suggesting altered
endochondral ossification compared to non-diabetic rats [63].

Likewise, ultimate bending load was lower in the tibiae of KK/Ay mice vs. C57BL/6
controls [64]. In addition, tissue from KK/Ay mice have an increased proportion of mature
collagen crosslinks and mineral content. Mean FTIR collagen maturity was greater in
femora of KK/Ay mice vs. black homozygous a/a controls [65]. Additionally, whole-femur
mineral matrix ratio, was greater in KK/Ay mice vs. a/a controls [65]. These results suggest
decreased bone turnover in KK-Ay mice, which is supported by decreased serum osteocalcin
levels in adult KK/Ay mice [66].

Similarly, the femora of ob/ob and db/db mice were weaker in bending, and db/db mice had
a lower estimated elastic modulus vs. C57BL/6 WT controls [67-69]. At the tissue level, the
reduced modulus determined by nanoindentation of the femoral cortex was lower in db/db
mice vs. WT controls [68].

Overall, single gene mutation models of T2DM have impaired mechanical performance at
the tissue and whole-bone level. However, there are no studies to conclusively relate these
changes to changes in bone composition. Studies assessing both compositional and
mechanical properties are required to elucidate the mechanisms through which T2DM
increases bone fragility.

Polygenic models

Polygenic animal models are spontaneous models that can mimic the complex genetic
alterations and subsequent changes in bone material properties in patients with T2DM.
These include Zucker Diabetic Sprague Dawley (ZDSD) rats, created by breeding
heterozygous ZDF rats with diet-induced obese rats [60], which develop diabetes at an older
age than ZDF rats. WBN/Kaob rats are non-obese rats produced by selective inbreeding of
Wistar rats and develop hyperglycemia by about 12 months of age [12]. The TallyHo mouse
is an obese model of early onset T2DM developing hyperglycemia around 12 weeks of age
[70]. Models for which, to our knowledge, there are no data on compositional properties but
for which the structural properties have been reviewed recently [26], have been omitted in
the current discussion.
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Overall, polygenic models of T2DM show increased mineralization similar to human studies
but collagen composition is not consistent across models (Table 2), indicating that increased
mineralization could be a consistent trend across all patient groups of T2DM while collagen
properties may depend on the pathogenesis.

ZDSD rats and TallyHo mice showed higher Raman Mineral:matrix ratio vs. CD(SD) and
SWR/J [71] controls respectively [72,73]. Pen concentration, measured by HPLC, was
similar between ZDSD rats and TallyHo mice vs. respective controls [73,74] but was greater
in WBN/Kaob rats vs. Wistar controls [12]. But, the distribution of collagen D-spacing,
assessed by AFM in cortical regions of the tibia was altered in ZDSD rats vs. CD(SD)
controls [72]. Additionally, mineral crystallinity assessed by Raman spectroscopy was
greater in the femoral cortex [73] but did not differ at the tibial cortex [72] of ZDSD rats vs.
CD(SD) controls. Anatomic site and duration of HFD (6-7 weeks vs. 2 weeks) may
contribute to the discrepancy.

Polygenic models show improved or deteriorated structural performance at whole-bone level
depending on the model. But, surprisingly the fracture toughness parameters were
comparable to the controls in these models.

Femora of ZDSD rats and WBN/Kob were weaker in bending vs. respective controls
[12,60,75,76]. The study on WBN/Kob rats showed that the ratio of Pen to total enzymatic
crosslinks was significantly associated with all the measured mechanical properties[12].
These results suggest that load-bearing properties of bone depend on both enzymatic and
non-enzymatic crosslinks. Crack initiation toughness and propagation toughness measured
by notched whole-bone bending did not vary with age for CD(SD) rats but decreased with
duration of diabetes in the ZDSD rats [73]. Aditionally, in cortical bone from ZDSD rats
creep indentation distance assessed by RP1 was lower [72]; and indentation distance increase
was lower [72] and higher [75] vs. CD(SD) controls, a difference potentially attributable to
the differing indentation forces (5 N vs. 10 N) used. The altered material properties in tissue
from ZDSD rats could be attributable to the increased tissue mineralization [72,73].

Structural properties measured by three-point bending of the femur were comparable to
superior in TallyHo mice vs. SWR/J controls, consistent with increased cortical thickness
[74,77] and greater tissue mineral content [74]. In addition, two differences in tissue-level
mechanical properties have been noted : (1) lower post-yield displacement in TallyHo,
indicating reduced ductility, consistent with greater mineralization [74,77] yet (2) first-cycle
and total indentation distance from RPI were greater in TallyHo tibiae vs. SWR/J controls,
suggesting less tissue-level resistance to indentation. Further studies assessing the outcomes
of reference point indentation at different loads and anatomical regions are required to
understand the significance of this result.

In summary, polygenic models show increased mineralization, altered collagen crosslinking
and inferior-to-superior structural properties, and a subset show deterioration of intrinsic
resistance to fracture with duration of disease (Table 2).
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Summary and Conclusions

Our understanding of mechanisms through which T1DM affects bone material properties is
limited. Limited data on bone tissue from humans with T1DM showed higher mineral and
AGE content and mechanical properties that may be similar to that of aging bone in a non-
diabetic environment. In addition, tissue pentosidine content positively correlated with
serum HbA1c, suggesting that AGE accumulation increases with worsening glycemic
control. Further studies in larger cohorts are needed to quantitatively relate 1) glycemic
control with compositional changes and 2) tissue-level compositional changes with
mechanical properties across multiple levels of structural hierarchy.

Several mechanisms have been proposed to understand the effect of T2DM on bone tissue
fragility [9,10,21], but the contribution of each mechanism to clinical fracture risk remains
unknown. Recent studies on clinical specimens from humans with T2DM suggest that AGE
accumulation and decreased bone remodeling [46] are important considerations in
understanding the fragility of diabetic bone. Several mechanical measurements were made to
investigate the fragility of bone tissue in human patients with T2DM; however, only a few
studies directly investigated the association between mechanical properties and bone
compositional properties. The sole study to date to characterize the composition and
mechanical performance of cortical tissue found no relationship between AGEs and cyclic
RPI outcomes [43]. On the other hand, significant relationships between composition and
mechanical performance of cancellous bone have been reported in two studies. Specifically,
AGEs were inversely correlated with post-yield properties [11,43], and mineral content was
positively correlated with compressive stiffness and strength in cancellous tissue from the
proximal femur [11]. These studies highlight the complex effects of T2DM on the mineral
and matrix components of bone tissue, especially with regard to AGE accumulation, and
offer insight into how micro-scale material property changes may affect macro-scale
mechanical integrity in a compartment-specific way.

Translating rodent studies to clinical outcomes remains challenging. No model holistically
captures the changes in the material properties of bone observed in human studies associated
with diabetes. For example, among T1DM rodent models, STZ-induced T1DM rats
potentially reflect observed changes in the human T1DM studies. Among T2DM rodent
models, obese mice and WBN/Kaob rats reflect alterations in collagen properties, whereas
ZDSD rats and TallyHo mice reflect changes in mineral compaosition observed in human
studies. Interestingly, most of the rodent models of T2DM develop higher mineral content
compared to controls, suggesting that bone turnover is consistently reduced regardless of the
model-specific pathogenesis of T2DM. One major drawback in current rodent models is that
most develop a reduced BMD, whereas in humans a normal to high BMD is observed.
Additionally, a rodent model is needed to simulate conditions similar to T2DM in an older
population, as no current model recapitulates all the characteristics of T2DM. Nevertheless,
these models enable examination of the relationship of glycemic control and duration of
disease with structural and material properties. Thus, these models can provide insight into
the mechanisms of increased bone fragility in the human diabetic population.
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