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ABSTRACT

Patients with type-2 diabetes (T2D) face an elevated risk of bone fracture, despite often
exhibiting normal or increased bone mineral density (BMD). The prevailing theory suggests
that the hyperglycaemic environment in T2D leads to an accumulation of non-enzymatic
Advanced Glycation End-Products (AGES) in the collagen matrix, resulting in a more brittle
behaviour. Yet, no causal relationship has been established suggesting that other mechanisms
may be responsible for bone fragility in T2D.

The objective of this thesis is to elucidate the underlying biological, biophysical and
biomechanical mechanisms that contribute to bone fragility in T2D using a multiscale approach
in a 46-week longitudinal study with a Zucker Diabetic Fatty (ZDF) (fa/fa) rat model, by
investigating geometrical, compositional and mechanical alterations of the ulnar bone in ZDF
rats. It was found that longitudinal alterations in bone growth and reduced bone strength was
better correlated with altered mineral properties rather than AGEs. This led to the conclusion
that bone fragility in ZDF (fa/fa) rats occurs through a multifactorial process, prompting further
investigation into various biological, biophysical, and biomechanical factors that contribute to
bone fragility.

A detailed investigation of the sequence of events from cellular- to tissue- to the whole-bone
biomechanical-level in femoral bones of ZDF (fa/fa) rats was conducted on femoral tissue. It
was found that the diabetic state disrupted bone metabolism and cell activity, which showed
downstream effects on the mineral and organic components of the bone matrix. Together, these
sub-tissue alterations coincided with deterioration of the fracture resistance, with
biomechanical testing showing significantly reduced cracking toughness and work-to-fracture
in 46-week diabetic (fa/fa) rats, compared to lean, healthy controls.

Finally, impaired longitudinal bone growth was investigated by assessing regional alterations
in bone composition and tissue-level mechanical properties using site-matched Raman
spectroscopy, nanoindentation and micro-pillar compression testing. Regional differences were
mainly found in the periosteal region of the control and ZDF (fa/fa) rats. In particular, the
mineral composition was found to be altered in the ZDF (fa/fa) rats indicating a regional
interplay in bone formation and resorption during growth. Despite compositional changes,
tissue-level mechanical properties, did not significantly differ between strains in both regions,
contributing valuable insights into the complex dynamics of tissue composition, mechanics,
and disease progression in the growth and maintenance of cortical bone in ZDF (fa/fa) rats with
T2D.

Overall, the findings in this thesis reveal that bone fragility in the ZDF rats occurs through a
complex process that was not solely attributed to AGE accumulation in the collagen matrix,
but instead arose due to altered bone cellular metabolism and its subsequent effects on bone
growth, microstructure and the spatial and temporal alterations to the mineral phase of the bone
matrix.
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ACRONYMS & NOMENCLATURE

Acronyms & nomenclature are defined below for content from Chapters 3 to 5.

Acronyms

AGE Advanced Glycation End-Product

AP Anterior-Posterior

APEDS Activated Papain Enzyme Digestion Solution
ATR Attenuated Total Reflectance

BMD Bone Mineral Density

BMDD Bone Mineral Density Distribution

BV Bone Volume

BVITV Bone volume fraction

Ca2+ Calcium ion

CML Carboxymethyl-lysine

CO3%* Carbonate ions

Conn.D Connectivity Density

CTX-I C-telopeptide of collagen alpha-I

Ct.Ar Cortical bone tissue cross-sectional area
Ct.Po Cortical porosity

Ct. Th Cortical bone tissue thickness

DA Degree of anisotropy

DICOM Digital Imaging and Communications in Medicine (scan)
fAGE Fluorescent Advanced Glycation End-Product
FEA Finite Element Analysis

FTIR Fourier Transform Infrared Spectroscopy
FWHM Full Width at Half Maximum

HA Hydroxyapatite

HbA1 Haemoglobin subunit alpha-1/2

HbAlc Glycated haemoglobin

HFD High Fat Diet

HPLC High Performance Liquid Chromatography
HU Hounsfield Units
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Micro-CT
ML

Mmean
Mmode
PINP
PBS
PEN
POs*
PYD
gPRS
ROI
Sost
SMI
T2D
TMD
TV
TV2s
TVso
TV7s
VOI
ZDF

ZDSD
ZL

Insulin-like growth factor hormone-I
Interleukin-6

Image Processing Language (Scanco Medical)
Peak kilovoltage

Length

Micro-Computed Tomography
Medial-Lateral

Mean mineral density

Mode mineral density
Procollagen type 1 amino terminal propeptide
Phosphate Buffer Saline

Pentosidine

Phospate ions

Post-yield displacement

Quantitative Polarised Raman Spectroscopy
Region of interest

Sclerostin

Structural model index

Type-2 Diabetes

Tissue Mineral Density

Total Volume

Tissue volume at low mineral density (25" percentile)

Tissue volume at medium mineral density (50" percentile)

Tissue volume at high mineral density (75" percentile)
Volume of interest

Zucker Diabetic Fatty

Zucker Diabetic Sprague Dawley

Zucker Lean
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Nomenclature

Ac Area of contact of indentator

Cmi Cross-sectional distance from the centroid to outermost point
d Displacement

d Normalised displacement

E Young’s (elastic) modulus

Ei Indenter modulus

Er Reduced modulus

Fb A geometry factor

H Material hardness

lap Anterior-Posterior moment of inertia

Imi Medial-Lateral moment of inertia

k Bending rigidity

uA Microampere

Me Microstrain

M Moment

Oc Notch angle

v Poisson’s ratio

Vi Indenter Poisson’s ratio

Prmax Maximum force

pMOI Polar moment of inertia

PAsh Ash density

pPCT Computed Tomography measured density
Ri Endosteal radius

Rm Mean radius

Ro Periosteal radius

S Span length or Material stiffness

€ Strain

o Stress

Wi Area under the force-displacement curve or work-to-fracture
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Chapter 1

CHAPTER 1

Introduction

1.1 T2D and Bone Fragility

Type-2 Diabetes (T2D) mellitus is a metabolic disorder that is characterised by insulin

resistance, where the body's cells do not respond effectively to insulin, a hormone that regulates
blood sugar. It is estimated that T2D accounts for 90-95% of diabetic cases (Valderrabano and
Linares, 2018). and currently affects over 500 million adults globally. By 2045, this number is
projected to grow to over 700 million (Robertson, 2023; Saeedi et al., 2019). Unlike Type-1
diabetes, T2D results from reduced insulin sensitivity and impaired insulin secretion, leading
to hyperglycaemia. Patients with T2D can experience a wide range of micro- and macro-
vascular complications, including retinopathy, nephropathy, neuropathy and atherosclerosis, as
they age, which has a significant impact on their quality of life and increases their risk of
mortality (Duckworth, 2001; Faselis et al., 2019; Laakso, 2014).

Patients with T2D also experience an increased risk of bone fragility fractures, with up to a 3-
fold increase in hip fracture risk being reported, even after body mass and falling risk has been
accounted for (Bonds et al., 2006; Janghorbani et al., 2007; Strotmeyer et al., 2005). While
there are a variety of different factors that can influence the incidence of fragility fractures such
as increased falling risk, secondary complications such as peripheral neuropathy and insulin
use, research has shown that disease duration also plays a role, where individuals with long-
term T2D have a higher incidence of fracture than short-term sufferers, even after adjusting for
age and body mass index (BMI) (Janghorbani et al., 2006). Paradoxically, this increased risk
of fracture in T2D is not associated with any reduction in bone mineral density (BMD)
(Strotmeyer et al., 2005; Vestergaard, 2007), as would be the case in osteoporosis, a disease
characterised by bone loss. Instead, patients with T2D usually present with a normal or high
bone mineral density BMD, compared to non-diabetics (Vestergaard, 2007). This presents

distinct clinical challenges when applying diagnostic criteria for fracture risk in patients with

1
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T2D, as traditional screening methods that are based on bone density, such as Dual X-Ray
Absorptiometry (DEXA) and the fracture risk prediction tool FRAX, are unable to provide
quantitative measures of fracture probability (Vandenput et al., 2022). This implies that T2D
is associated with a deterioration of bone quality, whereby the bone geometry,
microarchitecture and intrinsic properties of the bone tissue matrix itself may be impaired
leading to an impaired fracture resistance. Previous research has widely hypothesised that
elevated levels of glucose, due to hyperglycaemia, results in an increased accumulation of non-
enzymatic cross-links or adducts in the form of advanced glycated end-products (AGEs), which
are thought to influence the organic matrix either by stiffening the collagen network leading to
a more brittle tissue behaviour (Delmas et al., 1984; Vashishth, 2007) or altering the protein
structure (Nagai et al., 2014). However, the difficulty in obtaining direct measurements from
bone tissue in vivo means that quantitative data describing precisely how bone tissue properties
are impaired in T2 diabetic patients are limited. In a previous large population based Health
Aging, Body and Composition (Health ABC) study, circulating AGEs such as urinary
pentosidine correlated with increased prevalence of vertebral fractures in the patient cohort
with T2D even after adjustment for BMD (Schwartz et al., 2009). Additionally, serum
carboxymethyl-lysine have been found to be significantly correlated with the clinical fracture
risk in the T2 diabetic cohort (Dhaliwal et al., 2022). However, there has still been no clear
causal relationship established in epidemiological studies between AGEs and bone fragility in
T2D and highlights that other mechanisms may be responsible for this increased fragility,
which have yet to be elucidated (Britton and Vaughan, 2023). The work of this thesis uses a
multiscale approach to examine bone quality and how this may play a role in impairing
the mechanical integrity of bone from Zucker Diabetic Fatty (ZDF) rats as the disease

progresses.

This research is timely as the worldwide prevalence of diabetes has seen a significant rise,
resulting in a substantial economic impact, with the global expenditure estimated to be €900
billion (Sun et al., 2022). In 2019, it was estimated that approximately €1 billion was spent on
diabetes related complications in Ireland alone, accounting for 10-12% of the national health
budget of €16 billion (Diabetes Ireland, 2021). Protecting against fracture in this patient
population is vital as patients with T2D have impaired fracture healing as a result of increased
inflammation, reduced bone turnover, vascularization and osteoblast differentiation (Marin et
al., 2018; Murray and Coleman, 2019), resulting in increased recovery time, non-union and

risk of fracture recurrence. A better understanding of the factors that contribute to this increased
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fragility could help to establish a quantitative relationship between bone biomechanics and
bone quality, ultimately improving the development of an effective fracture risk assessment

technique for patients with T2D.

1.2 Mechanisms of Bone Fragility in T2D
1.2.1 Advanced Glycation End-Products

During T2D, elevated levels of glucose in the blood leads to a hyperglycaemic environment,
which has been hypothesised to increase the formation of non-enzymatic cross-links or adducts
throughout the proteins network in the organic phase of bone, known as advanced glycated
end-products (AGEs) (Furst et al., 2016; Goldin et al., 2006). AGEs are present as both cross-
linked and non-cross-linking adducts that are formed through reactions between amino
components of proteins or lipids and glucose or its degradation products (Thorpe and Baynes,
2003; Willett et al., 2022). It has been widely hypothesised that AGE accumulation alters
protein mechanics throughout the organic components of the bone matrix, thereby
compromising the mechanical integrity of the bone tissue leading to increased fragility in T2D.
However, much of the evidence supporting this has been derived through use of in-vitro
glycation models, whereby animal or human tissue is immersed in a ribose solution to facilitate
non-enzymatic glycation of the protein network (Catanese et al., 1999; Poundarik et al., 2015;
Vashishth et al., 2001; Viguet-Carrin et al., 2008; Zimmermann et al., 2011). Importantly, these
in-vitro glycation models are severely limited by the fact that they generate AGEs levels that
can be an order of magnitude higher than those observed occurs physiologically, either through
the natural aging process or during T2D (McCarthy et al., 2001a; Zimmermann et al., 2015,
2011). In fact, the majority of human studies have reported no significant differences in AGE
levels in the bone tissue of T2D patients (Karim et al., 2018; Wolfel et al., 2022b, 2022a)
compared to age-matched controls, with only a limited number of studies actually observing
significant increases (Piccoli et al., 2020; Wolfel et al., 2020). Together, this implies that
there is limited experimental evidence that establishes any mechanistic link between AGE
accumulation and bone fragility in T2D patients. This implies that other mechanisms

must be responsible for impaired tissue behaviour.

1.2.2 Pathophysiological Mechanisms of Bone Fragility in T2D

Normal maintenance of the bone tissue matrix is achieved through careful coordination
between the bone cells, whereby osteoclasts are responsible for removal of damaged bone
tissue and osteoblasts are responsible for the production of the bone matrix. During this

process, osteoblasts secrete Type-I collagen, which becomes mineralised over time through the
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availability of suitable nucleation sites to form the tissue matrix. This process is carefully
orchestrated through local and systemic biochemical factors, in addition to targeted
remodelling in response to mechanical loading. However, with the onset of T2D, various
metabolic and cellular functions are disrupted throughout the body leading to complex
pathophysiological changes that may disrupt normal bone metabolism. In particular, there is
evidence of a direct link between hyperglycaemia and increased AGE accumulation with an
increase in adiposity, suggesting a feed-forward cycle, switching Mesenchymal Stem Cell
(MSC) fate from osteoblastogenesis to adipogenesis (Napoli et al., 2017). In fact, a study by
Cassidy et al. (2020) reported a reduced number of bone-marrow derived MSCs in patients
with T2D when compared to age-matched controls. This cycle may play a key role in the
progression of metabolic dysfunction into an irreversible diabetic state resulting in
pathophysiological changes such as an increased inflammatory state, disrupted cellular
functions, increased in bone marrow adiposity and higher oxidative stress (Picke et al., 2019).
There is evidence that patients with T2D present with low bone turnover, with reduced levels
of bone formation and resorption serum markers, PLNP and CTX, respectively (Lekkala et al.,
2023) and impaired expression of the bone formation controlling genes, sclerostin (Sost) and
RUNX2 (Piccoli et al., 2020). This altered bone remodelling process could negatively impact
the normal maintenance of both the organic and mineral components of the bone tissue, which
could have devastating effects on the tissue’s mechanical integrity. In particular, a recent
in-vitro study has demonstrated that hyperglycaemia disrupts the mineralisation phase of
osteoblasts exhibited by severely decreased mineral formation and matrix mineralisation
(mineral: matrix ratio assessed via Raman spectroscopy) (Entz et al.,, 2022), while
investigations on human tissue have demonstrated that mineral is more heterogeneously
distributed in T2D (Parle et al., 2020; Wolfel et al., 2020), which are consistent with other
observations of altered mineralisation patterns (Roschger et al., 2008). Furthermore, studies
have demonstrated that changes in tissue composition can take place regionally, with altered
carbonate: amide | ratios (Wolfel et al., 2022a) and crystallinity (Wolfel et al., 2020)in
endocortical regions of the tibia and femoral of patients with T2D with high porosity that is
likely a result of an altered bone remodelling process. While this provides clear evidence that
alterations to both mineral and organic phases of the bone matrix are likely responsible
for diabetic bone fragility, a mechanistic understanding of how these changes are driven
at a cellular level and how such sub-tissue alterations affect overall bone mechanics

remains poorly understood.
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Figure 1.1. A summary of the pathophysiological mechanisms that may play a role in leading

to increased whole-bone fragility in type-2 diabetes whereby impaired glucose control
combined with increased insulin resistance and other systemic factors such as obesity and
inflammation playing a role in altering bone cell metabolism which can affect bone
maintenance. This may have a downstream effect on the matrix composition and the

microstructure of the tissue both of which play a role in bone fracture resistance.

1.3 Animal Models of T2D

A major challenge in understanding the pathophysiological mechanisms of bone fragility in
T2D is the difficulty of acquiring direct in-vivo tissue measurements, which restricts the
availability of quantitative data that accurately describes the impairment of bone tissue
properties in patients with T2D. This, coupled with bones complex hierarchical structural
organisation and associated fracture mechanics, means there is a severe lack of understanding
of the sub-tissue physiochemical alterations that take place in T2 diabetic bone disease and
how these changes compromise overall structural integrity of the tissue. Even when human
tissue has been examined, there are numerous associated challenges. For instance, pinpointing

the precise diabetic onset in patients and determining the disease duration is generally difficult.

5
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The use of medication can affect bone density, while the absence of key patient information
(age, gender, body mass index, blood glucose, HbAlc levels) can limit the true understanding
of bone fragility in T2D. Using a rodent model of Type 2 Diabetes (T2D) can mitigate
confounding factors like age, gender, and disease duration, offering a cost-effective approach
to unravel the factors contributing to bone fragility in T2D. However, the complex and diverse
nature of this disease means there is currently no single animal model that can fully replicate
all human characteristics. Furthermore, rodent bones lack Haversian systems and do not
undergo human-like remodelling (Wittig and Birkedal, 2022), but can still provide important
insight into appositional growth, bone loss and T2 diabetic bone fragility.

There are a variety of animal studies that have provided insight into bone quality and fragility
in T2D. Hamann et al. (2011) examined the impact of T2D on bone physiology and
regeneration in 21-week old ZDF rats (disease duration for ~9-weeks) and found that while
osteoblast differentiation was impaired in these rats, osteoclast biology was not and thus the
ZDF (fa/fa) fats exhibited delayed bone regeneration with only 21% of defect filling in
comparison to 57% by non-diabetic controls. Hunt et al. (2018b) investigated bone tissue
composition of a 20-week old KK-Ay murine model of T2D using Fourier transform infrared
(FTIR) imaging and high-performance liquid chromatography (HPLC) and reported that KK-
Ay mice had increased collagen maturity, mineral content, and less heterogeneous mineral
properties than controls but did not report differences in pentosidine or other non-enzymatic
crosslinks, concluding that the characteristics of KK-Ay mice align with those of aged bone
and correspond to observations indicating decreased remodelling in T2D. Creecy et al. (2016)
has carried out one of the longest investigations of T2 diabetic bone fragility at 16-, 22- and
29-weeks using ZDSD rats (disease duration ~1-, 7- and 14-weeks). While they did not report
any difference in tissue-mechanical properties compared to controls, they did report alterations
with disease progression such as reduced bone toughness and fracture toughness in the ZDSD
rats with age. While these animal studies have provided important insight into bone fragility in
T2D, it is notable that several existing studies have been limited by disease duration and have
only investigated properties in animals that were overtly diabetic for a few weeks (Devlin et
al., 2014; Hamann et al., 2011; Mehta et al., 2023; Micheletti et al., 2023; Prisby et al., 2008;
Woolley et al., 2023). Furthermore, whilst existing studies have examined cellular,
compositional, and biomechanical aspects of T2 diabetic bone fragility, these
investigations have tended to examine these factors independently of one another (Creecy
et al., 2016; Hamann et al., 2011; Hunt et al., 2018; Zeitoun et al., 2019), resulting in a
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fragmented understanding of the underlying mechanisms involved. More comprehensive
longitudinal animal studies are required to fully elucidate the connection between

diabetes pathophysiology and compromised skeletal strength.

1.4 Objectives

The global objective of this thesis is to elucidate the underlying biological, biophysical and
biomechanical mechanisms that contribute to bone fragility in T2D. As a model for long-term
T2D, this work conducts a 46-week longitudinal study using a Zucker Diabetic Fatty (ZDF)
(fa/fa) rat model and investigates longitudinal alterations in cellular behaviour, tissue
composition, bone morphometry and multiscale mechanical properties across different tissue
types from these animals. Furthermore, insight into the onset of progressing of bone fragility
in more animal models of T2D will provide invaluable information towards establishing an

animal model that can mimic the characteristics of the human disease.
The specific objectives of this thesis are:

1. To investigate the geometrical, compositional and mechanical alterations of ulnar bone
in ZDF (fa/fa) rats to determine whether AGEs from radius cortical bone are the main
contributing factor to the increased risk of fracture observed in subjects with T2D.

2. To examine the biological, biophysical and biomechanical factors that contribute to
bone fragility in a ZDF (fa/fa) rat using serum and femoral bone to establish the
sequence of events that occur from the cellular-level to the tissue-level that impact the
whole-bone fracture mechanics during T2D.

3. Toexplore regional differences in tissue composition and mechanics during growth and
maintenance of cortical bone as disease progressed in ZDF (fa/fa) rats to identify
differences in bone tissue quality in T2D.

Three hypotheses have been formed to address these three objectives, with each hypothesis

addressed in the respective studies presented in Chapters 3, 4 and 5.

e Hypothesis 1: Mechanical properties and composition of cortical bone becomes altered
as a result of increased AGE concentration in the Zucker Diabetic Fatty (ZDF) (fa/fa)
rats.

e Hypothesis 2: Bone fragility in ZDF (fa/fa) rats occurs through of a variety of

biological, biophysical and biomechanical contributing factors.
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e Hypothesis 3: Regional alterations in bone composition leads to impaired bone growth,

maintenance and tissue-level mechanical properties in ZDF (fa/fa) rats.
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1.5 Thesis Structure

This thesis is structured as follows:

Chapter 2 outlines the existing relevant literature on the topic of bone and T2D. This Chapter
provides information on bone structure, function, composition and mechanics. The techniques
used to assess bone quality and mechanical in small animal bones are described in detail, as
well as the effects of T2D on bone cell metabolism, matrix and mechanics. Chapter 3 outlines
the first technical Chapter of this thesis, which is an investigation of bone morphometry via
micro-computed tomography, mechanical integrity via three-point bend testing and
composition using FTIR and measuring fluorescent AGE (fAGEs) accumulation as the disease
progresses in a Zucker Diabetic Fatty (ZDF) Rat model of T2D. Chapter 4 presents the second
technical Chapter which considers the downstream effects of an altered cellular metabolism on
bone fragility and determines whether AGEs are a significant contributor to bone fragility for
these ZDF rats. Cellular metabolism is evaluated by measuring a variety of serum markers.
AGE accumulation is again investigated by measuring fAGEs and using high-performance
liquid chromatography to assess furosine and carboxymethyl-lysine. Bone microarchitecture
and mineralisation is explored using micro-CT and finally biomechanics is evaluated through
fracture toughness testing, sideways fall testing and computational modelling. Chapter 5 is a
regional analysis of bone composition and tissue-level mechanics to further inform patterns of
bone growth and loss in the ZDF rats. The endocortical and periosteal region of cortical bone
from the femora is assessed using polarised Raman spectroscopy to investigate the tissue
composition, nanoindentation to measure tissue-level mechanical properties and micropillar
compression testing to provide some information on the elastic and plastic deformation
behaviour. Finally, Chapter 6 will discuss the main findings of this thesis and provide future

recommendations for the field.
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CHAPTER 2

Literature Review

This Chapter provides an overview of the literature relevant to the technical Chapters of this
thesis. Section 2.1 outlines the structure and function of bone and its matrix, while Section 2.2
includes an overview of the bone cells and their role in bone turnover as well as providing
details on some relevant markers of bone and general health. Bone quality and biomechanics
are detailed in Section 2.3 and 2.4, respectively. Rodent bone growth, structure and function
is outlined in Section 2.5, where various rodent models of T2D are also discussed. Finally,
Section 2.6 reviews various human and animal studies of type-2 diabetes and the factors that

may impair mechanical integrity of bone in these subjects.

2.1 Bone Structure, Function and Matrix

Bone is a living, anisotropic, dynamic tissue that is constantly renewing and repairing itself
throughout its lifespan. Its primary function within the skeleton is to provide support and
protection for internal organs, while enabling movement and locomotion. Whole bones can
withstand substantial loads in a variety of deformation modes including compression, tension,
bending and torsion loading with the response to these loads being dependent of the bone type

and structure (Currey, 2012).

Bone has a complex assembly and is often described by the various hierarchical levels of
organisation (Rho et al., 1998). This hierarchical organisation provides a highly optimised
structure that exhibits high stiffness and strength and excellent resistance to fracture (Weiner
and Wagner, 1998). While the primary role of bone is often considered to be a mechanical one,
it also performs several other critical functions, with many bones acting as major reservoirs of
calcium and phosphate that are responsible for a wide variety of metabolic functions throughout
the body (Boskey, 2006). Bone also provides a structure for the niche of hematopoietic stem
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cells, which are the progenitors of all blood cells and mesenchymal stem cells that are the
precursors of bone cells. However, with aging and the onset of metabolic diseases such as type-
2 diabetes (T2D), the dynamic capability of bone can become altered (Briot et al., 2017;
Schultz, 2001; Unnanuntana et al., 2011; Zimmermann et al., 2015).

2.1.1 The Hierarchical Structure of Bone

Bone is intricately comprised of an organic protein matrix that is combined with a stiff mineral
phase to form a hierarchical composite structure, which is assembled using a universal basic
building block — the mineralised collagen fibril (Ascenzi and Bonucci, 1976; Currey, 1984;
Hofmann et al., 2006). Bone has multiple structural length scales (Rho et al., 1998), ranging
from the microstructural organ level (> 1 mm) down to the nano- and even sub-nanoscale (<

100 nm) as seen in Figure 2.1.
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Figure 2.2: The hierarchical structure of bone. At the macrolevel, bone consists of cortical
and trabecular tissue, which is then reduced to a single osteon at the microlevel and further
reduced to a mineralised collagen fibril consisting of a collagen molecule and hydroxyapatite

mineral crystals at the nano- and sub-nanolevel, respectively (J. Fan et al., 2022).

At the macroscale (> 1 mm), there are two types of bone, cortical (compact) and trabecular
(cancellous). All bones have an outer shell of dense cortical tissue; with a thickness that can
vary from bone to bone. Trabecular bone may be present in the whole inner region of bones,
such as in the vertebrae, ribs and calvaria bones, or may only be partially present in long bones
at specific regions, such as the epiphyses and metaphysis (Reznikov et al., 2014a). The outer
surface of bone is covered in a sheet of fibrous connective tissue known as the periosteum,
from which bone can form and grow (Cowin, 2001). The marrow cavity is lined with the

endosteum, which is a thin cellular membrane of bone surface cells such as osteoclasts,
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osteoblasts and bone lining cells (Cowin, 2001). The porosity of cortical bone varies from 5%
to 30% with an apparent density of about 1.8 g cm, while the porosity of trabecular bone
varies from 30% to > 90% with an apparent density of 0.1 — 0.9 g cm™ (Bonucci, 1999).
Although it is more widely accepted that cortical and trabecular bone are comprised of similar
constituents, there are distinct structural and biological differences between these tissue types,
with trabecular bone being more metabolically active than cortical bone on average, exhibiting
a 26% yearly turnover rate in comparison to cortical bones with 3% per year (Jee, 1983;
Oftadeh et al., 2015; Rho et al., 1998).

During development, the formation of cortical and trabecular bone begins as “woven” tissue,
which is formed by endochondral and intramembranous ossification. Woven bone is made up
of randomly distributed osteocytes and disorganised mineralised collagen fibres. Over time,
the woven bone is replaced by lamellar tissue, which is comprised of a series of lamellae that
are oriented in bundles of unidirectional and fanning arrays of mineralised collagen fibrils
(Reznikov et al., 2014a). At the microscale, adult cortical tissue in long bones is found in three
different patterns: (1) the circumferential lamellae, which are layers of lamellae found all along
the circumference of the bone, often found in the outer layer (Cowin, 2001); (2) concentric
rings of lamellae, known as osteons, that surround vascular channels, nerves, cells and
Volkmann’s canals, which are canals connecting to other osteons (Lacroix, 2019); and (3)
interstitial lamellae, which is lamellar tissue that fills the gaps between osteons and angular
fragments of what was previously concentric or circumferential lamellae (Cowin, 2001).
Trabecular bone consists of a network of interconnected struts of trabeculae that can be plate-
or rod-like in structure (Currey, 2012). These are usually 100-200 pum thick in human or large
animal bone and 20-60 pum thick in small mouse or rat bone (Bouxsein et al., 2010), which the
trabecular direction typically oriented according to the external principal loading direction as
proposed by Wolff’s law (Frost, 1994; Wolff, 1986). The human trabecular microstructure
differs to cortical bone, where trabeculae are mainly composed of lamellar and woven tissue.
Osteons are absent from trabecular bone, which means that the mineralised tissue itself is not
vascularised and the surrounding bone marrow must provide the trabecular tissue with nutrients

and oxygen via fluid exchange (Cowin, 2001; Oftadeh et al., 2015).
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Figure 2.3: A detailed schematic of the structure of osseous tissue (Lacroix, 2019).

2.1.2 Bone Matrix Composition

Bone is a heterogeneous composite material and makes up the largest portion of the body’s
connective tissue mass. It comprises of a mineral phase, hydroxyapatite (Ca10(PO4)s(OH)2), an
organic phase (~90% type-I collagen, ~5% non-collagenous glycoproteins and ~2% lipids by
water) and water (Boskey, 2013). However, the composition and local structural arrangements
of these constituents can vary greatly. Despite being assembled from the relatively limited
number of building blocks, the range of mechanical properties that bone can exhibit is
remarkable, which a set of highly optimised properties being achieved through intricate

organisation of the organic and inorganic components.

Mineral

The mineral phase, also known as the inorganic phase of bone, is mainly made up of
hydroxyapatite crystals. In human adult bone, there are different stages of the bone forming
processes, (1) primary bone formation or “modelling”, which is a rapid process of forming new
“osteoid” bone in an area where no bone was present prior to the formation, (2) secondary
mineralisation, which follows the primary mineralisation phase and is a slow process where
mineral content is gradually deposited and increases over a time frame of many years and (3)
replacement bone formation or “remodelling”, where old lamellar or mature bone is removed
by osteoclasts and replaced with new bone (Roschger et al., 2008). During primary

mineralisation, the main function is to ensure osteoblast cells deposit the hydroxyapatite

20



Chapter 2

microcrystals between the collagen fibrils in the organic matrix (Reznikov et al., 2014b) in a
process that is known as mineral nucleation (Gorski, 2011). The first step in mineralisation is
the nucleation of mineral to form crystals ~15-20 nm in c-axis length. Then, during secondary
mineralisation, the number of mineral crystals are increased and become more mature. Over
time, the crystals grow and interlock with the collagen fibres of the organic matrix to create a
composite structure that provides bone with its stiffness and resistance to fracture (Blair et al.,
2017; Gorski, 2011; Vallet-Regi; and Navarrete, 2015). Specific proteins in the organic matrix,
known as non-collagenous proteins, help to regulate the nucleation and growth of
hydroxyapatite crystals. As the matrix begins to mature, the hydroxyapatite crystals become
highly organised and aligned within the collagen layers along the long axis of the fibril (Blair
et al., 2017) as seen in Figure 2.3. This is known as intrafibrillar mineralisation, which
generally occurs during the secondary bone formation phase (Olszta et al., 2007).
Hydroxyapatite crystals are small in size (~20-50 nm long, 15 nm wide and 2-5 nm thick) and
have a unique lattice structure (Morgan and Gerstenfeld, 2020). However, the mineral phase of
bone is not purely made up of hydroxyapatite, with bone mineral also consisting of anionic and
cationic impurities such as carbonate (COs%), monohydrogen-phosphate (HPO.%), sodium
(Na") and magnesium (Mg?*) ions, along with ion vacancies within the lattice structure
(Morgan and Gerstenfeld, 2020; Von Euw et al., 2019). These impurities can freely move in
and out of the crystal lattice. For example, CO3? ions can easily substitute into phosphate (PO4>
) (known as a type-B substitution) within the lattice structure, and in some cases can make up
to ~5-9% of the weight proportion of bone mineral (Morgan and Gerstenfeld, 2020; Von Euw
et al., 2019). The substitution of impurities of different shapes and sizes can reduce apatite
crystallinity and distort the lattice structure. This solubility of the apatite may become impaired,
in turn negatively impacting mineral homeostasis (McConnell, 1962; Ou-Yang et al., 2001).
Previous research has found that disruptions to the normal lattice structure can lead to reduced
mechanical integrity. For example, one study compared the composition of bones with and
without fragility fractures using Fourier transform infrared microspectroscopy and found that
increased fracture risk was positively correlated with cancellous mineral crystallinity and a
negative correlation between carbonate: phosphate ratio (or type-B substitution) and fracture
risk (Gourion-Arsiquaud et al., 2009). Another study found decreased carbonate: phosphate
ratio in both cancellous and cortical bone to be an explanatory variable for fracture risk (Boskey
etal., 2016). Other studies have found bone diseases to affect crystal size and crystallinity, with
crystal size being decreased in Paget’s disease (Whyte, 2006) and diabetes (Boskey and Marks,

1985) but increased in patients with osteopetrosis (Einhorn et al., 1988).
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Figure 2.4: A schematic of the collagen-mineral composite at the nano- and ultrastructural
level of bone, where mineral is deposited along and between collagen fibres. At the molecular
level this structure consist of a triple helix of alpha chains and a mineral crystal lattice (Gasser
and Kneissel, 2017).

Collagen

The organic phase of bone is primarily composed of type-I collagen (~90%), forming the main
basis of the extracellular matrix (Cowin, 2001; Rosa et al., 2022). The collagenous matrix plays
an important role in preserving the bone structure and shape, providing the tissue with high
tensile strength, ductility and toughness (Currey, 2003; Olszta et al., 2007; Tzaphlidou, 2005).
Collagen has a unique and complex structure known as tropocollagen that is formed by a
polypeptide chain of repetitive amino acid sequences known as glycine-X-Y, where X and Y
are usually proline and hydroxyproline residues, respectively. This configuration leads to the
triple helical structure, where three-polypeptide strands are right-hand twisted and tightly
stabilised by interchain hydrogen bonds (Figure 2.4) (Olszta et al., 2007; Rosa et al., 2022).
Dense bundles of tropocollagen form collagen fibrils, and mineral crystals are embedded within
the spaces between the collagen fibrils, resulting in the formation of a rigid and durable
structure known as the mineralised collagen fibril. Multiple collagen fibrils are stabilised by
the formation of covalent cross-links that join non-helical and helical regions of proximate
collagen molecules together to form a collagen fibre (Saito and Marumo, 2010). Collagen fibres
are aligned parallel to one-another to form what are termed lamellae and this composite
structure gives bone its elasticity, durability and provides bone with an excellent tensile
strength (Viguet-Carrin et al., 2006).
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Figure 2.5: At the smallest level collagen amino acids, glycine, proline and hydroxyproline
make-up the alpha chains, which is woven to form the triple-helix tropocollagen structure.
Mineral crystals embed within and between the tropocollagen structure to form the mineralised

collagen fibril. Multiple fibrils bundle together to form collagen fibres (Rosa et al., 2022).

Enzymatic and Non-Enzymatic Crosslinks

There are two types of collagen cross-links: (1) enzymatic, where the formation is regulated by
lysine hydroxylase and lysyl oxidase and (2) non-enzymatic crosslinks, formed by the exposure
of glycation, oxidation or glycoxidation between lysine or hydroxylysine residues and sugar
(Saito and Marumo, 2010). Initially, during enzymatic cross-link formation, immature and
unstable divalent crosslinks such as dehydro-dihydroxylysinonorleucine (deH-DHLNL),
dehydro-hydroxylysinonorleucine (deH-HLNL) and deH-lysinonorleucine (deH-LNL) are
formed due to a post-translational modification (Saito et al., 2014, 1997; Saito and Marumo,
2010) and eventually undergo Amadori rearrangement to form pyridinium (the family to which
mature cross-links such as pyridinoline (PYD) and deoxypyridinoline (DPD) belong) and
pyrrole (the family to which pyrrolodine (PYL) and deoxy-pyrrololine (DPL) belong) which
are mature, trivalent cross-links (Saito et al., 2014) (Figure 2.5). Immature cross-links are the
most abundant form of cross-link in bone, since the transformation of immature cross-links to
mature cross-links in bone is quite a slow process (Eyre et al., 1988; Saito et al., 2014). It is
thought that enzymatic cross-links may have a positive role to play in bone strength (Vashishth,

2007; Viguet-Carrin et al., 2006). There is evidence to suggest that enzymatic crosslinks may
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be a determinant of bone strength (Saito et al., 2006). Bones toughness is greatly dependant on
the collagen matrix, which is stabilised (providing the tissue with elasticity and tensile strength)
by enzymatic cross-links during the early stages of collagen fibril formation and mineralisation
(Yamauchi et al., 1988). Previous studies have used Fourier transform infrared spectroscopy
(FTIR) to quantify collagen cross-links (Farlay et al., 2011; Garcia et al., 2016; Hunt et al.,
2018; Paschalis et al., 2001). However, there is still ambiguity as to whether this is a
measurement of collagen maturity, or the modification of enzymatic cross-links and further

research is needed to allow for correct interpretation.

Conversely, non-enzymatic cross-links, known as Advanced Glycation End-products (AGES)
are thought to negatively impact bone. There are a wide variety of AGEs that fall under two
main categories, determined by whether they form as (i) cross-links or (ii) non-cross-linking
adducts (Saito and Marumo, 2010; Willett et al., 2022) (Figure 2.5). AGEs are created via
multiple pathways with various intermediates, but in general terms, AGEs form due to a
reaction between the amino component of protein or lipids and either (1) glucose and/ or (2)
products that remain after glucose degradation and metabolism (Thorpe and Baynes, 2003;
Willett et al., 2022). When proteins and lipids bind to one-another, this forms cross-links, which
have been hypothesised to stiffen the collagen network, leading to a more brittle tissue
behaviour, reducing the tissue toughness (Vashishth, 2007; Viguet-Carrin et al., 2006).
Adducts are formed when the protein structure itself is altered, which can ultimately impair
protein function (Nagai et al., 2014). Similar to the post-translational modifications of
enzymatic cross-links that enhance the protein stability, non-enzymatic cross-links also
undergo post-translational modifications that are often influenced by factors including pH,
oxidative stress and glucose levels (Willett et al., 2022). There are a wide range of non-
enzymatic cross-links and adducts caused by various post-translational modifications, with the
most common and widely studied of these being pentosidine (cross-linking) and
carboxymethyl-lysine (adduct). Intrinsic toughening (or plasticity) is what provides a material
with the ability to resist fracture (Ritchie, 2011) via a fibrillar sliding mechanism, where
mineralised collagen fibrils slide past one another to allow bone to deform and absorb energy
without fracturing through sacrificial bonds, which break and reform as they slide (see Non-
Collagenous Proteins). However, fibrillar sliding is dependent on the alignment and orientation
of the collagen fibres (Kamml et al., 2023; Ritchie, 2011; Zimmermann and Ritchie, 2015).
With aging and certain diseases, this toughening mechanism can be affected by an increase in

AGE cross-linking that is thought to over-stabilize the collagen structure leading to reduced
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fibrillar sliding and a more brittle tissue behaviour (Saito et al., 1997; Tang et al., 2007; Wang
et al., 2002; Zimmermann et al., 2011).
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Figure 2.6: The formation pathway of enzymatic and non-enzymatic crosslinks and adducts in
bone collagen, where the first step of enzymatic formation require Lysine hydroxylase and
Lysyl oxide, whereas the first step of non-enzymatic formation requires glycation,

glycoxidation or oxidative stress (Saito and Marumo, 2013).

Non-collagenous proteins

Non-collagenous proteins (NCPs) make up approximately 10% of the organic matrix of bone.
While over 200 different NCPs have been reported, the most commonly known are osteocalcin,
osteonectin and osteopontin (Delmas et al., 1984). It is understood that NCPs play a critical
role in bone mineralisation and may act as nucleators, aiding the growth of the mineral crystals
within the collagen fibrils (Glimcher, 1989; Gorski, 2011; Roach, 1994). NCPs have also
described as a protein-based “glue” that fuses mineralised collagen fibrils to one another,
reducing separation and influencing bones’ ability to resist fracture due to what are termed
sacrificial bonds and hidden lengths (Fantner et al., 2005) (see Figure 2.6). Although data is
limited, NCPs are thought to influence bone quality, particularly in patients with bone disease
such as osteoporosis, where studies have found disruptions in the organisation and a reduced
amount of NCPs present in osteoporotic patients when compared to healthy controls,

consequentially, impairing fracture resistance (Ferris et al., 1987; Grynpas et al., 1994; Morgan
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et al., 2015). Extracellular NCPs have a wider role outside of the initial understanding of their
part to play in calcium binding and cell adhesion and it is possible that a better understanding
of the effect NCPs have on bone quality could allow for a more accurate estimation of fracture
risk.

Figure 2.7: Mineralised collagen fibrils are interconnected glue-like non-collagenous
proteins, where (a) shows mineralised collagen fibrils on a fractured human bone surface, (b)
Scanning Electron Micrographs show fibrils are held together by a glue-like substance known
as, non-collagenous proteins, (c) Atomic Force Microscope image of a fractured bone surface
also showing connected fibrils and (d & €) shows a schematic depicting how the non-

collagenous proteins help to resist separation of fibrils (Fantner et al., 2005).

2.2 Bone Biology and Turnover

Bone cells play a vital role in creating bone tissue and maintaining bone function and strength.
There are four main types of bone cells: osteoblasts, osteocytes, osteoclasts and bone lining
cells. Bone has a unique mineralised matrix that is continuously renewing throughout life by a
process called ‘bone turnover’. In healthy individuals, this process removes old or damaged
tissue, replaces it with new tissue and ensures that the individual constituents of the bone matrix
(e.g., hydroxyapatite mineral crystals and collagen proteins) are optimally arranged to
maximise the load-bearing capacity of the structure.
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2.2.1 Bone Cells

Osteoblasts derived from mesenchymal stem cells (MSCs). MSCs are found in bone marrow,
muscle and fat tissue and are known as multipotent cells, meaning they have the potential to
differentiate into various types of tissue such as bone, cartilage, muscle and fat. Osteoblasts
make up ~ 4 — 6% of bone cells in the adult skeleton and are essential for formation of new
tissue during bone turnover as they synthesize collagen and mineralise the organic matrix —
including many proteoglycans, non-collagenous proteins, cell attachment proteins and type-I
collagen, which makes up 90% of the organic matrix (Mohamed, 2008). During initial stages
of bone formation, new osteoid (which is the unmineralised organic tissue) is deposited to
replenish and maintain the bone matrix volume (Trammell and Kroman, 2012). After the bone
formation phase, osteoblasts have multiple possible fates, whereby they can (1) become
embedded in the matrix and differentiate into an osteocyte, (2) become an inactive flattened
and elongated osteoblast called, bone lining cells or (3) undergo apoptosis (Einhorn, 1998;
Franz-Odendaal et al., 2006). There are various markers that are secreted from osteoblasts into
the blood that can be used to give an indication of bone formation including: alkaline phosphate
(ALP), type 1 collagen, type | amino-terminal propeptide (P1NP), osteopontin (OPN),
osteocalcin (OCN) and bone-specific alkaline phosphatase (BAP) (Bilezikian et al., 2018;
Hygum et al., 2017). Particularly, serum P1NP is regarded as a reliable marker to monitor bone
formation in humans and rats (Hale et al., 2007). The type-I collagen triple helix are bordered
by various components including PINP, which then spontaneously develop into collagen
fibrils, where in bone mineralisation can occur and circulating PLNP has been shown to be
linearly proportional to newly mineralised tissue (Hale et al., 2007). Bone is unique, in the fact
that a network of mechanosensing cells known as osteocytes traverse through the tissue. The
spaces found in the lamellar and woven tissue are known as lacunae that house osteocytes.
Channelling away from the lacunae are canaliculi that join to the Haversian canal, allowing the
cells to communicate through the mineralised matrix as well as the flow of nutrients and

oxygen, known as the lacuno-canalicular network.
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Figure 2.8: Schematic of the bone remodelling cycle whereby microcracks occur and can sever
the canaliculi, cutting off communication between osteocytes and increasing osteocyte
apoptosis, causing damage to the tissue. Lining cells and osteocytes release signals to blood
and marrow cells to stimulate osteoclastogenesis. Osteoclasts break down the damaged tissue
and osteoblasts deposit new bone to rebuild the tissue. Osteoblasts either embed themselves
into the matrix to become osteocytes, flatten to become bone lining cells or go through

apoptosis (Seeman, 2008).

Osteocytes are the most mature stage of the osteoblast lineage and are the most abundant bone
cell type, making up ~95% of the cells in the tissue (Frost, 1960). Moreover, osteocytes have
a longer lifespan than osteoblasts, with an estimated average half-life of ~25 years for a human
osteocyte in comparison to approximately three months and 10-20 days for a human osteoblast
(Frost, 1964; Manolagas, 2000). Similar to a network of neurons, osteocytes are connected to
each other to allow communication between cells. This network is known as the osteocyte
lacunar-canalicular network and provides microporosity in the mineralised bone matrix
(Burger and Klein-Nulend, 1999; Knothe Tate et al., 2004). Osteocytes occupy the lacunar
spaces from which canals called canaliculi distribute off in multiple directions and allow for
the exchange of oxygen, nutrients, factors and waste (Crockett et al., 2011). The wide
distribution and interconnections of osteocytes allow these cells to detect stresses and strains
on the bone and hence, osteocytes are considered the main mechanosensory of bone. Although
other bone cell’s respond to mechanical loading, osteocytes are the most responsive and
sensitive cell for detecting stimuli, such as deformation of the bone matrix, fluid flow shear
stress due to changes in canalicular fluid flow and associated streaming potentials (Burger and

Klein-Nulend, 1999). Commonly measured markers of osteocyte activity include osteocalcin
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(OCN), which is expressed by mature osteoblasts and young osteocytes, and sclerostin (Sost)

that is solely expressed by mature osteocytes.
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Figure 2.9: Schematic adapted from (Hygum et al., 2017), where blue arrows represent the
products that are secreted, red arrows represent the inhibitory actions of those products onto
cells, green arrows represent the stimulatory actions of the secreted products onto cells and
grey represents products released by the liver. RANKL, receptor activator of nuclear factor-
kB ligand; OPG, osteoprotegerin, IGF-l, Insulin growth-factor hormone-I; P1NP, type I
amino-terminal propeptide; BAP, Bone alkaline phosphate; CTX, C-terminal cross-linking
telopeptide of collagen; NTX, N-terminal telopeptide of type 1 collagen; TRAP, enzyme tartrate

resistant acid phosphatase.

Osteocytes secrete Sost and receptor activator of nuclear factor-«xB ligand (RANKL) (a
cytokine essential to osteoclast differentiation and activation) to coordinate osteoblast and
osteoclast function by inhibiting the wingless (Wnt) signalling and promoting
osteoclastogenesis, respectively (Spencer et al., 2006). Wingless or Wnt signalling is thought
to be important in skeletal function such as maintaining bone mass and regulating bone cell
functions, particularly bone formation and resorption (Zakany and Duboule, 1993). Wnts are
glycoproteins that are secreted to activate three or more receptor-mediated signalling pathways
in order to maintain cellular homeostasis (Milat and Ng, 2009). Previous studies have
demonstrated the importance of the Wnt/B-catenin pathways in determining the fate of
mesenchymal precursor cells into either osteoblasts, chondrocytes and even adipocytes (Day
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et al., 2005; Grey et al., 2012; Hill et al., 2005; Kim and Schafer, 2016). Sclerostin is a protein,
secreted by mature osteocytes and has an antagonistic effect on Wnt signalling (Delgado-Calle
et al., 2017) Sclerostin in thought to play a role in bone mass homeostasis, reducing bone
formation by inhibiting osteoblasts and stimulating bone resorption via osteoclast formation,
dependant of RANKL (Baron and Kneissel, 2013; Glass et al., 2005; Li et al., 2008). All
indicative that osteocytes play a central role in bone remodelling during bone turnover and can
regulate bone mass using a combination of hormonal and mechanical signals. Elevated
sclerostin has been reported in studies of obese, type-2 diabetic patients and in patients with
reduced kidney function (Amrein et al., 2014; Daniele et al., 2015; Pelletier et al., 2013; Sheng

et al., 2012), suggesting sclerostin may be an important factor for insulin resistance.

In healthy bone tissue, the formation process carried out by osteoblasts needs to be balanced
by a resorption process, which are carried out by osteoclasts. Unlike osteoblasts and osteocytes,
osteoclasts are generally not as prevalent in bone, which usually consists of two to three per
um® (Roodman, 1996). Osteoclasts are large, multinucleated cells that are derived from
hematopoietic stem cells (an immature cell that can develop into all types of blood cells) and
differentiate along the monocyte/ macrophage lineage (Kartsogiannis and Ng, 2004; Martini et
al., 2012). Osteoclasts possess several characteristics to aid bone resorption, with the two main
characteristics being; (1) the ruffled border, which secretes various organic acids and preserves
a low pH at the surface of bone, critical to dissolving mineral components (2) the sealing zone,
which is a tight ring-like zone of osteocyte adhesion that prevents important cell-to-bone
exchanges from affecting the extracellular environment (Suda et al., 1992). The driving force
in osteoclastogenesis is its ligand, RANKL, which is expressed in osteoblasts, osteocytes and
stromal cells and is stimulated by parathyroid hormone (PTH), PGE2, endocrine hormone -
1.25(0OH)2D3, interleukin 1p (IL- 1p) and IL-11 (Hofbauer et al., 1999; Horwood et al., 1998;
Yasuda et al., 1998). However, RANKL is also the inhibitor of osteoprotegerin (OPG) (Figure
2.8) (Bucay et al., 1998; Mizuno et al., 1998). Osteoclasts are key to the long-term maintenance
of blood calcium homeostasis and secrete the enzyme tartrate resistant acid phosphatase
(TRAP) during bone resorption that is necessary for balancing cartilage mineralisation and
maintaining its integrity during growth and development (Sawyer et al., 2003). Hence, TRAP
is a suitable biochemical marker for osteoclastic bone resorption (Figure 2.8). Additionally, C-
terminal cross-linking telopeptide of collagen type-1 (CTX-I) is another common marker of
bone resorption. Individual molecules of collagen are joined together via crosslinks within the

triple helix. There are two main sites for crosslinking that are found at both ends of the collagen
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molecule, the amino- (N) and carboxyl- (C) terminal (Herrmann and Seibel, 2008). During the
degradation of type-1 collagen, CTX fragments are released into circulation and can be
measured form both urine and serum (Herrmann and Seibel, 2008). Following bone resorption,
osteoclasts leave behind a concave surface of eroded bone as seen in Figure 2.7, where
osteoblasts are called upon to deposit new bone to replace the old/ resorbed bone, starting the

cycle of bone remodelling again.

2.2.2 Bone Modelling and Remodelling

The early stages of bone formation occur through intramembranous and endochondral
ossification. During intramembranous ossification, the number of bone cells and fibres
increase, individual trabeculae begin to form into primary cancellous and cortical bone begins
to form by filling the spaces of the primary cancellous bone with primary osteons or Haversian
systems, which are eventually replaced by osteons (Secondary Haversian systems) (Cowin,
2001). On the other hand, endochondral ossification occurs when chondrocytes grow and
develop a cartilaginous pattern that will turn into a calcified matrix. Where MSCs will colonise
and differentiate into osteoblasts to form bone tissue. Primary cancellous bone forms from
woven bone with calcified islands embedded throughout that are later replaced by bone marrow
or lamellar trabecular bone (Ortega et al., 2004). Once a bone surface has formed, modelling
can begin. During the early stages of life, bone is growing rapidly from the growth plate and
bone modelling is most prominent to increase bone volume and support the growth of the
skeleton. Both bone formation and resorption occurs during bone modelling to control bone

shape, size and mass (Allen and Burr, 2013).
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Figure 2.10: Bone grows radially on the periosteal surface via formation modelling and is
removed on the endocortical surface via resorption modelling, which preserved bone thickness
(Allen and Burr, 2013).
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In the diaphysis, formation modelling is when osteoblasts add bone to a periosteal surface faster
than bone is resorbed endocortically, while resorption modelling occurs on the endocortical
surface (Figure 2.9), This process is distinctly different from the bone remodelling process,
since in bone remodelling formation and resorption occur on different surfaces. Formation
modelling results in a consistent cortical thickness and ensures radial growth of the bone (Allen
and Burr, 2013). In addition, bone architecture and mass are regulated through mechanical
stimulus (Cowin, 2001). If bone strains exceed a certain range, known as the modelling
threshold, the minimum effective strain (MES) of 1,000 pe, formation modelling or drift
becomes activated and bone mass and strength increases, otherwise when strains remain below

this threshold formation modelling stays inactive (Frost, 1997).

Bone remodelling is the process in which bone has been modelled and is now being maintained.
Bone remodelling occurs in a cycle controlled by a group, known as the bone multicellular unit
(BMU), whereby old and damaged tissue is removed and replaced with new tissue and can take
approximately 4-6 months to complete (Allen and Burr, 2013).Bone remodelling via the BMU
occurs in 5 stages: (1) Activation, (2) Resorption, (3) Reversal, (4) Formation and (5)
Termination (Kenkre and Bassett, 2018) (See Figure 2.10). The resting bone period represents
the stage in human bone when over 80% of the surface is dormant and not actively remodelled
(Kenkre and Bassett, 2018). The activation period, which usually lasts 10 days, is when
circulating osteoclast precursor cells differentiate, this process itself is controlled by osteocytes.
A canopy is then formed from detached bone lining cells, this canopy encapsulates the BMU
and limits the remodelling process to this region. Resorption is the next stage where osteoclasts
begin to remove the old and damaged tissue via a macrophage-like process lasting
approximately 2- to 3-weeks. Reversal occurs between resorption and formation to remove the
remaining debris from the osteoclasts in the resorbed area by macrophage cells, lasting
approximately four months. Following removal, bone formation begins, where differentiated
osteoblasts infiltrate the concave surface of eroded bone and begin to deposit osteoid, which
soon becomes mineralised to build new bone. The formation stage can take up to 90 days whilst
the mineralization phase can take approximately a year to complete (Allen and Burr, 2013).
The final stage is termination, at this stage osteocytes signal for osteoblastogenesis to decline.
It is at this stage that osteoblasts either undergo apoptosis or become buried deep within the
mineralised matrix to become osteocytes (Allen and Burr, 2013; Kenkre and Bassett, 2018).
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Figure 2.11: Bone remodelling occurs at five stages via the bone multicellular unit that
consists of a resting phase followed by (1) activation, (2) resorption, (3) reversal, (4) formation
and (5) termination (Kenkre and Bassett, 2018).

2.2.3 Cellular and General Health Markers

Calcium

Bone is a major reservoir for calcium. There is approximately 1 - 1.3 kg of calcium in a healthy
adult and roughly 99% of that calcium is found in bone, with the remaining 1% found in soft
tissues and extracellular fluid (Houillier et al., 2006). Calcium is essential in ensuring normal
cell signalling as well as controlling muscle contraction and nerve impulse transmission
(Peacock, 2010). Calcium levels may reflect the capability of maintaining glucose and bone
cell metabolism homeostasis in the body and hence it is important that serum calcium levels
are within the normal range for healthy subjects (total calcium levels: 2.2 — 2.6 mmol/ L) to
ensure proper physiological function (Song, 2017). Calcium homeostasis is tightly regulated
by two hormonal systems and receptors including the parathyroid hormone (PTH) and its
receptor (PTHR) and 1,25-dihydroxyvitamin D [1, 25(OH).D], an active form of vitamin D
and its receptor (VDR). The calcium sensing receptor (CaR) is also important in calcium
homeostasis (Peacock, 2010). When serum calcium levels fall, the CaR is deactivated within
the parathyroid gland, and this signals the release of PTH into the bloodstream. This increased
PTH secretion stimulates the PTHR in the kidney to increase tubular calcium and in bone to

signal osteoclasts to release calcium from the bone surfaces into the bloodstream (Jeon, 2008;
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Song, 2017). The secretion of 1, 25(OH)2D is also increased by the kidney during high levels
of the PTH, which causes the gut to absorb more calcium and bone to increase resorption and
reduces PTH secretion from the parathyroid gland (Song, 2017). This cycle is shown in Figure
2.11.

N PTH M125D
Parathyroid hormone (PTH) PTHR activated VDR activated 1,25(0H),D
y
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Figure 2.12: Schematic of calcium homeostasis adapted from (Peacock, 2010). Red arrows
represent the secretion of parathyroid hormone (PTH) when serum calcium levels reduce and
the calcium receptor (CaR) is inactivated, this activates the parathyroid receptor (PTHR)
signal bone to release calcium into the bloodstream and the kidney to increase calcium
reabsorption to increase calcium levels. Green arrows represent how the kidney increased its
secretion of vitamin D (1,25D) when PTH secretion is increased that signals the vitamin D

receptor (VDR) to stimulate calcium absorption and resorption in the gut and bone,

respectively.

When diagnosing diseases and pathological conditions, calcium levels are commonly measured
from serum and extracellular fluid since calcium equilibrium is often affected. Typically,
calcium equilibrium is affected in disorders where PTH secretion is altered, such as primary
hyperparathyroidism (Houillier et al., 2006). Hyperparathyroidism occurs when one or more
of the parathyroid glands are overactive resulting in the secretion of too much PTH, which
increases serum calcium levels and can have a detrimental effect on bone mineral density and
kidney function (Marcocci and Cetani, 2018). In the case of post-menopausal women
presenting with osteoporosis, calcium is often not being absorbed effectively and it is

commonly found that these patients present with increased serum calcium levels, although PTH
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and 1,25(0OH)2D is reduced. However, in the case of osteoporosis that has occurred as a result
of old age, serum calcium levels are found to be reduced along with a reduction in PTH and
1,25(0OH).D. Hence, measuring serum calcium concentration can be a good indicator for
homeostasis in the body and for disease diagnosis (Gallagher, 1990).

Insulin Growth Factor Hormone-1 (IGF-I)

Growth factors are essential for normal bone growth and development, with one of the most
common markers being IGF-1 or insulin growth-factor hormone-I. IGF-1 is a polypeptide that
acts both as an endocrine hormone and a tissue growth factor and interestingly, circulating IGF-
I is mainly released in bone and the liver and its secretion is often controlled by growth
hormone (Rosen and Pollak, 1999). IGF-I is synthesised by osteoblasts and is an important
regulator in bone cell function, collagen synthesis and can stimulate anabolic activity within
the bone tissue (Crockett et al., 2011; Johansson et al., 1992; McCarthy et al., 1989).
Interestingly, a study by Lean et al (1996) found that when osteocytes detect mechanical stress,
in response they secrete paracrine factors, such as, IGF-1. IGF-1 is generally most abundant at
puberty and naturally declines with age (Jones, 1995), with it being understood to play a vital
role in longitudinal bone growth. Interestingly, there have been reports of increased insulin
sensitivity when IGF-I levels are increased and previous research investigating childhood
obesity and T2D, found that during puberty IGF-I levels rose and fell in a pattern similar to the
rise and fall of insulin resistance, suggesting that the growth hormone IGF-1 axis contributes to
the insulin resistance of puberty (Hannon et al., 2005). Indicating the importance of circulating
IGF-1 in normal bone growth and development.

Interleukin-6 (IL-6)

Cytokines are a diverse group of small cell-secreted proteins or peptides that can be either pro-
or anti-inflammatory (Zhang and An, 2007). There are many different types of cytokines,
however one that has gained particular interest in the field of bone is interleukin-6 (IL-6). IL-
6 has many different functions such as, regulating immune responses, haemopoiesis (the
formation of blood cells and platelets), inflammation and is thought to influence some
osteoclast and osteoblast activities (Mihara et al., 2012; Sims, 2021). IL-6 is produced via two
pathways, classic- and trans-signalling. The classic signalling pathway is thought to be
involved with inducing an anti-inflammatory and regenerative response while the trans-
signalling pathway is thought to induce the pro-inflammatory response (Rose-John, 2012;

Schaper and Rose-John, 2015). It is understood that IL-6 trans-signalling promotes bone
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formation and osteoclast formation. IL-6 has been associated with osteoclastogenesis, whereby
IL-6 has been found to stimulate the expression of RANKL that promotes osteoclast precursors
to progress into mature osteoclasts and increases their resorptive activity (Rose-John, 2012).
Conversely, literature has also demonstrated the opposite effect, where IL-6 has also been
shown to play an inhibitory role on osteoclasts and osteoblasts resulting in a reduced expression
of a variety of osteoclastic markers such as TRAP and hindering RANKL signalling pathways
(Yoshitake et al., 2008). Additionally, IL-6 is also thought to influence bone formation. I1L-6
has been shown to increase the expression of osteoblastic markers such as alkaline phosphatase
(ALP), which aids in the formation and deposition of extracellular matrix mineralisation
(Bellido et al., 1997; Itoh et al., 2006). IL-6 has also been associated with increasing the
production of IGF-I, promoting bone growth, collagen synthesis and bone matrix
mineralisation (Pass et al., 2009). A study on mice found that when IL-6 (or tumour necrosis
factor a, TNFa) was overexpressed, IGF-I levels were reduced resulting in stunted growth,
similar results were observed in studies on human patients (De Benedetti et al., 2001, 1997).
However, IL-6 is understood to be associated with various pathological conditions, particularly
in conditions associated with abnormal bone resorption such as rheumatoid arthritis and Paget’s
disease (Fonseca et al., 2009). IL-6 cytokines are known to play a direct and indirect role in the
bone metastasis “vicious cycle” (Blanchard et al., 2009). Moreover, IL-6 is understood to play
a role in the pathogenesis of T2D (Akbari and Hassan-Zadeh, 2018). Adipose tissue and
adipocytes are major sources for circulating IL-6 (Makki et al., 2013), hence there have been
many studies suggesting a link between obesity and circulating IL-6 levels as well as studies
trying to provide an understanding as to how heightened circulating levels of IL-6 can lead to
reduced insulin sensitivity, resistivity or maintenance of elevated glucose levels (Bastard et
al., 2002; Rotter et al., 2003).

2.3 Bone Quality

With disease and aging, tissue quality can become altered and can increase a patient’s
likelihood of fracture. Since bone is arranged hierarchically, these alterations can be examined
at multiple length scales from the nano- to the macroscale using a wide range of techniques
(Donnelly, 2011; Hernandez and Keaveny, 2006). Tissue mechanical integrity can be explained
by bone quality with the inclusion of bone gquantity such as, bone mineral density (BMD), as

shown in Figure 2.12.
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Figure 2.13: Schematic adapted from (Boskey and Imbert, 2017) outlining the different
variables of bone quality that contribute to the mechanical integrity of the tissue.

2.3.1 Multiscale Analysis of Bone Quality

To understand the full picture of bones resistance to fracture, the bone features that can alter
tissue quality at different length scales must be considered. There are a variety of techniques
that can be applied to explore the different physico-chemical components at the nano- to the

macroscale, which will be discussed in this Section.
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Figure 2.14: Image adapted from (Donnelly, 2011; Hernandez and Keaveny, 2006) showing

the different techniques used to assess bone quality at the different length scales of bone.
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Nanoscale
Fluorometric assays and High Performance Liquid Chromatography (HPLC)

At the nanoscale, collagen crosslinks are often measured to explore the crosslink type
(enzymatic or non-enzymatic) and quantities present. Fluorometric assays are often used to
quantify a bulk measurement of AGEs, including pentosidine, crossline and versperlysines A,
B and C to name a few. This techniques measures hydroxyproline content form a hydrolysate,
which provides a measure of the total amount of collagen (by assuming 14% hydroxyproline
by weight) and normalises it against quinine to quantify the amount of bulk fluorescent non-
enzymatic AGEs (Sell and Monnier, 1989; Tang et al., 2007). To gain a more detailed insight
to the types and quantities of collagen crosslinks, high-pressure liquid chromatography (HPLC)
techniques can be applied, where a liquid sample (which in this case can be in the hydrolysate
of bone samples) is injected into a filled column material such as a liquid or gel (stationary
phase) that is connected to a pump. At high pressure, the pump system pushes a solvent carrying
the sample through the column to a detector. The components of the different samples become
separated depending on the speed of the liquid or gas through the stationary phase and how
long it takes to reach the detector (retention time). A raw spectra is obtained for the elution of
the different crosslinks (Czaplicki, 2013) (Figure 2.14), such as immature and mature
enzymatic crosslinks, non-enzymatic crosslinks (pentosidine) and even non-enzymatic non-
crosslinking adducts (CML) (Creecy et al., 2016; Romanowicz et al., 2022). Furosine is an
early marker of glycation that can also be quantified via HPLC (Sell, 1997).
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Figure 2.15: Schematic diagram the High Performance Liquid Chromatography, where
solvent and sample are pushed through the column via a pump and injector which move into a

detector and a raw spectra is gotten (Czaplicki, 2013).
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Microscale
Fourier Transform Infrared Microspectroscopy (FTIR)

At the microscale, there are a wide range of techniques that can be implemented to assess bone
quality such as Energy-dispersive x-ray (EDX), quantitative Backscattering Electron Imaging
(gBEI), small/ wide angle X-Ray scattering (SAXS/ WAXS), vibrational spectroscopy such as
Fourier transform infrared (FTIR) and Raman and Micro-Computed Tomography (Micro-CT).
The main focus will be on FTIR, Raman Spectroscopy and Micro-CT techniques since these

have been used to assess bone quality of the Type-2 Diabetic rat bone in this thesis.

FTIR and Raman are both vibrational spectroscopy techniques that have both been used to
quantify chemical features in the tissue and assess bone matrix composition. In both techniques,
an incident light is focused onto the sample, where the chemical bonds of the mineral and
collagen components become excited and vibrate (Donnelly, 2011). These vibrations that occur
are molecule specific and correspond to different absorption peaks that produces an infrared
FTIR or Raman spectra that can provide information about the biochemical composition of the
measured sample. There are a variety of different ways to assess bone with FTIR such as using
a transmission, reflection and attenuated total reflectance (ATR-FTIR) probe. Additionally,
others have adopted the use of an optical microscope and a focal plane array detector to allow
the sample surface to be imaged whilst also collecting spatial information about the tissue
composition, known as FTIR imaging (FTIR-I). A drawback of using spectroscopy on unfixed,
untreated bone samples is that they can quickly become dehydrated during measurements due
to the intensity of the IR beam. In cases where transmission is used, samples must be
homogenized with KBr and formed into tiny pellets for measuring, which can become a very
time-consuming sample preparation process (Kourkoumelis et al., 2019) (Figure 2.15). ATR-
FTIR is considered advantageous due to its low cost, rapid sample preparation and measuring.
ATR-FTIR commonly measures a spectra from solid or powdered bone and employs the use
of a crystal to reflect the IR beam creating an evanescent wave, which is absorbed by the sample
and the reflected radiation is returned to the detector (Taylor and Donnelly, 2020) (Figure 2.15).
It is understood that using powdered bone samples is more favourable than larger sample
Sections as the powdered samples allow for deeper penetration depth of the IR radiation into
the sample and removes the possibility of taking measurements from void spaces (i.e. in the
presence of a pore) (Kontopoulos et al., 2018). However, a disadvantage of ATR-FTIR is that
the particle size of the powdered bone tissue can affect some parameters such as crystallinity,
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carbonate: phosphate and phosphate: amide (Kontopoulos et al., 2018). FTIR-1 is considered
quite an advantageous method of spectroscopy as each pixel in the FTIR image contains a
spectrum, which can be mapped onto the image to create a biochemical fingerprint of that
sample, making it easier to compare diseased tissue to non-diseased. However, since FTIR-I is
measured through transmission, bone samples must be embedded, polished and sliced thinly,
which can be a time consuming preparation process. Moreover, during the tissue embedding
process the sample must be dehydrated that may potentially alter the bone structure at the
nanoscale and therefore, it is important to remove the effects of the embedding material from

the spectra via subtraction (Lievers et al., 2010; Taylor and Donnelly, 2020).
Raman Spectroscopy

Raman spectroscopy detects scattering light from biological molecules and ions that become
excited by an incident laser light (Morris and Mandair, 2011). The molecules vibrate and this
causes energy loss from a small fraction of light, which is then deflected at longer wavelengths.
Each molecule has a unique vibrational characteristic, which is related to the difference in
wavelength between the incident and scattered light (Morris and Mandair, 2011). The output
is a Raman spectra with bands that reflect specific molecular vibrations of mineral and collagen
components, known as frequency shits, that are labelled in wavenumber units (cm™), similar
to an FTIR spectra. Raman spectroscopy is quite a universal technique as it can be used with
fresh or embedded tissue and allows for a higher spatial resolution to be used (Gamsjaeger et
al., 2010). Unlike FTIR, Raman spectra do not have strong water contributions when used in
conjunction with bone and hence, Raman may be used on hydrated samples (Donnelly, 2011,
Taylor and Donnelly, 2020). However, tissue embedding is often preferred for Raman
spectroscopy and Raman imaging measurements on bone samples, despite possible
dehydration, since embedding samples surfaces are flat that minimizes the effect of surface

scattering and maximised the signal-to-noise ratio (Taylor and Donnelly, 2020).
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Figure 2.16: Different bone sample preparation methods where potassium bromide (KBr)
pellets are formed for transmission FTIR spectroscopy (left), a polished bone sample embedded
in PMMA is prepared for transmission FTIR imaging (centre) and bone is milled into a powder
for ATR-FTIR (right) (Taylor and Donnelly, 2020).

Different spectral peaks represent the inorganic (POs and COs) organic (Amide and CH>)
components of bone and are found at different peak positions or integration ranges. The most
common outcomes measured via FTIR and Raman spectroscopy include the mineral: matrix
ratio, carbonate: phosphate ratio, mineral maturity (or interchangeably termed “crystallinity”)
and collagen maturity (or the enzymatic collagen crosslink ratio), among other less common
measurements (Taylor and Donnelly, 2020). Table 2.1 and Figure 2.16 below shows the
different parameters measured, the range in which they are found in and a description for each

outcome.

41



Chapter 2

/"/ﬁ \
.“", | vjv3PO,
- ( ||
w 7
2 Amide | [ |
=} | \
3 /ﬂ'\‘ H
S [\ [ |
5 [\ Amiden I |
= mide
< [/ /N / \ co
/ AN Amide lll | \ 3
-1 / N\ \ - A%
|
I
| |
= | viPO ||
[’}
g l
£ I
c
g |
@ | VPO,
A Amide | ’ Amide Il €0, ) \ = VPO,
/\ AN A AR /
Pl e AN N Y A e A
T T T T T T T
1800 1600 1400 1200 1000 800 600 400

Wavenumber cm’

Figure 2.17: Example of a typical FTIR (top) and Raman (bottom) spectra with peaks labelled

according to its composition (Paschalis et al., 2017).

It is important to note that due to laser polarisation, some Raman bands are more orientation-
dependant than others, which can affect some commonly used measurements and lead to
polarisation bias if not accounted for (Makowski et al., 2013). It is understood that the intensity
of the mineral Raman bands are solely dependent on the c-axis orientation (Kazanci et al.,
2006; Tsuda and Arends, 1994). In addition, a study by Kazanci et al (2006) explored which
peaks were more sensitive to orientation and polarisation direction and found that the major
viPO4 and Amide | bands were found to be sensitive to polarisation-orientation. However, they
did find other peaks such as the vz, v4PO4 and Amide Ill bands were less susceptible to
orientation effects and thus concluded that in order to avoid bias and to allow for more
consistent comparison between literature, peaks that have a lesser effect of orientation should
be used to measure parameters such as the mineral: matrix and carbonate: phosphate (Kazanci
et al., 2006; Makowski et al., 2013). However, the use of polarisation with a Raman
spectrometer provides orientation-related information specific to the tissue being examined.
With polarisation, Raman spectra can be collected at different excitation polarisation angles.
The intensity of the Raman spectra is dependent on the orientation of the molecular bonds
relative to the laser polarisation vector and excitation vibration mode (Kochetkova et al., 2021).
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Figure 2.18: Schematic diagram of a typical Raman spectrometer set-up.
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Table 2.1: FTIR and Raman ratio parameters to assess bone quality adapted from (Kourkoumelis et al., 2019; Taylor and Donnelly, 2020).

Outcome

Description

FTIR

(integration range or peak)

Raman
(integration range or peak)

Ref

Mineral: matrix ratio

Measure of mineral per the amount of
collagen in the tissue (reflects BMD),
Relates to ash density,

Increases with age,

A predictor of bone stiffness.

V1 —Vv3 POs: Amide |

(900-1200 : 1600-1720 cm™)

V1 — V2 PO4: Amide |

(930-980, 410-460 : 1620-1700 cm™)
V1 — V2 POy : Amide I

(930-980, 410-460: 1215-1300 cm™?)
Vi PO4 . CHz

(930-980: 1446 cm™)

(Boskey et al., 1992;
Donnelly et al., 2010b;
Gamsjaeger et al., 2014;
Taylor et al., 2017)

Carbonate: phosphate
ratio

Measure of carbonate substitution into
the mineral crystal lattice at the A-type,
B-type and labile positions,

Indirectly related to carbon content,
Increases with age.

V2 C03 V1—V3 PO4
(850-890 : 900-1200 cm™)

A-type, B-type and labile subband

positions:
(878, 871, 865 cm™)

Vi C03 V1—V2 PO4
(1050-1100 : 930-980, 410-460 cm'?)

(Awonusi et al., 2007;
Donnelly et al., 2010b;
Handschin and Stern,
1995; Ou-Yang et al.,
2001)

Mineral maturity

Transformation of non-apatitic
domains into apatitic crystals,
Often interrelated to crystallinity

Stoichiometric apatite/
Nonstoichiometric apatite
(1030/1020 or 1110 cm™)

Mineral crystallinity

Reflects crystal size and perfection

FWHM of V4 PO, (604 Cm—l)

1/FWHM vy PO4

(Farlay et al., 2010;
Gamsjaeger et al., 2017a;
Paschalis et al., 2017)

Acid Phosphate
substitution (HPO4)

HPO, Substitution into bone mineral
crystal lattice is associated with newly
deposited mineral,

Inversely correlated to crystallinity,
Decreases with age

V1 — V3 POy sub-bands
1127 : 1096 cmt

(Rey et al., 1991; Spevak
etal., 2013)

Enzymatic crosslink
ratio (collagen
maturity)

Ratio of mature trivalent crosslinks to
immature divalent crosslinks,
Measure of the secondary structure of
collagen fibres

Amide | sub-bands
1660 : 1690 cm*

Amide | sub-band
1660 : 1690 cm™?

(Gamsjaeger et al.,
2017b; Paschalis et al.,
2001)

Non-enzymatic
crosslink ratio

Positively correlated to bulk
fluorescent AGE levels,

Relates to glucose-mediate crosslinks
that irreversibly form between collagen
proteins

Amide | sub-bands
1678 : 1692 cmt

(Schmidt et al., 2017;
Sihota et al., 2020a)

Pentosidine (PEN)

Commonly measured non-enzymatic
crosslink

Area ratio PEN : CH»
1495 : 1450 cm!

Carboxymethyl-lysine
(CML)

Commonly measured non-enzymatic
adduct

Area ratio CML : CH;
1150 : 1450 cm!

(Rubin et al., 2016)
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Micro-Computed Tomography (Micro-CT)

Micro-CT is a non-destructive 3D imaging techniques and is considered as the “gold standard”
for assessing bone morphology and microarchitecture in ex vivo small animal studies, since it
allows for the use of higher resolutions (1 — 6 um), which enable accurate analysis of the
cortical and trabecular components (Bouxsein et al., 2010). In vivo micro-CT is also available
for imaging in longitudinal small animal studies, however higher resolutions can be more
difficult to achieve (up to ~10 um). Before beginning a scan, the micro-CT scanner must be
calibrated to phantom samples of different hydroxyapatite densities (0, 100, 200, 400, 800 mg
HA/ cmq) to allow for the conversion of the X-Ray attenuation to a given bone density for the
sample (Burghardt et al., 2008). A micro-CT scanner contains a micro-focus X-Ray tube, rays
are passed through a collimator and the emitted photons are focused into a beam, which then
passes through an aluminium filter to eliminate beam-hardening artifacts as shown in Figure
2.18. The beam hits the sample and then the detector, which compares the X-Ray attenuation
of the bone to the hydroxyapatite (HA) standard, to estimate the bone density. The sample is
rotated approximately 0.5 degrees and the cycle begins again until full rotation is complete and
a series of 2D projections known as slices are gotten (Figure 2.18). The 2D projections are then
reconstructed into a 3D image of the scanned region of interest. Defining the voxel size is an
important consideration when imaging small animal bones (Muller et al., 1996). A voxel size
is a 3D volume related to pixel size and slice thickness and can be equated to nominal resolution
(Scanco Medical, 2023). Ideally, when determining the image resolution all three dimensions
should be equal and the smallest voxel size giving the highest resolution should be chosen.
However, the higher the resolution the longer the acquisition times as more projections must
be collected and it is important to find the right balance between the two (Bouxsein et al.,
2010).

There are two main steps to take during image processing: (1) filtration and (2) segmentation.
Filtration is used to remove image noise, this is done firstly by implementing the aluminium
filter to reduce beam-hardening that are generated when low energy photons are attenuated as
the X-Ray beam passes through the sample (Bouxsein et al., 2010). Additionally, a Gaussian
filter may be applied that reduces ring artifacts that can be present in 2D slices around the
rotation centre. Generally, a Gaussian filter of 0.8 and support of 1 or 2 voxels is selected for
small animal bone studies of morphology (Stauber and Miiller, 2008). Segmentation is used by
applying a minimum and maximum threshold where those inside the range capture mineralised

structures considered to be bone and outside the range eliminates the non-mineralised
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structures such as adipose and cartilage tissue. It is preferred that a single global threshold for
all scans is possible to ensure consistent comparison between groups, however, sometimes this
may not be possible when trying to compare results to another study and thus sometimes
applying a global threshold is not possible (Bouxsein et al., 2010). Whilst many previous
studies fail to report their applied segmentation thresholds (Bagi et al., 1997; Christiansen,
2016; Mohsin et al., 2019; Yamako et al., 2006), it is important that current studies do report

it, in mg HA/cm?, to allow for comparison between studies.

Projection

'l
\

Micro-focus X-ray tube Sample holder

X-ray beam /

Collimator and filters T Detector

Figure 2.19: A standard micro-CT scanner components where X-rats are emitted from an X-
ray tube and are passed through a collimator and filter to eliminate beam hardening and
narrow the energy spectrum. C-rays then travel through the sample and the resulting image is

projected onto the detector (Bouxsein et al., 2010).

Bone volume fraction of BV/TV, is the volume of bone within a total volume of interest and is
determined by applying a threshold that separates the densities of bone from the background
and other tissue densities, such as cartilage or marrow (Bouxsein et al., 2010). The area of the
bone surface (BS) can also be measured using marching-cubes algorithms to triangulate the
bone surface and can be normalised against the total volume (bone surface density, BS/TV) or
bone volume (specific bone surface, BS/BV) (Lorensen and Cline, 1987). When estimating the
trabecular micro-architecture such as trabecular thickness (Tb.Th), spacing (Th.Sp) and
number (Tb.N) a 3D sphere-fitting or distance-transformation method must be used whereby
spheres are fitted into the trabecular structure (Tbh.Th) or outside the structure (background or
marrow space) (Th.Sp), the largest diameter of the fitted sphere that can fit in each voxel is
determined and each spherical diameter is then averaged (Figure 2.19) (Bouxsein et al., 2010;

T. Hildebrand and Riegsegger, 1997). To calculate Th.N Euclidean distance mapping is
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applied to find the average distance between the mid-axes of each trabeculae (Danielsson,
1980).

b«
£

.

/r

A

Figure 2.20: Schematic representation describing how (a) trabecular thickness (Tb.Th) and
(b) separation (Tb.Sp) is calculate with micro-CT using a 3D sphere fitting algorithm
(Bouxsein et al., 2010).

Connectivity density (Conn.D), gotten from the Euler number, can be used to examine how
well trabeculae are connected within the structure. The Euler number is a topological measure
that counts the number of trabecular objects, the cavities enclosed by bone minus the number
of structures that would have to be broken to split the structure in half and then normalised by
TV (Odgaard and Gundersen, 1993). The structural model index (SMI) provides a measure of
whether the trabeculae present with a more rod-like or plate-like structure, where an SMI closer
to O represents a more parallel plate-like structure and an SMI closer to 3 reflects a more
cylindrical rod-like structure and in some cases an SMI of 4 represents a more spherical
structure (Tor Hildebrand and Rlegsegger, 1997; Salmon et al., 2015). The SMI may also be
negative or positive, where a negative SMI indicates a more concave surface and a positive
SMI indicates a convex surface (Salmon et al., 2015). Additionally, the Ellipsoid factor (EF)
is an alternative method to determine rod/ plate geometry as there is a concern for using SMI
on samples with more concave surfaces (Doube, 2015; Salmon et al., 2015). SMI is calculated
by using surface mesh dilation as described in (Salmon et al., 2015). The EF is measured using
an ellipsoid optimization algorithm, which assumes that the maximal ellipsoids are centred on
the medial axis and then dilates, rotates and slightly translates each ellipsoid until it reaches it
maximum volume (Doube, 2015). Trabecular orientation can vary depending on mechanical
loading and hence, where bone can become anisotropic (Whitehouse, 1974). The degree of

anisotropy (DA) describes how highly oriented the trabeculae are within a specified volume of
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interest and is commonly measured via the mean intercept length method (Harrigan and Mann,
1985; Whitehouse, 1974). Micro-CT can provide important information on cortical
morphometry, as long as the region of interest scanned is at least as long as the cortical
thickness (Bouxsein et al., 2010). These properties measured include cortical bone area (Ct.Ar),
cortical thickness (Ct.Th) and cortical bone area fraction (Ct.Ar/ total area (Tt.Ar)), where
Ct.Th is preferrable measured via the distance-transform method (Bouxsein et al., 2010).
Additionally, micro-CT can be used to provide information about the moment of inertia (I and
J), which can describe the geometric contribution of the bone to resist bending and torsion
loading (Jepsen et al., 2015). The Imax Or lanterior-posterior(AP) @Nd Imin OF Imedial-lateral(ML) Can be
measured, which is the moment of inertia along the axis that is hardest and easiest to bend,
respectively (Jepsen et al., 2015). The polar moment of inertia (J or pMOI), which is often used
when considering resistance to twisting a bone about its long axis, can also be measured using
micro-CT where J = Inin + Imax (Bouxsein et al., 2010). When measuring cortical porosity
(Ct.Po), total pore volume (Po.V) and number (Po.N) the resolution of the scan must be
sufficient tsince vascular pores can range from 10 um in diameter down to canaliculi (0.1 pm
to 1 um in diameter). Ideally, the ratio of voxels to object size show be equal or greater than 2,
where the higher the ratio the more accurate the morphological measurements.

2.3.2 Bone Mineralisation and Density Distribution

Micro-CT can be an efficient and non-destructive way to include a measure of mineralisation
for both cortical and trabecular bone to a study. These properties include bone mineral density
(BMD) and tissue mineral density (TMD), where BMD reflects a whole-bone measure of
density bone and marrow (non-bone voxels) spaces whereas, TMD represents just the mineral
density of the bone tissue itself and does not include the marrow, non-bone spaces (Bouxsein
et al., 2010). More recently, bone density information has been used to mineral distribution
through a bone mineral density distribution (BMDD) analysis. A BMDD is often created using
techniques such as quantitative backscattering electron microscopy (QBEI) or micro-computed
tomography (Micro-CT), where the grey levels of the pixels or voxels within the region/

volume of interest are converted into a histogram to describe bone mineral content in g HA/cm?
(Roschger et al., 2008). From this histogram, the average mineral content (Camean Or Mmean),
most frequent mineral content (Camode OF Mmode), Mineral heterogeneity or the full width at
half maximum of the histogram that describes the varied degree of mineralisation within a

given region (Cawigth or FWHM), the amount of lowly mineralised bone areas according to the
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25" (Cajow Or Miow) and the amount of highly mineralised bone areas according to the 75™

percentile of density distribution (Canigh or Mhigh) can be measured, and this information can
be used to interpret bone turnover and the mineralisation process (Donneys et al., 2012; FratzI
et al., 2004; Mashiatulla et al., 2017; Sullivan et al., 2020) (Figure 2.20). Previous studies have
used the BMDD to assess how patients with certain bone diseases respond to treatment by
examining the histogram shifts towards lower or higher mineralisation (Pritchard et al., 2013;
Roschger et al., 2003, 2001). For example, in diseases where the BMDD is shifted towards
higher mineralisation, the Camean and Capeax Will be greater than normal, and this may be a
result of hypermineralisation or low bone turnover (Roschger et al., 2008). In diseases where
BMDD is shifted towards lower mineralisation, Camean and Capeak Will be lower than normal
as an indication of hypomineralisation or a greater amount of lower mineralised tissue present

as a result of increased bone turnover (Roschger et al., 2008).
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Figure 2.21: Example of a bone mineral density distribution (BMDD) graph resulting from
gBEI showing the different parameters: Camean, average calcium concentration from a defined
bone area; Capreax,maximum height of the histogram indicating the most frequently measured
calcium concentration; CawiptH, the full width at half maximum (FWHM) of the histogram
representing mineral heterogeneity or distribution; CaLow, percentage of bone area that is
lowly mineralised at a given percentile cut-off range; CanicH, percentage of bone area that is

highly mineralised at a given percentile cut-off range (Roschger et al., 2008).

2.4 Bone Disease and T2D
2.4.1 Epidemiology and Pathophysiology of T2D

T2D is a metabolic disorder and accounts for 90-95% of diabetic cases (Valderrabano and

Linares, 2018), with development often occurring in people over the age of 45 (CDC, 2023)
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Alarmingly with the increased rates of childhood obesity, the development of T2D during
childhood or adolescence is a growing concern (Wu et al., 2022) that will result in a continued
increase in the prevalence of T2D. Moreover, the prevalence of T2D can be higher among
certain groups. A 2022 study compared various countries and explored the prevalence of T2D
in 2021 and projections for 2045 and found that the Middle East and North Africa regions to
have the highest prevalence of T2D in 2021 (16.2 (8.5-18.3)%) and predicted prevalence for
2045 (19.3 (10.1-21.9)%), followed by North America and the Caribbean (2021: 14.0 (12.3—
15.8)%), 2045: 15.2 (13.4-17.3)%) (Sun et al., 2022). Diabetes is regarded as a heterogeneous
disease often characterised by elevated blood glucose levels, insulin resistance and impaired
insulin secretion. During type-1 diabetes (also known as juvenile diabetes due to diagnosis
often occurring early in life), patients possess antibodies that create an autoimmune response
against pancreatic islet B-cell antigens, impairing insulin secretion, resulting in a build-up of
glucose in the bloodstream, known as hyperglycaemia and are often administered insulin to
control the symptoms. Unlike type-1 diabetes, T2D patients often present with reduced insulin
sensitivity at different severities, whereby the demand for insulin increases as a result of some
insulin resistance within the body but the demand is not met due to impaired insulin secretion
(Beck-Nielsen and Groop, 1994; Kahn, 1994) through a variety of mechanisms that contribute
to insulin resistance, B-cell dysfunction and an increased inflammatory state (Donath and
Shoelson, 2011). It is common with T2D that both microvascular (such as retinopathy,
nephropathy and neuropathy) (Faselis et al., 2019) and macrovascular (such as cardiovascular
comorbidities) (Duckworth, 2001; Laakso, 2014) complications arise as the patient gets older
and the disease progresses, which can negatively impact the patients quality of life and increase
their risk of falling or mortality. Interestingly, a study carried out in Ireland by Sanz-Nogués et
al (Sanz-Nogués et al., 2020) explored the current knowledge, perceptions and concerns of the
long-term health complications associated with patients living with type-1 and T2D and found
that while retinopathy, amputation and nephropathy were among the most identified
complications, diabetes-related osteopathy (represented as “bone fractured” on the

questionnaire) was under recognised by both groups.

T2D is normally diagnosed via a diagnostic blood test to measure percentage of glycated
haemoglobin (HbA1c), which reflects the mean plasma glucose levels over the past 8- to 12-
weeks (Nathan et al., 2007). A diabetic state is confirmed by a HbAlc of > 6.5% (48 mmol/
mol) (Bennett et al., 2007). Additionally, an oral glucose tolerance test (OGTT) may be carried

out by administering 75 g of an oral glucose solution to the patients and the recording their
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blood glucose levels at various time points within a 2-hour window following the consumption.
A blood glucose level < 7.8 mmol/L (140 mg/dL) is considered normal, between 7.7 to 11
mmol/L (140 — 199 mg/dL) is considered pre-diabetic and > 11.1 mmol/L (200 mg/dL)
confirms a diabetic-state (Bartoli et al., 2011).

2.4.2 Bone Fragility in T2D

Osteoporosis is by far the most-studied bone disease that causes skeletal fragility. It is a disease
of bone loss, with the term osteoporosis literally meaning “porous” bone. During osteoporosis,
a patient experiences an imbalance in their bone remodelling process, indicated by increased
bone resorption with no compensation in bone formation, leading to a net loss of bone and
reduced bone density (Christodoulou and Cooper, 2003). Dual X-Ray absorptiometry (DEXA)
is the current gold-standard to predict fracture risk of osteoporotic patients, where the clinician
gets a measure of the patient’s BMD that can be converted into a T-Score, which describes the
number of standard deviations from the population mean (Normal: T-score > -1; Osteoporotic:
T-score < -2.5) to classify the severity of the disease and the probability of fracture (Lash et
al., 2009). The fracture risk algorithm (FRAX®) score can also be used to predict fracture risk
whilst also considering other factors such as age, gender and family history (Kanis et al., 2010).
Today, more and more patients with T2D are experiencing fractures, with T2D having up to a
3-fold increase in incidence of fracture risk in comparison to non-diabetics (Janghorbani et al.,
2006). However, unlike osteoporotic patients, T2 diabetic patients do not present with a
reduction in BMD and using a DEXA scan as the current diagnostic technique to predict
fracture risk is simply not adequate enough for patients with T2D who often present with
normal or high BMD (Bonds et al., 2006; Janghorbani et al., 2007; Schwartz et al., 2013;
Vestergaard, 2007). Hence, a re-evaluation of the current diagnostic criteria and the
development of an effective fracture risk assessment technique for T2 diabetic bone disease is
needed. A summary of several studies that have investigated and report the relative fracture

risk in patients with T2D is shown in Table 2.2.
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Table 2.2: Summary of fracture risk in patients with T2D from various studies.

Fracture Gender

. Relative risk (RR) [95% CI] Ref
location (sample number)
Male & Female _ (Strotmeyer et al.,
All (T2D: n = 2979) RR =1.64, [1.07 — 2.51] 2005)
Female _ (Bonds et al,
All (T2D: n = 5285) RR=1.2,[1.11-1.30] 2006)
Hi Male & Female M: RR =238, [1.2-6.6] (Janghorbani et
P (Systematic review) F:RR=2.1,[1.6-2.7] al., 2007)
. Female _ (Vestergaard,
Hip (Systematic review) RR =1.38, [1.25 - 1.53] 2007)
. M (h): RR =5.71, [3.42 — 9.53],
Hip (1) and '(\l"v"l"_'eng_‘ Female (ns): RR = 2.17, [1.75- 2.69] (Schwartz et al.,
P . ’ F (h): RR=1.88,[1.43-2.48], 2011)

(ns) F:n =7926) (ns): RR = 1.52, [1.31 — 2.69]

2.5 Rodent Bone

2.5.1 Growth, Structure and Function

While rodent models are often used to better understand skeletal fragility there are distinct
differences between human and rodent bone structure, function and metabolism that are
important to consider, to build effective animal studies and make correct conclusions. Human
and rodent bone are thought share a similar initial process of cortical bone development, via
intramembranous and endochondral ossification, whereby cartilage from the cartilaginous
growth plate of long bones becomes gradually mineralised and eventually replaced by new
bone tissue (Isojima and Sims, 2021; Wittig and Birkedal, 2022). However, unlike humans,
rodent bones do not have Haversian systems and therefore do not undergo Haversian
remodelling that is seen in human bone (see Section 2.1). Instead, in rodents, bone begins to
mature in the outer and inner circumference of the cortex, depositing a surrounding layer of
lamellar bone, while a band of unorganised woven bone remains intra-cortically from
endochondral ossification, where residual calcified cartilage remains, as shown in Figure
2.21(Vanleene et al., 2008). These remaining calcified cartilage islands tend to be highly
mineralised and stiffer than the surrounding bone tissue and hence are thought to be play a role
in bone toughness (Bach-Gansmo et al., 2013). However, it has also been argued that due to
the lack of Haversian remodelling it is likely that these cartilage islands accumulate
microdamage, which could ultimately contribute to a loss of bone toughness with aging
(Launey et al., 2010; Schaffler et al., 1995). Moreover, since the central region of bone was
initially formed from endochondral ossification and due to the low remodelling in the central
region, it is understood that this region is more mature than outer lamellar regions (Bach-
Gansmo et al., 2015, 2013; Busa et al., 2005; Shipov et al., 2013). In addition, the central region

is regarded as isotropic since lacunar orientation is randomly organised and less interconnected
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within the intracortical region, while in the circumferential lamellar regions, lacunae are highly
aligned with the long axis and better connected in some Sprague-Dawley rat strains (Bach-
Gansmo et al., 2015; Kerschnitzki et al., 2011), leading to the assumption that the central bone
region is quite woven. However, other studies of the Wistar rat strain have used small angle x-
ray scattering and found the collagen matrix of the central region to be quite aligned and that
the central bone osteocyte lacune are only randomly oriented in the transverse plane but are
quite aligned with the longitudinal plane (Bach-Gansmo et al., 2015). This indicates that there
is still confusion over whether this region should be referred to as woven or mature, and
arrangement and structural behaviour of rodent bone is yet to be fully elucidated (Bach-
Gansmo et al., 2015; Ip et al., 2016; Shipov et al., 2013; Vanleene et al., 2008).

Material Tissue Organ

Nano Micro Macro
Figure 2.22: Comparison of the main features of human and rodent cortical bone. Both share
the fact that at the nanolevel bone is made up of hydroxyapatite mineral crystals and collagen
that forms the mineralised collagen fibril, and both have micropores, known as lacunae, that
house the osteocyte cells. However, human bone possess Haversian systems and osteons that
are important for bone remodelling, whereas rodents do not possess Haversian systems (Wittig
and Birkedal, 2022).

The organised, circumferential lamellar regions are found in the periosteal and endocortical
regions. It is thought that during bone growth and development, one region is more active in
bone formation whilst another is in resorption, similar to that experienced in human bone
during modelling. Busa et al (2005) explored the primary and secondary mineralisation process
during growth in Sprague-Dawley rats and found that the circumferential lamellar bone regions
established similar chemical and mechanical properties to that of the older intracortical region
during the early stages of modelling, indicating that it may be possible to compare the
circumferential lamellar properties to the properties of the intracortical region and determine
the end-point of secondary mineralisation. Interestingly, Birkhold et al (2016) investigated

bone formation and resorption on the periosteal and endocortical regions of bone and how this
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was affected during ages and in response to mechanical stimulation. This study found that there
was no difference in formation or resorption between endocortical and periosteal regions of
control young mouse bone (10-weeks old), whereas, in the control adult (26-weeks) and elderly
(78-weeks) mice it was found that bone resorption was increased endocortically, and no
resorption activity was found periosteally. In the control elderly mice, there was an increase in
bone formation in the endocortical region when compared to the periosteal (Birkhold et al.,
2016). When comparing the net effects of bone resorption and formation between the ages it
was found that young mice had increased formation and resorption on both surfaces leading to
increased cortical thickening and bone volume fraction, whereas, the adult and elderly mice
showed increased endocortical resorption and formation but periosteally bone formation and
resorption was balanced - leading to cortical thinning and bone loss (Birkhold et al., 2016). It
was also found that the periosteal surface was less mechano-responsive than the endocortical
regions (Birkhold et al., 2016). This indicates that there are differences between the periosteal

and endosteal circumferential lamellar regions of rodent bone.

2.5.2 Pre-Clinical Models of T2D

Table 2.3 and Table 2.4 below summarise the main rodent models that have been used to date
to investigate bone fragility in T2D. There are four main classifications of mouse and rat
models for T2D, which considers whether they are (1) spontaneous or diet-induced, (2) single
gene or polygenic in aetiology, (3) obese or lean, and (4) become diabetic before or after
skeletal maturity (Fajardo et al., 2014). Diet-induced models are seen as the more favourable
choice to best imitate human T2D aetiology in most regions of the world (O’Hearn et al., 2023).
However, the majority of animal studies investigating skeletal fragility have been on the
spontaneous rodent breed since they can closely capture characteristic features of T2D such as
obesity and insulin resistance and because of their ease of availability (Wang et al., 2013).
However, in this spontaneous breed T2D is highly genetic, whereas in humans the development
of T2D is more heterogenous. The spontaneous models are then split by single-gene or
polygenic aetiologies, where although the polygenic models more closely match the genetic
contributions of T2D in human, the single-gene mutation models provide a substantial platform
to test specific mechanistic hypotheses (Fajardo et al., 2014). The next classification separates
the animal models by a lean or obese characteristic. Obese models have been used quite
extensively in research for T2D since 80-90% of human patients with T2D are overweight or

obese (Nianogo and Arah, 2022). However, there is a growing cohort of patients in Asia and
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other regions that experience T2D while presenting with a low body mass index (BMI) (Li et
al., 2013).

Table 2.3: Murine models of bone fragility in type-2 diabetes.

Muscle IGF-1R-
Tallyho/ Yellow Kuo Kondo ; .
lysine-arginine C57BL/6J
JngJ (TH) (KK/AY) (MKR)
Classification Spogaa;nseeous, Spontaneous, obese Spontaneous, lean Diet-induced,
(age of onset) (prematurity) (prematurity) (prematurity) obese
Single or polygenic  Polygenic Single gene Single gene Polygenic
Age of pre- Never
d'g P 4-8 weeks 8 weeks 2 weeks develops frank
iabetes .
diabetes
ﬁge of , 10+ weeks 16 weeks ~8 weeks 88
yperglycaemia
Gender Male Male Male Male
% Diet induced so severity depends on duration of HFD
Table 2.4: Rodent models of bone fragility in type-2 diabetes.
Zucker
Diabetic Zucker Diabetic HFD STZ LenR /-
Wistar Diabetic Sprague UCD-T2DM Sprague Lunﬁ MetS
(WBN/Kob)  Fatty (ZDF) Dawley Dawley
(ZDSD)
Classification Spontaneous, Spontaneous, Spontaneous, Spontaneous, . Diet- Spontaneous,
(age of onset) obese obese lean obese induced, obese
(prematurity) (prematurity) non-obese
Single or . . .
nolygenic Single gene Polygenic Single gene
Age of pre- 24-28 weeks  6-10 weeks 4 weeks
diabetes
Age of : 48-52Weeks 15 weeks 15-21 weeks ~ ~14 weeks ~ ~8 weeks®® 16 weeks
hyperglycaemia
Gender Male Male Male Male Female Male

% Diet induced so severity depends on duration of HFD

Finally, age of onset of the disease is the final category to consider, where rodent models can
either become hyperglycaemic or frank diabetic before (pre-maturity) or after (post-maturity)
skeletal maturity (Fajardo et al., 2014). It is important to distinguish between the two as both
cases may lead to different outcomes in terms of bone development and maintenance. A major
downfall in using rodents to model T2D is the issue of male bias in most of the well-established
models, whereby the female strains either cannot develop frank diabetes or the severity of the
disease is very mild. This means that the majority of research on skeletal fragility in rodent
models for T2D has been carried out on males, leaving a large gap in the literature and of the
understanding of how skeletal fragility can present in females with T2D, particularly in the
presence of oestrogen or oestrogen-deficiency (Diaz et al., 2019). It is important to note that
normal and diabetic fasting glucose levels are different in rodents and humans. Rodents have
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higher fasting glucose levels (~100 - 199 mg/dL) than humans (< 100 mg/dL) since no typical
diabetic symptoms, such as polyuria and polydipsia, are experienced within this range (Clee
and Attie, 2007; Svenson et al., 2007). Hence, rodents have higher fasting plasma glucose cut-
off level for being considered as diabetic (>250 mg/dL) than humans (>125 mg/dL) (Fajardo
etal., 2014).

The Zucker Diabetic Fatty (ZDF) (fa/fa) Rat

The model of interest in this thesis is the Zucker Diabetic Fatty (ZDF) (fa/fa) rat strain and
compared to the normoglycemic, lean, heterozygous (fa/+) controls. The onset and progression
of T2D has been well characterised in this model and permits examination of bone properties
influenced by alterations to insulin resistance, impaired glucose tolerance and hyperglycaemia
(Clark et al., 1983; Peterson et al., 1990). These animals are purposely bred with an abnormal
leptin receptor/ leptin receptor signalling, leading to hyperphagia and eventually obesity. At
approximately 7-weeks of age the (fa/fa) rats show the first signs of hyperglycaemia and at
approximately 9-weeks these rats become overtly diabetic with fasting plasma glucose levels
reaching 300 mg/ dL (Chen and Wang, 2005; Etgen and Oldham, 2000; Fajardo et al., 2014).
Between 7- to 10-weeks serum insulin levels are high resulting in increased bone formation
around and subsequently higher BMD than controls at this age (Chen and Wang, 2005; Prisby
et al., 2008). However, with the progression of the disease, insulin levels fall as pancreatic 3-
cells stop responding to glucose stimulus, leading to insulin resistance (Peterson et al., 1990).
The ZDF (fa/fa) rats are not considered skeletally mature before ~ 16-weeks of age and hence,
these rats develop diabetes pre-skeletal maturity, which may have an impact on their bone
growth and development (Fajardo et al., 2014; Hughes and Tanner, 1970), which is evident
with their small bone phenotype (Prisby et al., 2008; Reinwald et al., 2009). Additionally, these
ZDF (fa/fa) rats are leptin deficient, which may have an influence on bone size (Steppan et al.,
2000).

2.6 Multiscale Bone Biomechanics

The physical function of the skeleton is to provide the body with support to enable movement
and protect internal organs. Hence, bone must be able to withstand high, repetitive loads that
are applied in a variety of ways including compression, tension, bending and torsion throughout
our daily lives. Mechanical properties of bone can differ between tissue types (cortical or
trabecular), anatomical location, loading direction (longitudinal or transverse) and, with

external factors such as age, body mass index (BMI) and disease all found to influence overall
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bone mechanics. The mechanical performance of the tissue depends on both the structural and
material aspects of the tissue, whereby the structural mechanical properties are a function of
the bone geometry (size and shape), while the material mechanical properties reflect the
intrinsic, tissue-level properties regardless of bone geometry (elastic modulus, strength and
toughness) (Augat and Schorlemmer, 2006). The tissue-level material properties can be
influenced by a variety of things at various length scales, such as the microstructure (porosity
and microcracks) and composition whereby alterations to the mineral and collagen arrangement

or proportion will influence behaviour.

2.6.1 Mechanical Testing of Small Animal Bone

Macroscale Testing

Bending Tests

Animal studies provide the ability to examine the mechanical properties of bone at different
length scales and can help to better understand how bone biomechanics are affected with
disease and genetic modifications. At the organ-level, the most traditional types of mechanical
testing include three- or four-point bending, compression of torsion loading tests, which in the
case of small animal bones can often be carried out on whole-bone specimens. Table 2.5
summarised the structural properties, such as whole-bone stiffness, maximum force, post-yield
displacement and work-to-fracture, which can be measured from a standard force-displacement
curve from a uniaxial tests (Figure 2.22 (A)). Figure 2.22 (B) shows an example of a load-
displacement curve of bone that has exhibited linear and non-linear deformation, also known
as elastic and plastic deformation. Elastic deformation is recoverable deformation, whereby
when the load is removed the specimen can recover most of its shape and structure, whereas
plastic deformation is what occurs after a load is applied past the elastic region until failure
where the sample becomes permanently deformed and unrecoverable. The point of transition
from elastic to plastic deformation is known as the yield point that is often calculated using an
offset method, where a line parallel to the linear region of the force-displacement curve is offset
by 0.03% to 0.2% to define the yield point (Turner, 2006). Stiffness is calculated as the slope
of the linear (elastic) region of the curve. Post-yield displacement (PYD) is calculated the

difference between displacement at yield and at fracture.
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Table 2.5: Table describing the different structural properties measured from mechanical

testing bone adapted from (Jepsen et al., 2015).

Structural property (units)

Description

(S&l/fm?qs)s The amount of elastic deformation a structure undergoes when loaded.
I(\l/l\l?xmum force The greatest force applied before the structure reached a failure point.
Post-yield displacement The displacement that occurs between yielding and fracture, indicates
(mm) brittle or ductile behaviour.
Work-to-fracture The amount of energy that can be absorbed before failure, measures a
(Nmm) structures overall resistance to failure.
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Figure 2.23: (A) Diagrammatic representation of the different loading regimes at the

macroscale of small animal femurs such as three-point bending, four-point bending and

torsion. (B) A typical load-displacement curve resulting from a standard bending test showing

how the various structural-properties can be measured using the curve. (C) Comparing the

load-displacement curved from a ductile and brittle bone sample, where post-yield

performance of brittle bone is reduced in comparison to the ductile bone sample (Jepsen et al.,

2015).

Likewise, tissue-level mechanical properties can be measured from force-displacement curves

converted into stress (o) -strain (&) curves. Stress is fundamentally described as force (F)
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normalised by area (A) over the region where the compressive or tensile force is applied.
Uniaxial strain represents the deformation and is defined as the change in length (4L) of a
sample normalised by the initial length (Lo). Tissue-level stiffness, known as elastic modulus,
is measured as the slope of the linear part of the stress-strain curve reported in MPa (N/mm?2).
Ultimate stress is the maximum stress reached before failure reported in MPa, while post-yield
strain is the material-level equivalent of PYD reported as a unitless dimensions or percentage
and toughness is essentially the material-level equivalent of work-to-fracture reported in MPa,
however, measuring toughness in small animal bones is not recommended since beam theory
are only valid within the linear region, and determining toughness entails significant
consideration of nonlinear post-yield behaviour. Bending tests are often used to determine
mechanical properties of long bones such as humeri, radii, ulnae, femora, and tibiae (Figure
2.22 (A)). In mechanical testing of small animal bones, the three-point bend test is preferred as
it is easier to apply to smaller sized samples (Steiner et al., 2015). These bending tests use beam
theory to relate the structural- and tissue-level response of long bone samples to account for
test geometry and configuration. In this case, force must be converted to moment (M) and
displacement into normalised displacement (¢’). From the moment-normalised displacement
curve, the above-described structural properties can be measured where stiffness is referred to
as bending rigidity. Material-properties can then be calculated using beam theory Equations
dependant of that sample shape, which often employs the use of moment of inertia that
describes the geometric contribution of bone to resist bending (Jepsen et al., 2015). In many
cases, elastic modulus is under-predicted when measured using beam theory from bending tests
due to the aspect ratio (span length: bone width) of the samples, since beam theory assumes an
aspect ratio >16:1 (van Lenthe et al., 2008). Nevertheless, bending tests are still deemed a
useful way of estimating tissue-level properties of bone, since these tests are often quick to

perform as they require little-to-no samples preparation.

Skeletal biomechanical properties of rodent bone can differ depending on the anatomical site
tested and animal strain. Schriefer et al. (2005) compared the mechanical properties derived
from multiple skeletal sites (femur, humerous, metatarsal, radius and tibia) from mice of
different strains (C57BL/6J and C3H/HeJ) using a three-point bend test and using an FE model
to examine measurement error. It was found that bones with the highest aspect ratio and greater
thickness to radius ratio were better for bend testing and reduced measurement error. It was
also concluded that the radius bone was preferred for mechanical testing due to its higher aspect

ratio (Schriefer et al., 2005). Toughness can also be estimated by three-point bend testing;
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however, it can also be misinterpreted via beam theory and essentially reflects tissue strength
in the presence of defect distribution within the bone rather than the bone matrix structure and

is written in units of energy (mJ) (Ritchie et al., 2008).
Fracture toughness test

Fracture toughness testing is a method to measure a material’s resistance to fracture in the
presence of a dominant flaw of a known size and is a more accurate measure of fracture
resistance. Fracture toughness can be examined using linear elastic and non-linear elastic
fracture mechanics. Linear-elastic fracture analysis is often used to determine stress required
to induce a brittle fracture in the presence of a defect particularly when the size of the plastic
zone is less than the cross-section of the specimen, which is known as “small-scale yielding”
(Richard and Sander, 1973). Well-established methods for assessing fracture mechanics of
metallic materials under mode | (Ki) (opening of a notch under tension) are described in the
ASTM E-399 (ASTM E-399, 2014). This method has also been applied to cortical bone,
whereby a sample is sectioned from the whole-bone, notched specimens tested using a single-
edge notched three-point bend (SENM) or compact tension (CT) test (Ritchie et al., 2008).
Fracture parameters are calculated using Equation 2.1 and 2.2, where P is the applied load, S

is the loading span, f () and f'(--) are geometric functions of () taken from ASTM 1820
(ASTM E1820, 2012).

K= r 2.1)

1 BW% W .
and,

K, = F f’(i) 2.2

Generating an atomically sharp notch is important as the stress intensity developed at a notch
can be severely reduced if the stress concentrator is not sharp (Nishida and Hanak, 1994). Plane
strain fracture toughness is denoted as Kic, which measures the resistance of a material to crack
extension under linear elastic conditions and can be taken at crack initiation or crack instability.
For fracture toughness testing of small animal bones, due to their small and complicated
geometry, it is difficult to section the tissue into a known dimension for testing as per a SENB
or CT test and hence, the whole bone must be tested. In this case, long bones such as the femur

are the preferred bones to use for fracture toughness testing (Vashishth, 2009), whereby femora
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are notched on the posterior or anterior and loaded adjected to the notch until failure in a three-
point bend configuration where Equation 2.3 - 2.6 is used to calculate mode I stress intensity

factor by assuming the long bone as a thick-walled hollow cylinder (Ritchie et al., 2008).
KI = FbO'bw/T[Rme (23)

Where Rm is the mean radius, t is cortical thickness, 6 is the half-crack angle and g, is the
applied bending stress, defined as:

MR,

Op =F7———————
%(Ro4 - Ri4)

(2.4)
Where M is bending moment (M = PTS), R, and R; is the outer and inner radius of the cortical
shell, respectively, and F;, is a geometry factor given as:

3

we(pprn @l o s @] e

Ap = 0.65133 — 0.5774¢ — 0.3427¢* — 0.0681¢3
B, = 1.879 + 4.795¢ + 2.343¢* — 0.6197¢3

Cp = —9.779 — 38.14¢ — 6.611¢* + 3.972¢3
(2.6)
Dp = 34.56 + 129.9¢ + 50.55¢% + 3.374¢3

E, = —30.82 — 147.6¢ — 78.38¢? — 15.54¢3
105 7.
e =log R

Crack initiation is regarded as the stress intensity required to form a crack whereas crack
instability is the event that occurs well after crack initiation. There are several approaches that
may be taken to measure both for small animal bones shown in Figure 2.23. The first approach
that may be taken to calculate crack initiation using half-notch angle (8init) and the 5% secant
method to find the load (Pg) at the intercept of the load-displacement curve using a 5% secant
line as per ASTM E-399 standard (ASTM E-399, 2014) as shown in Figure 2.23. However,

this method requires that the ratio of Pmaxto Pq s less than or equal to 1.1 and hence is deemed
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to be an inaccurate method of calculating fracture toughness in small animal bones due to the
presence of plasticity in smaller sized samples. This method also produces lower values for
fracture toughness than the other two approaches (Ritchie et al., 2008). Therefore, the
alternative approach is to use the maximum load method that calculates crack instability at
maximum load (Pmax) using @init, This is a more straightforward approach to calculate crack
instability but can also be inaccurate since crack initiation rarely occurs exactly at the
maximum load, although Richie et al. (2008) showed that the maximum load method produced
the lowest coefficient of variation for all of the approaches. Hence, the last approach is the
crack instability approach whereby the crack instability using the load at failure (Pr) and crack
angle (Ginst) is determined. Each of the three approaches can be applied to Equation 2.7 to
calculate fracture toughness of small bones by interchanging 6. and Psdepending on the method

used.

Ke = Fy——r——7 V0 (2.7)
m(R,* — R;")
Where S is the span length.
20 — T T T %1
K((G)l”/f)
i k(e Jl"
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o or slope
8 ‘ 5% secant |
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Figure 2.24: Different methods of measuring fracture toughness (Kc) using the resulting load-

displacement curve such as crack initiation using load at the 5% secant (Pg) and notch angle

(B;nit ), crack initiation at maximum load (Pmax) using notch angle (6;,;: ) and crack instability

using the load at failure (Pr) and crack angle (8;,s:) (Ritchie et al., 2008).

In addition to a linear elastic analysis, the non-linear elastic approach may be employed in the

case where a material exhibits more extensive plastic deformation. In this case, the J-integral
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can be measured as outlined in ASTM E1820 (ASTM E1820, 2012) . J-based measurements
are important for bone due to the formation of diffuse damage and microcracks, which are
generally thought to be mechanisms of inelastic behaviour (Yan et al., 2007). However, this
method requires accurate observations over crack extension and load-line displacement that
would require the use of an in-situ mechanical test set-up with an environmental SEM (Koester
et al., 2008). This is not always feasible for testing carried out regularly and due to issues with
validity of results Richie et al. (2008) concluded that using the J-integral to measure toughness

of small-animal bones is not recommended.
Microscale testing
Nanoindentation

It can be difficult to accurately determine tissue-level properties of bone using macro-
mechanical testing, due to its complex hierarchical structure. At the microscale,
nanoindentation testing enables the local estimation of tissue properties such as hardness and
elastic modulus. Nanoindentation is based on the principle of hardness testing and the standard
method for estimating modulus and hardness by indentation was been developed by Oliver and
Pharr (Oliver and Pharr, 1992, 2004). An indentation test is performed using a depth-sensing
diamond indenting tip that can be spherical, conical and most-commonly used with bone,

Berkovich shaped.
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Figure 2.25: (A) IHlustration of the indentation loading profile and (B) diagram of the
unloading process of the indenter showing the parameters that characterize contact geometry
(Oliver and Pharr, 2004).

During the test an electromagnetic actuation system drives the indenter tip into the polished
sample surface under either load- (mN) or displacement-control (nm) at a constant rate and the
load-displacement data is collected for each loading and unloading cycle by a high-resolution
sensor. In this thesis the G200 Nano Indenter (Keysight Technologies, USA) was used that can
test up to a maximum load of 500 mN and to a depth as low as 0.01 nm (Keysight Technologies
Inc., 2017). Importantly, bone behaves in a viscoelastic manner due to the existence of collagen
fibrils and water, which can result in buckling and creep of the material during indentation.
Thermal drift, which should ideally stay below 0.001 mm/s, can also occur during
nanoindentation (Keysight Technologies Inc., 2017). To control for the effects of
viscoelasticity and thermal drift, a “hold” period is implemented such that the indenter is held
at peak loading depth for a defined period of time (preferably 15 or more seconds) before
measurements are recorded (Wu et al., 2011). Hardness is calculated using Equations 2.8 —
2.13, where P is the indentation load, « and m are power-law fitting constants, h is the

indentation displacement and A is the final depth of indentation after complete loading.

P=alh—h)" (2.8)
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From the power-law relation, initial loading stiffness (S) is determined by = % :

S = ma(hmax — hf)

m—1| 2.9)

h=hmax

Where h,,,, IS the maximum depth. The contact depth (hc) over which the indenter contacted
the material, is calculated as the difference between the maximum and sink-in depth (hs) by

including a constant based on tip geometry () (¢ = 0.75 for a Berkovich indenter), such that:

he = Rmax — hs (2.10)

P
he = Rmax — € n;ax (2.11)

To calculate hardness (H) the projected contact area (Ac) is required, which is calculated using

an empirically determined area function at contact depth (hc):

1 1 1
Ay = Cih.% + Coht + C3he2 + Cyh % + -+ + Cgh, 128 (2.12)

where C; to Cg are constants calculated during instrument calibration. The initial term reflects
the changing of the indenter tip shape from a pyramidal shape and the remaining describes the
blunting of the tip from a conical shape. Finally, from this hardness (H) can be calculated:

P
H = -mex (2.13)

According to Oliver and Pharr (1992), when using a Berkovich indenter tip, contact stiffness
(S) is calculated from the slope of the maximum load (P) and the penetration depth (h) from
the upper 25% of the unloading curve using Equations 2.14 — 2.15, since the unloading curve

only measures elastic deformation recovery whereas the loading curve reflects both elastic and
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plastic deformation (Oliver and Pharr, 1992) (Figure 2.24). The elastic modulus (E) is
calculated by:

E, = Vrs
" 284,

(2.14)

where E,. is the reduced modulus, £ is a constant (8 = 1.034 for a Berkovich tip). Finally,

elastic modulus (E) is calculated as:

1 (A-v?) (A-v?
E_r = I + Ei (215)

where v is Poisson’s ratio (v = 0.3), E; is the indenter elastic modulus (E; = 1141 GPa), v; is

the identer Poisson’s ratio (v; = 0.07).
Micro-pillar compression testing

Whilst nanoindentation is useful to accurately measure elastic modulus and hardness, a
limitation of this technique is that plastic deformation cannot be captured. Interestingly,
research by Schwiedrzik et al. (2014) showed that the post-yield and failure behaviour of bone
differs from the macrolevel to the microlevel, where bone behaved more ductile and exhibited
an anisotropic elastoplastic behaviour at the microscale in comparison to displaying a quasi-
brittle response at the macroscale. Hence, micropillar compression testing is an alternative
micromechanical method to assess the yield and post-yield response of bone to loading,
whereby micro-sized pillars are milled from a bulk sample using a focused ion beam and
compressed under a controlled displacement to a defined maximum depth with an intermittent
unloading segment in the elastic region, using an indenter tip of a known geometry
(Kochetkova et al., 2021; Wolfram and Schwiedrzik, 2016) (Figure 2.25). Milling a micro-
sized bone sample removes the presence of a defect such as a microcrack or pore, which can
result in increased failure stresses at the microscale when compared to stresses at the
macroscale (Morgan et al., 2018; Schwiedrzik et al., 2014). This observation is in line with the
scaling theory of quasi-brittle failure and highlights the presence of a size effect in bone
(Bazant, 2004; Wolfram and Schwiedrzik, 2016). After compression testing is carried out on

the micropillar samples, load-displacement curves are obtained and can be converted into
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stress-strain curves following frame compliance and sink-in corrections, where then elastic
modulus and yield stress can be calculated. These corrections must be made to allow for
accurate measurement of the elastic modulus (Zhang et al., 2006). Methods for calculating the
apparent elastic modulus and yield stress discussed in this Section were taken from
(Kochetkova et al., 2021). The apparent elastic modulus (Eapp) was modelled as a function of
collagen fibre orientation, where a transverse isotropic compliance tensor shown in Equation
2.16, is rotated around one axis from the transverse plane and hence Eapp Can be expressed as a
function of fibril angle after fitting. (Equation 2.17):

= - % o9 o 0
Ey Ey Eq
_n 1 _% 0 0
Ee  E Eq
Ic] = a a Fa , 2.16
0 0 0 —=— 0 0 (2.16)
2Uq
o 0 0 0 — o
2Uq
0 0 o o0 o0 X2
E¢
cos*(8) sin*(6) 1 v, -
E.__ = —__2a 2 in? 2.17
app < I + , +(Ma Ea)cos (6) sin (9)) (2.17)

Where Ea and E;are elastic modulus in the axial and transverse direction, respectively, va and

vt are directional Poisson’s ratios and y, is the shear modulus.

Yield stress was similarly modelled as a function of collagen fibril orientation using Tsai-Hill
composite function criterion (Tsai and wu, 1971). For unidirectional fibre-reinforced

composite materials experiencing in-plane stress, the failure criterion is written as:
Og\%2 (0,40 o\ | T\ 1 (2.18)
3 -G0+()+@ - |

Where g, and o; are normal stresses in the axial and transverse directions, 7 is the in-plane

shear stress, X, Y and S represent strength of the material in the longitudinal, transverse and

67



Chapter 2

shear direction. In the uniaxial loading direction, normal and shear stresses are written as a

function of fibre angle (6):
04 = 0, c0s%(0),
o = 0, sin%(6), (2.19)
T = g, sin(@) cos(H)

By inserting Equation 2.19 to 2.18, the resulting stress applied along the uniaxial loading

direction (o,) where fibres are oriented along 6 = 0°:

1

cos2(8)\°  /sin(@) cos(@N>  [sin2(8)\°  /sin(8) cos(ONZ) 2
”x=<< X )‘( X )+< Y >+( S ) ' (2.20)
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Figure 2.26: (A) An illustration of the compression configuration of a micropillar.(B) A
HRSEM image of fabricated micropillars surrounding an osteon and (C) a stress-strain curve
with output parameters marked on the curve, where elastic modulus (E) is calculated from the
slope of the curve; yield stress (oy), defined as stress at 0.2% inelastic deformation; ultimate

stress (oul) is maximum stress and (op) 1S the plateau stress (Kochetkova et al., 2021).

Table 2.6 below compares the range of values of various tissue-level properties from the
different types of mechanical testing. It can be seeing that three-point bend testing greatly
underpredicts elastic modulus in rodent tissue, when compared to results from the

nanoindentation. Additionally, elastic modulus and hardness values are higher when tested in
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the longitudinal direction versus the transverse, which shows the role collagen fibre direction
plays in tissue mechanics. Fracture toughness values ranged from 2.6 — 9.6 MPa.m'? and it
was also shown that carrying out mechanical testing on dry bone samples leads to markedly

increased elastic modulus and Stress values in comparison to testing samples wet.

Table 2.6. Comparison of tissue-level properties over different bone types, specimen and
mechanical tests.

- . Anatomical E (GPa) ou/ oy
Mechanical test Ref Specimen location “H(GPa) (GPa) (MPa) Toughness
Elastic:
86.7+7.7
(Stefan et al., oul mJ/mm?3
2010) Human Femur 179210  4g38+151  Plastic:
148.7 +48.3
mJ/mm?3
Elastic:
197.3+55.5
(Stefan et al., . oul mJ/mm?3
2010) Bovine Femur 24214 oma119 Plastic:
186.8 +79.9
mJ/mm?®
Cu:
(Zhengetal, o Femur (L) 226%28 5156304
2018) ovine o
- i +
Three-point bend Femur (T) 13823 104.9 + 21.9
(Rezaee et al., ou:
2020) Rat Ulna 245+41 6.62 + 0.65
12805
(Acevedo et ou-
al., 2018) Rat Ulna 18.3+0.7 oy:251+%2
Femur . 3
(6 months) 6.5+0.7 ou215+15 4.1+1.2mlim
(Uppuganti et Femur . 3
al., 2016) Rat (12 months) 59+08 ou200%25 3.2+ 0.6 mJm
Femur . 3
(24 months) 45+0.7 ou180+£30 3.6 £0.7 mJ/m
(Schriefer et Mouse . 9.8 £0.3 MPa
al., 2005) (C57B6/J) Femur 109+£0.2 o0u240%10
- Ke,init (MPa.m¥2):
(Willett et al., i
2019) Human Femur 95+24
2.6+0.3
(Yanetal., Bovine Femur (L) MPa.m/2
2007) F T 5.1+0.5
emur ( ) MPa.m“Z
Ke,init (MPa.ml’z):
Fracture 83+03
toughness (linear Femur Keinsta(MPa.m¥2):
elastic) (6 months) 8.3+0.6
Ter (MJ/m3):
(Uppuganti et Rat 0.35+0.1
al., 2016) Keinit (MPa.m*2):
9+0.7
Femur Ke,insta(M Pa.ml’z):
(12 months) 811038
Ter (MJ/m3):
0.22 +0.
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. . Anatomical E (GPa) ou/ oy
Mechanical test Ref Specimen location “H(GPa) (GPa) (MPa) Toughness
Ke,init (MPa.m¥2):
95%0.9
Femur K insta(MPa.m*2);
(24 months) 9.6 +0.7
Ter (MJ/m3):
0.2 +£0.09
Ke,init (MPa.m¥2):
(Carriero et Mouse Femur 6.2+0.3
al., 2014) (Balb)
Femur ~  20£03
(Turneretal., Human (Cortical) -
1999) (dry) Femur 181+1.7
(Trabecular) -
Femur (L) %
(Cortical O) 0.04
(Rhoetal., Human Femur (L) %
1997) (dry) (Cortical 1) 0.03
Femur (T) %
(Trabecular) 0.08
Femur (L) %
(Cortical O) 0.760
(Zysset et al., Human Femur (L) %
Nanoindentation 1999) (wet) (Cortical I) O 760
Femur (T) (114256
(Trabecular) 0.234 -
0.760
(Liuetal., Rat Femur 20.7+4.6
2021) (dry) 0.7+£0.2
Femur 27.8+3.2
(Shipov et al., Rat (Lamellar) 1.13+0.2
2013) Femur 30.1+34
(Woven) 1.15+0.2
Femur (L) 18+3
(Proximal) 0.7+1
Femur(T) 123
(Casanova et Mouse (Proximal) 055+1
al., 2017) (wet) Femur (L) 19+2
(Central) 0.65+0.9
Femur (T) 13+2
(Central) 0.65+1
(Indermaur et Human Trirrlzlsl[lac 0u:590 + 128
al., 2021) (Dry) (Cortical) oy:350 £ 97
275%+22  ou750 £ 60
Dy(A)  "10101 6,490+ 10
. 19+18  ou590 +40
(Schwiedrzik 8Yt')?ae Dy (M “067+01 6,:300 20
Micro-pillar etal., 2014) - 228+16 ou180+21
compression Cortical) - Wet(A) 564011 017022
145+16 oul70+15
Wet(T) 051201 o130+ 25
(Kochetkova Minipig Jaw .
etal, 2022)  (Yucatan) (Cortical) 129 oy: 295
(Maghsoudi-
Ganjehetal,  Viouse Femur 139427  584+157
2021) (wild type) (Cortical)
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L, Longitudinal; T, Transverse; A, Axial; E, Elastic modulus; H, Hardness; oy, Ultimate stress; oy, Yield stress.
2.6.2 Computational Modelling

Finite element (FE) modelling provides a mathematical formulation of a structure that includes
geometry and mechanical properties unique to that structure, where loading conditions can be
applied to understand the mechanical environment. Finite element analysis (FEA) has been
widely used in the mechanical analysis of bone as it provides a non-invasive and efficient way
to assess the different stress-strain states and distributions in reaction to different applied
forces. Image-based FE modelling has become increasingly popular particularly the use of
patient-specific FE modelling, whereby Digital Imaging and Communications in Medicine
(DICOM) files obtained from micro-CT have been used to generate a 3D reconstructed model
containing voxel-specific density information for the tissue by converting grey values to
Hounsfield units (HU). However, due to the heterogeneous nature of bone a correction is
needed for this conversion since the phantoms used for density calibration in micro-CT are

homogeneous, which is achieved by comparing a ratio relationship of CT density to ash density

(p‘ﬂ) (Dragomir-Daescu et al., 2011; Schileo et al., 2008). When establishing the relationship

Pash

between bone mineral density and elastic modulus, a power-law is used, which can change
depending on tissue type and subject (i.e. animal strain) (Cory et al., 2010; Verbruggen and
McNamara, 2023). Imaging processing software, such as Materialise MIMICS (Belgium),
allows for the ease of reconstructing 2D DICOM images to a 3D model with voxel-specific
material properties mapped onto each element. Here, the 3D structure is separated into multiple
smaller units known as elements that are attached to each other by nodal points (Figure 2.26).
Each element is assigned a unique material property (i.e., density, elastic modulus and
Poisson’s ratio) and boundary conditions can be applied to the model to represent the forces or
displacements that are physically encountered. The behaviour of the structure is predicted when
the applied constitutive Equations are calculated for each element and matrix stiffness is then
defined. Stress and strain can then be calculated from the entire model, incrementally, for each
applied load or displacement at the nodes, via integration points within the elements. The stress
distributions are then calculated through interpolation functions that may be either linear or
quadratic to determine displacements at arbitrary points within the element, outputting what is
known as a displacement field, which can then be differentiated to output the strain field
(Dailey et al., 2023). Stress is then established via the defined material variables of each

element such as density, elastic modulus and Poisson’s ratio (Dailey et al., 2023).

71



Chapter 2

gsm‘

[ =i

gxw-

2

w o

‘G

; b 2

T

S Al W00 IS0 A0 XN N0 N0 OO0 60 W0 We 00 S W0 W o
= l Hounsfield Units

Figure 2.27: A schematic of the development of an FE model moving from (A and B) micro-
CT 3D reconstructed images to (C) importing DICOM images into Mimics and 3-Matic
software to (C and D) apply a mesh and voxel-specific material properties (Verbruggen and
McNamara, 2023).

2.6.3 Mechanisms of Fracture Resistance in Bone

There are a variety of factors that contribute to fracture resistance such as bone density, mineral
distribution and heterogeneity, tissue microarchitecture and quality of the collagen matrix
components. These factors may become altered with aging and disease and lead to an increase
in fracture risk. Bone’s ability to resist fracture is mainly attributed to its toughness that can
occur through, (1) intrinsic (ahead of crack tip) toughening mechanisms of deformation such

as fibrillar sliding and, (2) extrinsic (behind crack tip) mechanisms that act to shield the crack
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from the applied driving force, which results in crack bridging or crack deflection (Launey et
al., 2010).

Intrinsic toughening mechanisms

At its most basic, plastic deformation starts to occur with individual collagen molecules
undergoing an uncoiling phase during crack initiation. Hydrogen-bonds (H-bonds) are broken
to allow molecular stretching and unwinding and intermolecular sliding of molecules are
observed, which allows for larger plastic strains to be tolerated without the cause of
catastrophic brittle failure (see Figure 2.27) (Launey et al., 2010; Ritchie, 2010). Once yielding
begins, fibrillar sliding occurs, where mineral particles and tropocollagen molecules of the
mineralised collagen fibrils are allowed to glide over one-another, thus, enabling efficient
dissipative deformation (Gupta et al., 2006) (Figure 2.27). A study by Buehler et al. (2007),
assessed the stress-strain response of an unmineralised and mineralised collagen fibril under a
tensile load and found that mineral crystals allowed the fibril to reach large stresses and
increases energy dissipation during deformation as the mineral crystals increased the fibrils
resistance to slip. It is understood that at this scale enzymatic collagen crosslinks play an
important role in controlling deformation and strength by stabilising the structure. Conversely,
non-enzymatic crosslinks have been found to increase with age and with some diseases (i.e.,
T2D) (Nyman, 2013; Nyman et al., 2007; Wang et al., 2002)., particularly the formation of
AGEs. AGEs are proposed to impair the structural integrity of the fibrils by stiffening the
collagen network and preventing fibrillar sliding (Buehler, 2007; Siegmund et al., 2008;
Vashishth et al., 2001). Conversely, non-collagenous proteins contribute to the fracture
resistance of bone, acting as a glue that holds mineralised collagen fibrils together to form the
collagen fibre (Figure 2.27) (see Section on non-collagenous proteins). In an aqueous
environment these bonds can re-form and in fact water can play an role in fracture resistance
since water is bound to both the collagen and mineral component via H-H bonding (Nyman
and Makowski, 2012). Microcracking is also an important feature of intrinsic toughening
deformation at the microscale as it provides plastic deformation whilst also allowing the

progression towards extrinsic toughening mechanisms.
Extrinsic toughening mechanisms

Extrinsic toughening mechanisms generally arise during crack growth. The main features of
extrinsic toughening are constrained microcracking, crack deflection and bridging. In cortical

bone, microcracking tends to occur in hyper-mineralised regions around cement lines that are
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mainly aligned in the longitudinal direction. Whilst microcracking is deemed as an important
mechanism of intrinsic toughening, microcracking provides a minimal contribution to extrinsic
toughness. However, microcracking is important as it allows for crack bridging and defection
to occur, these are formidable toughening mechanisms of bone (Launey et al., 2010). Although
cortical bone exhibits greater strength and stiffness in the longitudinal than the transverse
direction, toughness is generally lower in the longitudinal direction since microcracks tend to
run parallel to cement lines. Hence, the longitudinal direction (crack bridging) experiences a
different toughening mechanism than the transverse direction (crack deflection).
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Figure 2.28: Schematic describing the toughening mechanisms of bone that occur on an

intrinsic and extrinsic level at multiple length scales (Launey et al., 2010).

In the transverse direction, cement-line microcracks are perpendicular to the crack path, which
restricts crack growth, acting as delamination barriers to cause cracks to twist and create very

tortuous crack paths resulting in a high toughness. In the longitudinal direction cement-line
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microcracks are aligned parallel to and ahead of the growing crack tip where the nearby intact
regions can act as bridges across the crack, which can concentrate load in a different direction

that would otherwise have increased unstable cracking (Launey et al., 2010).

2.7 Mechanisms of Bone Fragility in T2D
2.7.1 T2D and Impaired Cellular Metabolism

Patients presenting with uncontrolled T2D, particularly where blood glucose levels are not
regulated due to increased insulin sensitivity, are at a higher risk of developing a variety of
secondary complications such as macrovascular disease, retinopathy, nephropathy and
neuropathy. More and more research suggest that glycaemic control and bone homeostasis
becomes altered during T2D, which can either directly or indirectly (via bone marrow
adiposity, inflammation and impaired bone vascularisation) effect bone cells, which likely
explains the increased risk of fracture in these patients (Figure 2.28).

T2D has been shown to have a direct effect on bone cell behaviour, which can consequentially
alter bone metabolism (Cassidy et al., 2020; Marin et al., 2018; Murray and Coleman, 2019;
Picke et al., 2019; Sanches et al., 2017; Yamaguchi and Sugimoto, 2011). Table 2.7 and Table
2.8 summarise markers of cellular metabolism in human and animals with T2D, respectively.
Under a controlled environment, insulin promotes osteoblast differentiation and glucose
provides an energy source for these bone forming cells (Wei et al., 2015). However, in T2D,
patients present with insulin resistant hyperglycaemia and high levels of glucose have been
found to supress osteoblast differentiation (Napoli et al., 2014). In fact, studies have found that
serum biochemical bone formation markers such as PLNP and ALP to be reduced in patients
with T2D (Hunt et al., 2021; Lekkala et al., 2023). Wnt signalling is a key pathway for deciding
MSC fate, as osteoblast or adipocyte differentiation is coordinated by osteocytes. Due to the
high glucose concentrations, the network of viable osteocytes have been found to be either
reduced, leading to an increase in empty lacunar spaces (Tanaka et al., 2015; Woolley et al.,
2023), or increased with decreased vascular canal volume (Ay et al., 2020). In patients with
T2D, Sost levels are associated with glycated haemoglobin levels and are found to be elevated,
leading to an increase in RANKL expression (Catalfamo et al., 2014; Garcia-Martin et al.,
2012; Hygum et al., 2017; Piccoli et al., 2020). This impairs Wnt signalling where MSC fate
can switch to favour adipogenesis over osteoblastogenesis due to high glucose concentrations
leading to increased bone marrow adiposity and reduced osteoblastogenesis in T2D (LOpez-
Herraddn et al., 2013; Tanaka et al., 2015). There is further ambiguity when osteoclast activity

during T2D is considered, since serum markers of bone resorption such as CTX-1 have been
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reported to be both increased or decreased in patients with T2D (Hygum et al., 2017; Starup-
Linde and Vestergaard, 2016). In rodents, resorption serum markers such as CTX and TRAP
have been found to be mostly elevated (Hamann et al., 2014, 2013, 2011; Picke et al., 2016a).
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Figure 2.29: Factors that impact bone homeostasis in T2D. (1) Bone formation markers are
reduced. (2) MSC fate is switched from osteoblastogenesis to adipogenesis, and bone marrow
adiposity is increased. Cytokines and chemokine markers (such as IL-6) are elevated. (3)
Supposedly, this leads to an increase in inflammation and an accumulation of pro-
inflammatory M1 macrophages. (4) Markers such as Sost, fibroblast growth factor hormone
(FGF-23) and RANKL are elevated as a result of impaired osteocyte activity and increased
apoptosis. (5) It is generally accepted that due to reduced bone turnover, osteoclast activity is
also reduced, however, there is still no clear understanding of how osteoclasts are affected in
T2Ds. (6) Vessel permeability and micro-hypoxia is increased, (7) bone quality is reduced and
patients are at a greater risk of falling and experiencing a fracture, (8) AGE formation is

accelerated and (9) cortical porosity is increased (Picke et al., 2019).
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In addition, it is thought that the hyperglycaemic state, increased inflammation, and oxidative
stress leads to the increased formation of non-enzymatic crosslinks, known as AGEs, that form
between collagen proteins in the organic component of the bone matrix, which is considered
as a main variable in increasing bone stiffness and reducing the mechanical integrity of the
tissue. AGEs have been shown to correlate with blood glucose levels and disease duration (Ali
and Rao, 2020). AGEs are believed to have a negative impact on cellular activity in T2 diabetic
bone, however there is no clear understanding of the exact mechanisms that are interrupted. It
has been reported that AGEs can significantly inhibit osteoblast differentiation and
proliferation through a variety of mechanisms. In-vitro studies have shown AGESs can increase
osteoblast apoptosis (Alikhani et al., 2007; Kume et al., 2005) and disrupt osteoblast activity
by reducing cell attachment to the collagen matrix, which can reduce differentiation and
proliferation and inhibit mineralisation of the osteoblastic cells (McCarthy et al., 2004) as well
as reducing the secretion of ALP, which in turn reduced osteoid mineralisation (Romero-Diaz
etal., 2021).

It is understood that IGF-1 plays an important role in regulating bone formation and growth.
Interestingly, several in-vitro studies have shown that in a high glucose or AGE environment
the stimulatory actions of IGF-I on osteoblasts becomes dulled (McCarthy et al., 2001b; Terada
et al., 1998). Moreover, the receptor for AGEs (RAGE) mediates an inflammatory response
via ligands such as AGEs through sustained activation of NF-«kB and it has been found that the
AGE/RAGE signalling plays a heavy role in vascular calcification of diabetic patients as a
result of increased oxidative stress and inflammation (Kay et al., 2016). Whilst the effects of
AGE on osteoclast activity is not as clear, previous in-vitro work has found that AGE-modified
proteins can enhance bone resorption (Miyata et al., 1997) and also stimulate IL-6 production
(Takagi et al., 1997). However, the role IL-6 plays in the pathogenesis of T2D has been
contradictory to date (Akbari and Hassan-Zadeh, 2018). It is important to consider how
disruptions to bone cell metabolism may explain alterations to the trabecular and cortical bone
microstructure in subjects with T2D, particularly in the instance when fracture risk is increased

and independent of bone density.

From Table .2.7 and Table 2.8 its clear that the majority of human and animal studies measure
blood glucose but many fail to measure HbAlc. Additionally, a large number of human and
animal studies have failed to report markers of bone cell metabolism. Only two human studies
shown in Table 2.7 have reported markers of osteoblast, osteoclast and osteocyte activity (Hunt

etal., 2021; Piccoli et al., 2020). However, there are many other human studies of bone fragility
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in T2D that did not measure any cellular markers at all (Burghardt et al., 2010; Cirovic et al.,
2022; Parle et al., 2020; Rodic et al., 2021; Wolfel et al., 2022a, 2020). As for the animal
studies in Table 2.8 only two studies have reported markers of osteoblast, osteoclast and
osteocyte activity (Hamann et al., 2013, 2011), while many other studies reported one but not

the others.
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Table 2.7: Markers Of cellular metabolism measured from blood serum in humans with T2D.

Blood

Gender (Age) Tissue type glucose HbAlc Insulin  Calcium PTH RUNX2  PINP OCN Sost TRAP CTX
Karim Femoral
et al Male and female  neck (cort)!
o (63.8+9.7) and head f 1
(trab)?

Hunt Male Femoral
g‘ai\g (648+8.1) neck (trab) 1 1
Piccoli Postvmvgrrfg):usal Femoral 1 gene - gene 1 gene
etal. head (trab) 1 = ; A expression
2020 (75.2 £8.5) expression expression & serum
Hunt Postmenopausal Femoral

women neck (cort! _ _ _
;togll'& (943+16.4)  and trab?) 1 = = l | uOCN = !
Yadav Male and female Femoral
gtoglz (671£74)  ead (trab) !
Lekkala Postmenopausal Iliac crest

women bone (cort! _ _
gtoglé& (64 + 6) and trab) ! = l L uOCN = l

&only focusing on T2D group; 1, increase; |, decrease; =, no difference; Cort, Cortical; Trab, Trabecular; HbAlc, glycated haemoglobin; PTH, parathyroid hormone; RUNX2,
Runt-related transcription factor 2; PLNP, procollagen type-1 N-propeptide; OCN, osteocalcin; Sost, Sclerostin; TRAP, tartrate-resistant acid phosphatase; CTX, cross-linked
C-telopeptide of type | collagen; uOCN, uncarboxylated osteocalcin.
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Table 2.8: Markers Of cellular metabolism measured from blood serum in animals with T2D.

Animal Age

(Strain) (Duration Tissuetype  2°°9  HbAlc  Insulin Calcium PTH  RUNX2  PINP  OCN Sost TRAP  CTX
lucose
Gender of T2D) g
1,2,4,6,8,
Saito Rat 1(1)61<§2L 11; !
etal. (WBN/Koab) Femur 1 =
2006 Male months
(24-28
weeks*)
Rat Femur
Prisby 7,13&20 (midshaft)t
etal. (ZDII\:/I‘(;‘Iz/fa)) weeks (neck)™®, 1 =
2008" (8 weeks*) vertebra?,
tibia®
33 weeks
, Rat (ZDF
Reinwald ZDF: 21 Femur
etal. (fa/fa), ot (midshafty, 120 1ZDF 1 ZDF,
2009 ZDsDj) ZDSD: i2- vertebra? ' 1ZDSD 12ZDSD | ZDSD
Male 18 weeks)
Rat Femur (dm
Hamann 21 weeks . !
etal 2011 (ZDF (fa/fa)) (9 weeks) midshaft)?, 1 = 1 1 l 1 = 1
‘ Male vertebra?
Femur (dm
Hamann Rat - 1a
etal. (ZDF (falfa)) (ﬁ xggtz) m(':;g‘lf)fl? ' ' ! = 1
2013* Male 2
vertebra
Gallant Rat 32 weeks Femur
etal. (ZDSD) (midshaft)?, 0 0
(10 weeks)
2013 Male vertebra?
Mouse Femur!
Devlin (Tallyho/dng] 8 &17 (dm)?a
etal. (¥H)) 9 weeks (midshaft)® 1 1 = =
2014" (~7 weeks*) , vertebra?,
Male tibia®
Hamann Rat Femur
etal (ZDF (fa/fa)) 23 weeks (dm)ta N T 1 T T
2014+ Male (11 weeks)  (midshaft)!® cOCN
, vertebra?
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Animal Age
(Strain) (Duration  Tissuetype  21°°d  HpAlc  Insulin Calcium PTH  RUNX2  PINP  OCN Sost TRAP  CTX
glucose

Gender of T2D)
Hammond Rat
etal. (ZDSD) (~31°2"\‘,’f::|fs) Tibia 1 1
2014 Male
Stabley Rat 7,13&20
et al. (ZDF (fa/fa)) weeks Femur i 1
2015 Male (8 weeks*)
Picke Rat Femur (dm)
etal. (ZDF (fa/fa)) (ﬁ x::g) 1o 1 1 1 = ! 1 1
2016* Male (midshaft)®
Creecy Rat 16,228 29  Femur (dm)
etal (@De0) "(";el'f (midshaft)®® 1
2016" weeks*) , vertebra?,

radius®

Creecy Mouse 16 & 34 Femulra (dm)

(Tallyho/JngJ _
etal. (TH)) weeks idshafyr T 1 1 ! =
2018 Male (~24 weeks) , vertebra?

Femur
Hunt Mouse (cortical (c),
etal. (KK-Ay) (122 \\,’VV::E:) trabecular 1
2018 Male (t), whole
bone (wb))
Femur
Zeitoun Rat (head)?
etal. (ZDF (falfa)) ég ngtz) (neck)? 1
2019 Male (midshaft)®
(dm)*
Rat
Acevedo (UCD- 6 months Ulnaet,
etal T2DM) (9.9x1 vertebra? t t t
2018* Male weeks)
A Rat land3
etyal (STZ Wistar months Femur (dm) 1
2026 Albino) (~12
Male weeks*)
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Animal Age

(Strain) (Duration  Tissue type ?J‘(’:gge HbAlc Insulin  Calcium PTH RUNX2  PINP  OCN Sost TRAP  CTX
Gender of T2D) 9
Rat
Sihota (HFD STZ 21-22
et al. Sprague weeks Femur i i l
2020 Dawley) (8 weeks)
Female
Tice Mouse
et al. (MKR) 15 weeks Femur i
(14 weeks)
2022 Male
Llabre Mouse 32 weeks
etal. (C57BL/6J) (~9 weeks) Femur 1
2022 Male
. . Rat
gf;helem (LepR -/- 20 weeks Femur?, N
: Lund MetS)  (~4 weeks) Calvaria®
2023
Male
Woolley Rat
et al. (ZDSD) 19 weeks Femur 1
(~4 weeks)
2023 Male
Mehta . R 21-22
et al. Dzwlge ) weeks Vertebra 1 1
2023 Y (8 weeks)
Female

*only focusing on oldest age group; *only comparing to vehicle group; *trending significance; 1, increase; |, decrease; =, no difference; Cort, Cortical; Trab, Trabecular; dm, distal metaphysis;
HbAlc, glycated haemoglobin; PTH, parathyroid hormone; RUNX2, Runt-related transcription factor 2; PINP, procollagen type-1 N-propeptide; OCN, osteocalcin; Sost, Sclerostin; TRAP,
tartrate-resistant acid phosphatase; CTX, cross-linked C-telopeptide of type I collagen; cOCN, carboxylated osteocalcin.
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2.7.2 T2D and Altered Bone Matrix

Mineral

T2D alters bone cell function due to the hyperinsulinemic and hyperglycaemic environment,
which can impair tissue mineralisation and mineral quality. In general, it has been shown that
patients with T2D can present with increased mineralisation as presented by an increase in
cortical and trabecular mineral: matrix ratio from the femoral neck region (Hunt et al., 2021,
2019; Wolfel et al., 2020) but as seen in Table 2.9 the literature is not fully conclusive with
other research showing no change in mineral: matrix ratio from cortical bone from other
regions such as the mandible or femoral midshaft region (Rodic et al., 2021; Wolfel et al.,
2022b, 2022a) and even reductions in the trabecular bone from the femoral head region (Yadav
etal., 2022), indicating a possible region influence on mineralisation in T2D. In general, human
literature hasn’t shown changes to mineral crystallinity, maturity, carbonate: phosphate ratio
or acid phosphate content (Table 2.9). Mineral properties reported in animal studies of T2D is
a bit more unclear likely sure to the fact that properties may be influenced by the strain of
animal used as well as the disease duration and tissue of interest. Nevertheless, the vast majority
of animal studies have reported a greater cortical bone mineral: matrix ratio when measured
from the femoral midshaft (Creecy et al., 2018a, 2016; Hunt et al., 2018) (Table 2.10).
Conversely, other animal studies have shown no change (LLabre et al., 2022; Micheletti et al.,
2023; Tice et al., 2022) and even a reduction in mineral: matrix ratio (Sihota et al., 2020b)
(Table 2.10). Previous animal studies of bone fragility in T2D have reported alterations to the
mineral structure of the cortical bone examined via XRD where crystal width and spacing was
found to be greater (LLabre et al., 2022; Sihota et al., 2020b), with others finding greater crystal
thickness and c-axis length (Tice et al., 2022). Llabre et al. (2022) concluded that these changes
captured a poorer crystalline structure in the T2 diabetic mice. Whilst there is limited research
on human tissue on mineralisation and crystal structure, Parle et al. (2020) examined bone
mineral density distribution (BMDD) from trabecular bone from the femoral neck of T2D
patients using micro-CT. Here, it was found that mineral heterogeneity was higher in the
diabetic group when compared to the control. Similarly, Wélfel et al. (2020) reported increased
mineral heterogeneity and an increase in lowly mineralised calcium content in the endocortical
region. Although, a follow-up study by Wolfel et al. (2022a) found no differences in
mineralisation parameters of cortical bone as measured via gBEI. Tissue composition in T2D
has also been analysed using FTIR and Raman spectroscopy. It has been found that

crystallinity, taken as the full width at half the maximum of the v1PO4 peak, was unchanged in
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both cortical and trabecular human tissue in T2D (Hunt et al., 2021, 2019; Rodic et al., 2021;
Wolfel et al., 2022a, 2020), with animal studies also generally finding no differences between
strains in cortical and trabecular tissue (Creecy et al., 2018b; Hamann et al., 2014; Hunt et al.,
2018; LLabre et al., 2022; Mehta et al., 2023; Tice et al., 2022). Regardless of crystallinity,
studies have reported increased carbonate substitution into the crystal lattice structure, reported
as carbonate: phosphate ratio. Tice et al. (2022) found an increase in the ratio of carbonate:
phosphate of cortical mouse bone measured via Raman spectroscopy, where they stated that
greater type-B carbonate substitutions parallel to the mineral c-axis can increase gaps in the
lattice structure and deteriorate the symmetry of the structure. Similarly, Mehta et al. (2023b)
reported an increase in the carbonate: phosphate ratio of vertebral bone powder from diabetic
rats measured via ATR-FTIR, although, they reported no difference in crystal length or width
measured from XRD. Likewise, a human study by Rodic et al. (2021) also reported a higher
carbonate: phosphate ratio in the cortex of the femoral region from the T2 diabetic subjects

compared to the controls.

Acid phosphate, which is a measure of HPOQOj4 substitutions into bone mineral crystal lattice
and has been associated with newly deposited mineral, has not been widely reported in studies
of T2D, perhaps since this is a relatively new parameter whose ratios have been debated
(Spevak et al., 2013). Mineral: matrix ratio has generally found to be increased in animal
models of T2D (Creecy et al., 2018b, 2016; Hamann et al., 2014; Hunt et al., 2018; Mehta et
al., 2023), although others have reported no differences (LLabre et al., 2022; Micheletti et al.,
2023; Tice et al., 2022), with a decreased mineral: matrix ratio also being observed (Sihota et
al., 2020b). Similarly, human studies have reported no consistent outcome for the mineral:
matrix ratio, again reporting it as increased (Hunt et al., 2021, 2019; Wolfel et al., 2020),
decreased (Hunt et al., 2021; Wolfel et al., 2020; Yadav et al., 2022) or unchanged (Rodic et
al., 2021; Wolfel et al., 2022a, 2022b). Interestingly, in research by Wolfel et al. (2020),
subjects with T2D and T2D with high porosity (T2DwWHP) were examined and they showed
that the T2DwHP cohort had a lower mineral: matrix ratio in the periosteal region and lower
crystallinity in the endocortical region than the normal T2 diabetic cohort. Additionally, they
reported lower mineral maturity in both regions of the normal T2 diabetic and T2DwHP cohorts
than the controls. Taken together it is clear there is evidence to suggest that the mineral
component of the bone matrix can become altered in subjects with T2D. While the exact
properties that are altered are a little unclear, human studies suggest that mineralisation may be

increased leading to an increased mineral: matrix ratio, with some animal studies supporting
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this, which may lead to increased stiffness. In addition, some animal studies have reported

increases in crystallinity, which may impact fibrillar sliding and fracture resistance.
Collagen

Table 2.11 summarises alterations to the collagen matrix reported in animal studies of T2D. As
with mineral, collagen is maintained via remodelling and this process can become altered
within a hyperglycaemic environment and with that AGEs are thought to rapidly accumulate
in patients with T2D altering the collagen matrix, consequentially impairing the mechanical
integrity of the tissue. A previous population-based study showed that serum pentosidine levels
increased with age (Takahashi et al., 2000). The large population-based Health ABC study
further investigated whether circulatory pentosidine (a crosslinking, fluorescent AGE)
measured from urine was associated with fractures in older patients with and without T2D and
found that pentosidine was associated with increased clinical fracture incidence and increased
vertebral fracture prevalence in those with diabetes but not in those without diabetes (Schwartz
etal., 2009). Whilst they did not measure AGE levels directly from the bone collagen, previous
research has shown evidence that circulatory levels of serum or urine AGEs may be used as a
non-invasive biomarker for AGEs in the bone collagen (Odetti et al., 2005). A more recent
population-based study has investigated the association of the non-crosslinking, non-
fluorescing AGE, CML measured from serum, with incident clinical fractures and prevalent
vertebral fractures in older adults with and without T2D from the Health ABC study and found
that higher serum CML levels were associated with increased risk of incident clinical fractures
in T2D, independent of BMD. Earlier epidemiological studies of T2D have quantified a bulk
measurement of AGEs through fluorescence, known as fAGESs for bone tissue (as described in
Section on Bone Matrix Composition). The majority of animal studies have measured bulk
fAGEs from cortical tissue and have found increases (Acevedo et al., 2018; Creecy et al., 2016;
LLabre et al., 2022; Sihota et al., 2020b; Tice et al., 2022; Woolley et al., 2023), although
Devlin et al. (2014) found no differences in fAGE levels from cortical mouse bone. Human
studies have also found increased fAGEs in cortical (Karim et al., 2018; Lekkala et al., 2023,
Wolfel et al., 2020) and trabecular (Piccoli et al., 2020; Yadav et al., 2022) bone, while others
have found no difference in both tissue types (Hunt et al., 2019; Karim et al., 2018; Wdlfel et
al., 2022a, 2022b). More recent studies of T2D have assessed individual AGEs rather than the
bulk measurements as it is understood that certain AGEs correlate better to bone fragility than
others. However, to date, the most commonly measured AGE is a crosslink measurement of

pentosidine, due to its ease of quantifiability as it fluoresces naturally and survives acid
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hydrolysis (Sell et al., 1991; Willett et al., 2022). Similar to fAGESs, animal and human studies
have found greater (Hunt et al., 2019; Lekkala et al., 2023; LLabre et al., 2022; Saito and
Marumo, 2010; Tice et al., 2022) or unchanged (Creecy et al., 2016; Hunt et al., 2021, 2018;
Karim et al., 2018) levels of pentosidine in the bone tissue of T2 diabetic subjects. Karim et al.
(2013) explored the relationship between pentosidine and fAGEs in cortical and cancellous
bone that had undergone in-vitro glycation and found that their relationship was dependant on
bones surface-to-volume ratio since the magnitude of accumulation differed in cancellous and
cortical bone and they concluded that pentosidine only accounted for a small proportion of
fAGEs. Furthermore, a recent mass spectrometry study by Arakawa et al. (2020) reported that
the content of AGE crosslinks like pentosidine in bone are lower in comparison to other AGEs,
particularly non-crosslinking AGE adducts, highlighting the importance of examining AGE
adducts in subjects with T2D. Whilst studies measuring AGE adducts in T2 diabetic subjects
are more limited, there are two animal studies and one human study of that have reported an
increase in CML from cortical bone (LLabre et al., 2022; Tice et al., 2022; Wolfel et al., 2020)
measured via confocal Raman spectroscopy and ultra-performance liquid chromatography
tandem mass-spectrometry (UPLC MS/MS), respectively. Enzymatic crosslinks such as
pyridinoline and deoxypyridinoline, have also been measured in subjects with T2D. Human
and animal studies have mostly found no difference in these enzymatic crosslinks (Creecy et
al., 2016; Hunt et al., 2019, 2018; Lekkala et al., 2023), although Saito et al. (2006) and Mehta
et al. (2023) did find that the number of total enzymatic crosslinks measured via HPLC and the
enzymatic crosslink ratio measured via ATR-FTIR from cortical bone were reduced in the
diabetic rats. FTIR and Raman spectroscopy have also been used to assess the collagen quality
by examining collagen maturity, sugar: matrix ratio and non-enzymatic crosslink ratio. Hunt et
al. (2019) measured collagen maturity from trabecular bone of the femoral neck and found no
difference but did find a higher sugar: matrix and non-enzymatic crosslink ratio. Similar results
were found in animal studies by Sihota et al. (2022) and Mehta et al. (2023) who both found
no difference in collagen maturity from cortical bone but an increase in the non-enzymatic
crosslink ratio. Taken together these findings suggest that when measuring AGEs in subjects
with T2D it is not enough to just measure fAGEs or AGE adducts but instead both should be
quantified since various studies have reported no changes in one measurement but then did
observe changes in the other. Especially since the relationship of fAGEs and pentosidine to

bone was dependant on bones surface-to-volume ratio.
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Table 2.9: Summary of the reported alterations to the mineral and collagen components of T2 diabetic human bone measured via FTIR or Raman.

Mineral:Matrix ratio Mineral properties Collagen properties

M
Gender Tissue (VIPO4/  (VIPO4  (VIPO4/ Mineral  Crystall C:Pvl AP Collagen  NE- FAGES Pento G- 5 E
(Age) type Aml) Pro) AmlIIl) maturity inity ratio content  maturity XxLR sidine L H D D
1
Male Femoral
Karim and neck 1 2 =
et al. female  (cort)! and leru_m serum
2018 (63.8 head
9.7) (trab)?
Hunt Male Femolzal
etal. (64.8 % ”ecb 1 = = = = 1 = 1 o=
2019 8.1) (trab)
Male
and
Wolfel (freszall\;a Femoral a a
etal. ) . midshaft 13, 1b =2 |b i 130 Tb
2020 3L (cort) 1
T2DMw
HP®: 76
+8)
Postmen
Piccoli opausal Femoral
etal. women head 1
2020 (75.2 (trab)
8.5)
Postmen Femoral pL2 1,2 =12 =12 =1 |2
Hunt opausal )
etal. women neck (mean) (mean) (mean) (mean) (mean) -
01& (943 + (cort! and 1-, -2 T-l, 2 :-1, 2 l-l, 2 :-1, 2
16. 4)_ trab?) (width) (width) (width) (width) (width)
Rodic Male
et al. (70.6 + Mandible = = 1
2021% 4.5)
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Mineral:Matrix ratio

Mineral properties

Collagen properties

M
Gender Tissue (VIPO4/  (VIPO4  (VIPO4/ Mineral  Crystall C:Pvl AP Collagen  NE- FAGES Pento l\(/:I G- 5 E
(Age) type Aml) Pro) AmlIIl) maturity inity ratio content  maturity XxLR sidine L H D D
1
Male
Yadav and Femoral
et al. E‘g;nile head ! 1 ll.elll(z
1+ xlinks
2022 7.0) (trab)
Male
and
. female
wolrel  (r2pme  Tibia
2022‘ 2772+  midshaft =ab =ab =ab =ab
5.5; (cort)
T2DMw
HP®: 76
+8.7)
Wolfel Male Femoral
etal. (7143 : _ _ _ _ — - #
2022& 7.9) midshaft = = = = = = 1 i
(cort)
Postmen  Iliac crest
Lekkala opausal bone 1
etal. women  (cort! and L 1.2 12 =12
2023% (64 £6) trab?)

&only focusing on T2D group; 1, increase; |, decrease; =, no difference; Cort, Cortical; Trab, Trabecular; viPO4/ Aml, v1 phosphate to Amide I; v1IPO4/ Pro, v1 phosphate to proline; v1PO4/
Amlll, v1 phosphate to amide IlI; C:Pv1 ratio, carbonate to phosphate ratio; AP content, Acid phosphate content; NE-XLR, non-enzymatic crosslink ratio; fAGEs, fluorescent AGEs; CML,
carboxylmethyl-lysine; MG-H1, 5-hydromethyl imidazolone; PYD, pyridinoline; DPD, deoxypyridinoline; enz xlinks, enzymatic crosslinks.
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Table 2.10: Summary of the reported alterations to the mineral component of T2 diabetic animal bone measured via FTIR or Raman.

Crystal structure Mineral properties
. HA
Animal Age Mean Mean HA D- VIPO4/ . AP
(Strain) (Duration  Tissue type  crystal  crystal Ocrri)ézt;: ¢ crystal  spac (\ﬁricl))d (Vél:oc))“/ EX%PICI)I‘;/ CH: Cirr)]/istall c,:';:i\gl cont
Gender of T2D) length width ion size ing wag ty ent
Hammond Rat 30 weeks 4
etal. (zDSD) - Tibia 1 = 1 ) = =
2014 Male (~12 weeks)
Femur (dm)
Creecy Rat 16,22 & 29 la
etal (2DSD) weeks i idshaft)l0 11 11 —1b b b
2016" Male (8-14 2
radius’
Femur (dm)
Mouse
;r:f ~ (Tallyho/JngJ 126‘2‘@4 e b 110 41b 11b _1b kL
2018* (“TAHI)) (~24 weeks) ~ (midshaft)
ale , vertebra
—c,t
(mean
&
F(_amur width),
Hunt Mouse 20 weeks (cortical (c), b o —wb, ¢, t X
etal. (KK-Ay) trabecular WD, € means =W
2018 Male (12 weeks) (t), whole ( ) (mean)
bone (wb))
wh
(width)
Rat
Sihota (HFD STZ 21-22
etal. Sprague weeks Femur = 0 ! T# = =
2020 Dawley) (8 weeks)
Female
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Crystal structure

Mineral properties

. HA
Animal Age Mean Mean HA D- VIPO4/ . AP
(Strain) (Duration  Tissue type  crystal  crystal Ocrri)ézt;: ¢ crystal  spac (\ﬁricl))d (Vél:oc))“/ EX%PICI)I‘;/ CH: Crr):ls:; . c,:';:i\gl cont
Gender of T2D) length width i size ing wag ent
Tice Mouse
et al. (MKR) 15 weeks Femur i = = = T#
(14 weeks)
2022 Male
Llabre Mouse 32 weeks
etal. (C57BL/6J) - Femur 1 1 = = =
2022 Male (9 weeks)
. . Rat
gf;ﬁhemt' (LepR -/- 20 weeks Femur?, =12 =Lz =12
: Lund MetS)  (~4 weeks) Calvaria? - - -
2023
Male
Rat
Mehta 21-22
etal. (Sprague- weeks Vertebra = = i = i =
2023 Dawley) (8 weeks)
Female

*only focusing on oldest age group; *only comparing to vehicle group; *trending significance; 1, increase; |, decrease; =, no difference; Cort, Cortical; Trab, Trabecular; dm, distal metaphysis;
HA, hydroxyapatite; vIPO4/ Aml, v1 phosphate to Amide I; vIPO4/ Pro, v1 phosphate to proline; viPO4/ Amlll, v1 phosphate to amide 111; vIPO4/ CH2 wag, phosphate to CHz wag bend of the
collagen matrix; C:Pv1 ratio, carbonate to phosphate ratio; AP content, Acid phosphate content.
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Table 2.11: Summary of the reported alterations to the collagen component of T2 diabetic animal bone measured via FTIR or Raman.

AGEs Crosslink properties Collagen properties
Animal Age C P D Collagen
(Strain) (Duration  Tissue type = fAGEs ;g?rt]z M Y P )'(\ILEF\', XER ::TOTS?:#;SE ngl?;is %(;Itlsgien denaturation s\?alizg
Gender of T2D) L D D Y (1670/1640)
1,2,4,6,8,
Saito Rat 1(1)6182L 1184 !
et al. (WBN/Kob) months Femur i | | =
2006 Male (24-28
weeks*)
Femur™
1
Devlin Mouse 8&17 (dm)*?
etal. (Talé_)l/_r;?)/)JngJ weeks (midshaft)1b =1
2014 Male (~7 weeks*) , vertebraz,
tibia®
Femur (dm)
Creecy Rat 16,22 & 29 la
et al (ZDsSD) weeks (midshaft)lb —_1b —_1b
2016* Male (8-14 2
weeks*) , vertebra®,
radius’
Femur (dm)
Creecy (Ta:\l/;'%%s/ingJ 16 & 34 . 1b 1b# 1b 1b
et al. weeks .
2018" (TH)) (24 weeks)  (midshaft)™® f f f f
Male , vertebra2
Femur
Hunt Mouse (cortical (c),
etal. (KK-Ay) (122 \\IIVV::L(SS) trabecular = = Wb, ¢, t
2018 Male (t), whole
bone (wh))
Rat
Feyede peo-  GETE U
' T2DM) - vertebra?
2018 Male weeks)
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AGEs Crosslink properties Collagen properties
Animal Age C P D Collagen
(Strain) (Duration  Tissue type = fAGEs ;Z?rt]z M Y P )l:lLEli XER ::TOTS?:#;: c:\gsstllijgis %(:tlsgr;ien denaturation Talizg
Gender of T2D) L D D Y (1670/1640)
Rat
Sihota (HFD STZ 21-22
etal. Sprague weeks Femur T T =
2020 Dawley) (8 weeks)
Female
Tice Mouse 15 weeks
et al. (MKR) Femur 1 1 1
2022 Male (14 weeks)
Llabre Mouse 32 weeks
etal. (C57BL/6J) (~9 weeks) Femur i i i l
2022 Male
Woolley Rat
et al. (ZDSD) 19 weeks Femur 1
(~4 weeks)
2023 Male
Mehta . R 21-22
et al. prag weeks Vertebra T l =
Dawley)
2023 (8 weeks)
Female

*only focusing on oldest age group; *only comparing to vehicle group; *trending significance; 1, increase; |, decrease; =, no difference; Cort, Cortical; Trab, Trabecular; dm, distal metaphysis;
fAGEs, fluorescent AGEs; CML, carboxylmethyl-lysine; PYD, pyridinoline; DPD, deoxypyridinoline; NE-XLR, non-enzymatic crosslink ratio; E-xLR, enzymatic crosslink ratio.
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Microarchitecture

Bone microarchitecture and structure can influence fracture resistance. While it is understood
that patients with T2D don’t often present with reduced BMD and in fact may have unchanged
or increased BMD, it is important to consider how the cortical and trabecular microarchitecture
may also be affected. In general, human studies have shown that the microarchitecture of the
trabecular bone component seems to be preserved in subjects with T2D (Table 2.12). While it
may be concluded that human studies have shown that the cortical microarchitecture is mostly
preserved (Table 2.13), some studies have reported cases of increased porosity which would
influence bones resistance to fracture (Burghardt et al., 2010; Patsch et al., 2013; Wolfel et al.,
2022a, 2020). A recent review paper by Karim et al. (2019) concluded that there is no clear
conclusion regarding how the cortical and trabecular microarchitecture are affected during
T2D, particularly with pre-clinical studies. The ZDF (fa/fa) and ZDSD rat is the most common
rat used to investigate bone biomechanics, with these rat strains often presenting with a reduced
cortical and trabecular BMD and BV/TV (Creecy et al., 2016; Hamann et al., 2011; Prisby et
al., 2008; Reinwald et al., 2009; Zeitoun et al., 2019) as shown in Table 2.13. This is a common
characteristic of the current animal models of T2D that occur due to their genetic trait,
especially in diet-induced models that develop diabetes before reaching skeletal maturity
(Fajardo et al., 2014). Nevertheless, TMD is occasionally reported in animal studies of T2D,
which is generally found unchanged and sometimes increased (Creecy et al., 2018b, 2016;
Devlin et al., 2014; Micheletti et al., 2023; Sihota et al., 2020b; Woolley et al., 2023). Much of
the ex-vivo human studies have found no differences in the BMD, TMD and BV/TV of the
trabecular and cortical bone of patients with T2D, particularly taken from the femoral head or
neck region (Cirovic et al., 2022; Karim et al., 2018; Parle et al., 2020; Wolfel et al., 20223,
2022b, 2020). Cortical porosity is an important parameter to measure as increased porosity is
thought to play a role in increasing fracture risk despite a normal or higher BMD. Burghardt et
al. (2010) used HR-pQCT to investigate the cortical and trabecular microarchitecture of post-
menopausal women with T2D and found that despite a slightly more advantageous trabecular
microarchitecture, the cortical microarchitecture was compromised due to an increased
porosity of the distal radius and similarly of the distal tibia, similar results were found in male
and female patients with T2D in a study by Paccou and colleagues (2016) that assessed cortical
porosity and pore volume. Patsch et al. (2013) also found increased cortical porosity in T2
diabetic patients with fragility fractures compared to diabetic patients without fracture,

suggesting the preferential region of cortical bone may be compromised in patients that present
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with a fracture in T2D. Cortical porosity has also been examined in animal studies of T2D.
Creecy et al. (2016b) investigated cortical porosity in ZDSD rats at different stages of the
disease — 16-, 22- and 29-week using micro-CT and interestingly they found that in the earlier
stages of the disease (16- and 22-weeks) there was no difference in cortical porosity and pore
number between diabetic and control rats, however at 29-weeks, the diabetic rats had
significantly higher levels of porosity and pore number than the controls that coincided with a
brittle bone effect with age. Zeitoun et al. (2019), also used micro-CT to measure cortical
porosity in ZDF (fa/fa) rats along different regions of the femoral bone (neck and midshaft)
and found cortical porosity to be higher in the diabetic rats. However, there are some animal
studies of T2D that have found no difference in cortical porosity and even reductions, so more
human and animal data is needed to fully understand the role porosity play in the cortical bone
of patients with T2D. Other trabecular properties such as thickness, number, spacing, SMI and
Conn.D can also be explored but most ex vivo human studies of T2D have reported no major
changes in these parameters (Hunt et al., 2019; Karim et al., 2018; Parle et al., 2020; Piccoli et
al., 2020) whilst one study by Sihota and colleagues (2021) reported reduced trabecular
thickness, number, BV/TV and increased SMI for trabecular bone taken from the femoral head.
While animal studies have frequently reported reductions in trabecular thickness and SMI
(Acevedo et al., 2018; Creecy et al., 2018b; Devlin et al., 2014; Reinwald et al., 2009; Zeitoun
et al., 2019). Future studies need to explore cortical and trabecular bone without confounding
factors such as age, disease duration, sex, BMI, ethnicity, whether or not a patient experience
a fracture or not, height and region of interest. Furthermore, it is possible that there is a sub-
group of patients with T2D and high cortical porosity, as indicated in work by Wolfel and
colleagues, where the risk of fracture is greater in these patients in comparison to patients with
T2D and normal porosity.
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Table 2.12: Summary of cortical and trabecular microarchitecture from human studies of T2D.
Cortical Trabecular
Gender a a E g 2 Q a) - = z a = 2
Tissue type S S = ] a > > S : 3 1 p=
(Age) P @ F 8] & g @ = 2 = = = » §
Burgha  Postmenopa
rdt usal women  Radius' and tibia®>  _j, 122 _1a,22 tia =20 b, 2b =la, _1b.2b _1b, 2b
etal. (629 %7. (cort?, trab®) ’ : 120
2010 7)
Postmenopa
usal women
;a;fch withouttand ~ Ultradistal radius! ~ =1aP, =lab, =tab - =la qlb =2 clab =tab o =la plb
: ithb ihia2 —2a, |2b —2ab —2a 42b 2b —2ab —2ab —2ab
2013 with and tibia =4 | , T i
fracture
(61.3+5.7)
Karim l\/;:ﬁ;:gd Femoral neck
etal. (63.8+9.7) (cort)! and head =1 =1 =2 =2 =2 =2 =2
2018 R (trab)?
'e_t";r;t Male Femoral neck _ _ ! " "
2019 (64.8 +8.1) (trab)
Male and
i female
Woltel (T2DM?: 73 Femoral midshaft =2, _a ab
etal. ] “ =1
2020 +7; (cort) !
T2DMwHP®
176 £8)
Parle Male and Femoral head ) ) ) .
et al. female (trab) = = = =
2020°% (67.1+7.4)
Piccoli Postmenopa Femoral head
etal. usal women (trab) = = = = = = =
2020 (75.2 £ 8.5)
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Cortical Trabecular
> > IS o (&)
) ) = o ) ) pd -
Gender Tissue type s S = e g s s '§ = S p S =
(Age) m = 8] & = @ F 2 = = o 7=
Rodic
Male .
etal. Mandible ! 1 1
2021& (70.6 £ 4.5)
Stl :?ta Female Femoral head ! | ! 1 T
2021 (69.7 £ 10) (trab)
Cirovic  Postmenopa Femoral neck B ~ . . )
etal. usal women (trab) = = = = 1 =
2022 (77.1£9.8)
Male and
;(ta:llav female Femoral head _ ! |
2022 (67.1+£7.4) (trab)
Male and
Wolfel female
etal. (T2DM?: Tibial midshaft _ab _ab _ab —a ab
2022 772 +55; (cort) = = = =1
T2DMwHP®
176 +£8.7)
Wolfel Male .
etal. (743 +7.9) Femoral midshaft _ _ _
20228 (cort)

$compared to OA controls samples; #only focusing on T2D group; *trending significance; Cort, cortical; Trab, trabecular; BMD, bone mineral density; TMD, tissue mineral density; BV/TV, bone
volume per total volume; Ct.Th, cortical thickness; Ct.Po, cortical porosity; Ct.Po.V, cortical pore volume; Th.Th, trabecular thickness; Tb.N, trabecular number; Th.Sp, trabecular spacing; SMI,
structural model index; Conn.D, connectivity density.
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Table 2.13:Summary of cortical and trabecular microarchitecture from animal studies of T2D.

Cortical Trabecular
Animal Age a a < o = a a > < _ o - a
(Strain) (Duration of Tissue type > > ,': e 0?_ > = '§ E o 2 E g
Gender T2D) o = o o 5 = = o = = = S
rat 1,2,4,6,8,10
. WBN/ ,2,4,6,8, 10,
Saito (Kob) 12,14, 16 & 18 Femur _
2006* months -
Male (24-28 weeks*)
Rat
Prisby (ZDF 7,13 &20 Femur a1
(midshaft) 13 - 1,
etal. (fa/fa)) weeks (neck)®® v 23
2008* (8 weeks*) o i g
Male vertebra?, tibia
Rat
- (ZDF 33 weeks 2 Ik 2 12 12 =2 =2 12
Ete;?wa'd (falfa),  (ZDF: 21 weeks, (mﬁjesr;]‘gfrt)l ZDF, ZDF, ZDF, ZDF, ZDF, ZDF, ZDF, ZDF,
2009 ZDSD)  ZDSD:12-18 Vertebra? 142 It K 12 12 =2 =2 2
weeks) ZDSD ZDSD ZDSD ZDSD zDSD ZzZDSD ZDSD ZzZDSD
Male
Rat
Hamann (ZDF Femur (dm,
etal. (Fa/fa)) (Zglm",‘gekkss) midshaft)?, 2 IR 2 I I I
2011 vertebra?
Male
Rat
Femur (dm,
;ZTann ](ci/IfDF 23 weeks midshaft)* 1a 12,2 182 122 _12
. (fa/fa)) (11 weeks) (neck)®, l l l l -
2013 !
Male vertebra:
Mouse
. (Tallyho 1a
Devlin ngJ 8 & 17 weeks Fem_url (dnB =t la 2 —1a2 1a =2 la =2 1a,2 2
etal. (TH)) (~7 weeks*) (midshaft)™, llb I ! = 18 = 17, = e !
2014* vertebra?, tibia®
Male
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Cortical Trabecular
Animal Age o o = o Z a a > < > o — a
(Strain) (Duration of Tissue type > = = % g > P '§ E a p % g
Gender T2D) = O O 5 o0 = & = = = S
Rat
Hamann (ZDF Femur (dm)*2
etal. (falfa)) (ﬁ ngtz) (midshaft)®, |1 |3 |3 (=2 Zla2 a2
2014* vertebra?
Male
Rat
Stabley (ZDF 7,13&20
etal. (fa/fa)) weeks Femur l l
2015* (8 weeks*)
Male
Rat
Picke (ZDF
23 weeks Femur (dm)?2 b 1 1a 1a 1a 1a
etal. (falfa)) (11 weeks) (midshaft)®® l l l l l !
2016
Male
la
Creecy ZggtD 16,22 & 29 irenr? d”Srhgit';‘l)b i
et al. ( ) weeks vertebra? ! 3 llb, =3 le le lla, 2 lla, 2 =1a’ lz =1a,2
2016* Male (8-14 weeks*) radius?®
Mouse
(Tallyho 1
Creec Femur (dm)?!a
y 1ngJ 16 & 34 weeks i ( 1)b 1b 1b —1b 1b =, la =2 —la 42 1a =2 la =2 1a,2 1a,2
etal. TH 24 week (midshaft)®, 1 1 ! PR B ™8 1 !
2018* (TH) (~24 weeks) vertebra? 1
Male
Zeitoun Rat Femur (head)?
etal. (ZDF 24 weeks (neck) —bd =bd  qbe b |d |abd 12 |abd  qabd  qabd 1a,=b |d
2019 (fa/fa)) (12 weeks) (midshaft)® ’ =b T
Male (dm)d
Acevedo (URgltD
etal. - 6 months Ulnaet, 1 2 2 2 2 2 2 2
2018* T2DM) (9.9 = 1 weeks) vertebra? l ! ! ! l 1 1 1
Male
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Cortical Trabecular
Animal Age o o = o = a a > < — a - a
(Strain)  (Duration of Tissue type = S = e g = = '§ = S p > g
Gender T2D) = O o 5 @ = m = = = @)
Rat
Sihota (|S_|'I|':ZD
etal. 21-22 weeks _ _ _ _ _ _ —
2020 Sprague (8 weeks) Femur - l - ! - - N N N
Dawley)
Female
Tice Mouse
et al. (MKR) 15 weeks _
2022 (14 weeks) Femur = L
Male
Mouse
Llabre  com17 32 weeks
et al. _ _ - -
2022 6J) Femur = = 0 1 1 = =
(~9 weeks)
Male
Michelett Rat
. (LepR -
i 20 weeks 1
etal. /- Lund Femur_ 0 = 1t = ll =1 ll Tl
2023 MetS) (~4 weeks) Calvaria
Male
Woolley (ZE?D) 19 weeks
etal. Femur = ! ikd
2023 Male (~4 weeks)

*only focusing on oldest age group; +only comparing to vehicle group; #trending significance; 1, increase; |, decrease; =, no difference; BMD, bone mineral density; TMD, tissue mineral density;
BV/TV, bone volume per total volume; Ct.Th, cortical thickness; Ct.Po, cortical porosity; Ct.Po.V, cortical pore volume; Th.Th, trabecular thickness; Th.N, trabecular number; Th.Sp, trabecular
spacing; SMI, structural model index; Conn.D, connectivity density.
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2.7.3 T2D and Tissue Mechanical Integrity

In Vitro Glycation and Mechanical Properties

Whilst it is understood that patients with T2D can present with an impaired cellular metabolism
and alterations to their bone matrix, it has been widely hypothesised that the excess
accumulation of AGEs the main contributing factor to the increased risk of fracture of T2
diabetic bone. In fact, there have been multiple in-vitro glycation studies that have tried to
establish the relationship between AGE levels and bone fragility, whereby a bone samples was
immersed in a ribose solution to facilitate the formation of non-enzymatic glycation AGEs
(Vashishth et al., 2001). The earliest in-vitro glycation study was carried out by Vashishth and
colleagues on cortical bovine bone, where they found an greater levels of fAGEs in the
ribosylated group versus the non-ribosylated controls (11,576%) and whilst they found the
collagen network stiffened in the ribosylated group they ultimately saw no major different in
the mechanical properties measured via compression or tension (Vashishth et al., 2001).
Another study by Willet et al. (2013) investigated the influence of AGEs on the mechanical
integrity of bovine cortical bone via three-point bend testing and found pentosidine was higher
in the ribosylated groups than the controls and also reported an increase in secant modulus and
decrease in ultimate strain, post-yield strain, toughness and damage fraction in the ribosylated
groups. A human study by Merlo et al. (2020) found fAGEs to be higher in the ribosylated
cortical bone (1236%), which coincided with reductions in stress intensity factor (Kc) and
fracture toughness initiation load and time, as well as a reduced elastic modulus from micro-
indentation testing but found no differences between groups from cyclic RPI testing.
Conversely, another study found no difference in mechanical properties of cortical bovine bone
at all despite increases in pentosidine (Viguet-Carrin et al., 2008). With this in mind, the overall
data from in-vitro glycation studies has been contradictory, making it difficult to completely
understand the relationship between AGEs and bone fragility. In addition, it is understood that
in-vitro glycation generates AGE levels in bone higher than what occurs physiologically, and
these models are not capable of capturing other complex physiological and biological nuances of

the disease.
Human Studies

Table 2.14 summarises results from various in-vivo human studies that have examined
mechanical properties of patients with T2D. Much of the current human research of bone

fragility in T2D has been carried out on trabecular bone and the majority of these studies have
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reported no difference in the mechanical properties of trabecular bone from femoral heads of
patients with T2D when compared to controls (Parle et al., 2020; Piccoli et al., 2020; Yadav et
al., 2022), despite seeing changes in mineral heterogeneity (Parle et al., 2020), altered gene
expression of RUNX2 (bone formation) and Sost (Piccoli et al., 2020) and alterations to the
biochemistry of the tissue (|mineral: matrix ratio, TCML, 1fAGEs, |E-xLR, tNE-XLR)
(Yadav et al., 2022).

Karim et al. (2018b) present one of the few studies that show impaired mechanical properties
in T2D bone, where they found a reduction in yield stress of trabecular bone from the femoral
head despite no difference in elastic modulus, yield strain and fAGEs. When examining the
cortical component from the femoral neck, they reported an increased indentation distance,
creep indention distance and cortical fAGEs in the diabetic samples compared to the non-
diabetic. Wolfel et al. (2022b) reported similar results in their type-2 diabetic cohort with high
porosity (T2DwHP), where cortical bone samples were taken from the tibial midshaft of
control, T2D patients with normal porosity (T2DM) and T2DMwHP, and were mechanically
tested using RPI and nanoindentation. While it was reported that the T2DM group had no
change in mechanical properties in comparison to controls, it was found that the T2DMwHP
had an higher 1% cycle indentation distance (depth of probe into tissue in first cycle), 1% cycle
creep indentation distance (depth of probe into bone tissue during holding phase of first cycle)
and total indentation distance (distance travelled during entire cycle) than controls and T2DM
groups and a higher indentation distance increase than controls, all indicative of a lower tissue
hardness in the T2DMwHP group (Wolfel et al., 2022a). Furthermore, this cohort was also
reported to have a lower average loading slope than control and T2DM groups, suggesting a
lower tissue stiffness (Wolfel et al., 2022a). These changes were observed despite no difference
found in the levels of fAGEs. Another study by Wélfel and colleagues (2022c¢) on cortical bone
from femoral midshaft of patients with T2D reported a reduced elastic modulus and fibril strain
in the elastic and inelastic region from small angle x-ray scattering with tensile testing and also
reported a trending increase in CML and MG-H1. However, there are some limitations to
human studies of bone fragility in T2D since it is often not possible to indicate the precise
duration or severity of the disease that a patient is experiencing and human tissue and patient
information regarding BMI, glucose levels and sex can be difficult to obtain, making it hard to
control for possible confounding factors. Taken together, in general it has been found that the
trabecular bone is unaffected by T2D or in fact stiffened or strengthened. Whilst the cortical

tissue has also been shown to be stiffer in some studies of patients with T2D, there is evidence
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to suggest that the cortical component may be adversely affected, particularly in cohorts with
high porosity where indentation distances have been found to be greater than controls or

diabetic patients with normal porosity.
Animal Studies

Table 2.15 summarises the results from various ex-vivo animal studies of T2D that have
evaluated mechanical properties. Generally, earlier animal studies of T2D characterised macro-
level mechanical properties of bone and, despite reporting a general reduction in the structural
properties, the tissue-level mechanical properties are rarely reported (Hamann et al., 2014;
Picke et al., 2016b; Saito et al., 2006). Earlier studies by Reinwald et al. (2009) and Hamann
et al. (2014b) examined tissue-level properties of femora (three-point bend test) and vertebrae
(compression) samples from ZDF (fa/fa) rats. Reinwald et al. (2009) found no difference in the
tissue-level properties of the femora despite a lower femoral BMD but did find that elastic
modulus and ultimate stress was lower in the vertebrae of ZDF (fa/fa) groups than the controls
but no difference in toughness. Conversely, Hamann et al. (2014b) found that the femora of
that ZDF (fa/fa) rats had a lower elastic modulus and ultimate stress but similar toughness when
compared to controls. However, out of all of the above-mentioned studies, only Saito et al.
(2006) assessed bone composition, and this made it difficult to fully how alterations at a cellular
level may affect tissue mechanics in T2D. A longitudinal study by Creecy et al. (2016b)
investigated how tissue composition and mechanics are altered with disease duration in ZDSD
rats. Although toughness was reduced, no other tissue-level differences were found in the
femoral midshaft or radius of the ZDSD rats with the longest term of diabetes compared to
controls (29-weeks). There was also no change in levels of pentosidine or cortical tissue
mineral density. Interestingly, stress intensity factor at crack initiation and cracking toughness
was found to significantly reduce with age within the diabetic strain when no difference was
observed with age for the controls (Creecy et al., 2016). More recently, Acevedo et al. (2018)
examined AGEs and tissue-level mechanics from ulnar samples of UCD-T2DM rats and
reported lower elastic modulus, yield and ultimate stress in the T2 diabetic tested in a three-
point bend configuration than controls. Additionally, they reported a 40% reduction in the
ultimate strain of the collagen fibril during ulna tensile testing measured via SAXS and a 27%
increase in TAGEs (Acevedo et al., 2018). Interestingly, a study by Tice et al. (2022)
investigated skeletal alterations in a non-obese mouse model of T2D (MKR mouse) and found
that these mice presented with an increase in fracture toughness at crack initiation but a

reduction in cracking toughness and toughening effect in comparison to the control mice. These
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changes coincided with compositional changes, such as an increase in bulk fAGEs, pentosidine
and CML. However, alterations were also found in the mineral component of the matrix such
as an increase in crystal thickness, c-axis length and trending increase in carbonate: phosphate
ratio in the MKR diabetic rats than controls, mineral: matrix and crystal orientation however
were not different (Tice et al., 2022).They concluded that the increased fragility experienced
in the non-obese T2D mice was attributed to altered mineral quality as well as undesired
modifications to the organic component of the tissue. Llabre et al. (2022b) also reported similar
alterations to the mineral component of the matrix in the T2D HFD mouse model, such as
increased crystal size and d-spacing, which coincided with a reduced initiation and maximum
toughness and increase in fAGEs, pentosidine and CML in the diabetic groups versus the
controls. In fact, Llabre et al. (2022) found initiation toughness was negatively associated with
fAGEs, CML, pentosidine and crystal d-spacing, whilst Tice et al. (2022) reported a negative
correlation between cracking toughness and fAGESs, and a positive correlation between c-axis
length, CML and pentosidine. Another very recent study by Mehta et al. (2023b)explored the
viscoelastic properties of vertebral bone in a rat model of T2D, they found a significant
reduction in creep strain, creep rate and stress relaxation in the T2D rats versus the controls
and they also reported a negative correlation between NE-XLR, creep rate and stress relaxation.
There are some drawbacks to the animal studies of bone fragility in T2D listed in Table 2.15
whereby many of these studies are limited by disease duration with some rodents in these
studies being overtly diabetic for as little as ~4-weeks (Micheletti et al., 2023; Woolley et al.,
2023) and with the average duration being 12.3-weeks. Taken together, most animal studies
report a lower tissue-level stiffness in the T2D subjects versus the controls which often coincide
with reduced tissue strength and similar to human studies some research has shown that
indentation distances may be great in the rodents with T2D in comparison to their healthy
counterpart. Understanding how fracture toughness is affected is more ambiguous since some
studies have shown reductions in stress intensity and crack initiation and cracking toughness
while others have shown no changes or increases, this might be due to the strain of animal used
, the duration of the disease the animals have experience or not being able to detect any changes

might be a functions of having a lower powered study.
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Table 2.14: Summary of tissue-mechanical properties from human studies of T2D.

Fibril - - Stress
strain Viscoelastic relaxed Modulus
7] A o) a) A
wn bt [<5) c — @ o
= & 5 w ¢ 2 @ = = w T o o2 I
Gender (age) Tissuetype W &  ~ ~ S £ £ 8¢ = = = o R} E S §& =
— = > o =] = -_ O - [«5) = | E o I
s 6 W s B £ B8 8 W 2 o <
Radiustand =%,
Etuz:lghardt Postmenopausal women tibia? 12, -
2010' (629 +7.7) (cortical?, 118,
trabecular®) =%
Femoral
Karim neck
Male and female ; ou=?
et al (63 8 + 9 7) (Codrt;‘lcalél =2 Gi lz Sy:z =1 Tl =1 Tl
2018 D and hea
(trabecular)?
Hunt Femoral £
etal. Male (64.8 + 8.1) neck 1 E‘q e = =
2019 (trabecular) y v
Wolfel Male and female Femoral _a
etal. (T2DMa: 73+ 7, midshaft =ab 7
2020 T2DMwHPb: 76 + 8) (cortical)
ePta;'IIe Male and female F‘“:z:éal ooz
. u=
20208 (67.1£7.4) (trabecular)
Piccoli Femoral
et al Postmenopausal women head _ ou
. (75.2 £ 8.5) Oy
2020 (trabecular)
Cirovic Femoral
et al Postmenopausal women neck !
' (77.1+9.8)
2022 (trabecular)

104



Chapter 2

F|br_|l Viscoelastic S Modulus
strain relaxed
P a2 ) A
a 3 g Q [ = <) o
€ & @ w & @ _gc £ @ t 2 58 4
Gender (age) Tissuetype W B  ~ ~ S § £ @9 2 a = 0! ) E S §& =
—_ =1 =] - - O (5] — (D O o
s € $ a 3 % =28 & 7 wn 4 2z 8
I [t - F O S
Yadav Femoral
et al. Male and female head _ _ _ _ | _
2022 (67.1+7.4) (trabecular)
;/:/gllfel Male and female Tibial 2 _a _a
202 (T2DM#: 77.2 £ 5.5; midshaft =% Tbl Tbl Tbl =ab
T2DMwHP®: 76 + 8.7) (cortical)
Wolfel Male Femoral
et al. (743+7.9) midshaft ! !
2022% R (cortical)
Iliac crest
Lekkala Postmenopausal women bOT‘e 1 1 1
etal. (64 + 6) (cortical 2 _s
2023% - and - -

trabecular?)

$compared to OA controls samples; &only focusing on T2D group; *trending significance; Cort, cortical; Trab, trabecular; E, Elastic modulus; oy, Ultimate stress; oy, Yield stress; €u, Ultimate

strain; €y, Yield strain; PY-E, Post-yield strain; InD, Indentation distance; El, Elastic region; InEl, Inelastic region.

105



Table 2.15: Summary of tissue-mechanical properties from animal studies of T2D.
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Viscoelastic properties (0.2 & 0.4% strain)
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Viscoelastic properties (0.2 & 0.4% strain)
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2.8 Summary

In summary, T2D is a metabolic disease that can have deleterious effects at various levels
throughout the body such as impairing cellular metabolism to altering the bone matrix and
ultimately impairing the bone biomechanics. While patients with T2D are at an increased risk
of bone fracture, the mechanisms that ultimately lead to this are not fully understood. Much of
the current focus has been on the collagen component, particularly the accumulation of non-
enzymatic AGEs, which have been proposed to stiffen the collagen matrix and impair the
mechanical integrity of the tissue. However, to date in literature there has been no clear causal
link found being AGEs and bone fragility in T2D. This highlights that other mechanisms must
be responsible for the increased fragility, but the current data is limited since often the collagen
and mineral components are studied in isolation. Additionally, the implications of disease
duration and severity on bone fracture risk in patients has been difficult to properly examine in
human studies since it is difficult to know the exact timepoint when a patient became diabetic.
It is also difficult to control for different confounding factors such as sex and BMI. Hence, this
thesis is a longitudinal investigation of the multiscale mechanics of bone fragility in T2D using
a Zucker Diabetic Fatty (ZDF (fa/fa)) rat.
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CHAPTER 3

Longitudinal  Alterations Iin Bone
Morphometry, Mechanical Integrity and
Composition in Type-2 Diabetes In a
Zucker Diabetic Fatty (ZDF) Rat

This Chapter has been adapted from a published article, ‘Monahan GE, Schiavi-Tritz J, Britton
M, Vaughan TJ. Longitudinal alterations in bone morphometry, mechanical integrity and
composition in Type-2 diabetes in a Zucker diabetic fatty (ZDF) rat. Bone. 2023
May;170:116672. doi: 10.1016/j.bone.2023.116672. Epub 2023 Jan 13. PMID: 36646266 .

3.1 Introduction

Type-2 Diabetes (T2D) mellitus is a metabolic disorder that accounts for 90 - 95% of overall
diabetic cases (Valderrabano and Linares, 2018). Skeletal fragility is a major complication of
T2D. Recently, it has been identified that T2D patients can have up to a 3-fold increased risk
of bone fracture (Janghorbani et al., 2006; Karim and Bouxsein, 2016). Moreover, disease
duration may play a role, where individuals with long-term diabetes have a higher incidence of
fracture than short-term diabetes (Folk et al., 1999; Retzepi and Donos, 2010). Paradoxically,
T2D is not accompanied by a reduction in bone mineral density (BMD), which is highly
implicated in other bone diseases such as osteoporosis (Parfitt et al., 1983). In fact, it has been
found that patients with T2D can present with higher bone mass, compared to non-diabetic
controls (Vestergaard, 2007). This implies that T2D is associated with reduced bone quality,
with recent studies indicating that sub-tissue alterations to the organic constituents of the bone
matrix contribute to impaired biomechanical behaviour (Dhaliwal et al., 2014; Karim and
Bouxsein, 2016; Rubin and Patsch, 2016; Saito and Marumo, 2013). During T2D, elevated
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levels of glucose, results in a hyperglycaemic environment, which has been proposed to
increase the accumulation of non-enzymatic cross-links in the form of Advanced Glycated
End-products (AGEs) (Furst et al., 2016; Goldin et al., 2006). AGEs are thought to stiffen the
collagen leading to a more brittle behaviour. While it has been widely hypothesised that AGEs
are the primary cause of bone fragility in T2D (Karim and Bouxsein, 2016; Saito and Marumo,
2010; Willett et al., 2022; Yamamoto and Sugimoto, 2016), there remains limited experimental
evidence that provides a mechanistic link between AGE accumulation and tissue mechanics in
T2D.

Much of the current understanding of the mechanics of bone fragility in T2D has been
generated using in-vitro glycation models (Catanese et al., 1999; Poundarik et al., 2015;
Vashishth et al., 2001; Viguet-Carrin et al., 2008; Zimmermann et al., 2011), whereby animal
or human tissue was immersed in a ribose solution to facilitate non-enzymatic glycation of the
protein network. In some cases, studies have found only subtle changes in mechanical
properties (Vashishth et al., 2001; Viguet-Carrin et al., 2008) despite significant increases in
AGE accumulation. Other studies have found that AGE accumulation primarily affects the
post-yield and toughness properties of the tissue (Catanese et al., 1999; Zimmermann et al.,
2011). In particular, Poundarik et al (2015) investigated in-vitro glycated human cortical bone
and found that fluorescent Advanced Glycation End-products (FAGE) accumulation was
two-times greater and fracture toughness was reduced in the in-vitro glycated tissue versus the
controls. However, these in-vitro glycation models are severely limited by the fact that they
generate AGEs levels in the tissue much higher than occurs physiologically. Meanwhile, the
difficulty in obtaining direct measurements in-vivo means that quantitative data describing
precisely how bone tissue properties are impaired in patients with T2D is limited. To date, most
human studies have focused on compression of trabecular cores (Karim et al., 2018; Karim and
Vashishth, 2012), where it is difficult to decouple structural and material properties (Karim et
al., 2018; Karim and Vashishth, 2012). Notably, it has been found that cortical indentation
distances of bone from the femoral neck has a negative correlation between serum total AGEs,
but trabecular bone AGEs showed a positive correlation between compressive yield stress and
strain (Karim et al., 2018). Alternatively, animal studies can provide a wider understanding of
the aetiology of skeletal fragility in diabetes since confounding factors such as disease duration
and gender can be controlled. There is currently no single animal model that can represent all
features of T2D in humans. Hence, further animal studies are required to further understand

each strain and get an idea of which strains closely mimic T2D in humans. Moreover, the
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advantage of the Zucker Diabetic Fatty (ZDF) strain is that it is a well-established animal model
of T2D, and the onset and progression of the disease is well understood (Chen et al., 1996;
Etgen and Oldham, 2000; Farooqi et al., 2007; Hansson et al., 1972; Hughes and Tanner, 1970;
Lee etal., 1994; Peterson et al., 1990; Steppan et al., 2000; Yokoi et al., 2013). Moreover, these
rats develop T2D between 9- to 11-weeks of age before they have become skeletally mature
(occurring at ~16-weeks). This animal model may provide a wider understanding of the
progression of the disease in a population that develops T2D during puberty. Many studies of
animals with diabetes have examined bone mechanical properties. Yet, there is a lack of animal
research that has examined how AGE accumulation actually relates to bone fragility as the

disease progresses.

Reinwald et al. (2009b) investigated skeletal fragility of the femoral and L4 vertebral bone in
ZDF and Zucker Diabetic Sprague Dawley (ZDSD) rats at 33-weeks of age. Both strains had
a lower bone mineral content than controls, which coincided with the structural deficits found
for femoral and vertebral bone after monotonic loading. Both strains showed no difference in
material properties for femoral bone in comparison to controls, however, ZDF rats had a lower
vertebral ultimate stress and modulus than controls. While the ZDSD rats showed similar
results and had a lower bone toughness than controls, this study did not evaluate AGE content
in tissue. The University of California, Davis (UCD)-T2DM rat has also been used, where it
has been found that diabetic rats had a higher concentration of cortical bone AGEs than controls
at 6-months of age (Acevedo et al., 2018). Under monotonic loading, ulnar bone from diabetic
rats had a significant reduction in bending rigidity, yield moment, elastic modulus, yield and
ultimate stress. Conversely, Prisby et al. (2008) explored mechanical properties of ZDF
femoral and tibial bone at 7- (short-term), 12- and 20- (long-term) weeks of age and found that,
although structural deficits were observed in the long-term diabetic femora and tibia, there were
no material-level differences observed. While AGE content was again not measured in this
study, other studies have investigated, in detail, changes in bone composition during T2D.
Creecy et al. (2016) have used Raman spectroscopy and high performance liquid
chromatography (HPLC) on ZDSD rat femoral bone to quantify cortical tissue composition at
16-, 22- and 29-weeks. Raman spectroscopy results showed that ZDSD rats at 29-weeks had
higher mineral: matrix ratio and crystallinity. HPLC results demonstrated no difference in
levels of pentosidine (a non-enzymatic crosslink) between strains at any ages, although a
significant increase with age was seen in the diabetic cohort. They found ultimate stress and

fracture toughness of femurs at 16- and 22-weeks old ZDSD rats was higher than controls but
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showed no difference between strains at 29-weeks; ZDSD radius bone had reduced toughness
at 29-weeks. While alterations at the sub-tissue level of the bone matrix likely plays a role in
diabetic bone fragility, there are a lack of combined studies that investigate in detail how such
sub-tissue properties are related to the mechanical properties of T2 diabetic tissue (Hunt et al.,
2021, 2019, 2018; Schmidt et al., 2017; Sihota et al., 2020a; Wolfel et al., 2020). Furthermore,
longitudinal animal studies that consider older long-term diabetic time-points are required to

understand how disease duration affects AGE accumulation and skeletal fragility.

This Chapter conducts a longitudinal investigation on the geometrical, structural and material
properties of T2D bone using a Zucker Diabetic Fatty (ZDF) rat model over a 46-week period
(~ one year old). Specifically, in this Chapter it is hypothesized that cortical bone of the Zucker
Diabetic Fatty (fa/fa) rats will have an impaired mechanical integrity, particularly as the
duration of the disease increases which will be related to an accumulation of AGEs in cortical
tissue of the ZDF (fa/fa) rats in comparison to the Zucker Lean (fa/+) control rats. The
objectives of this Chapter are to (i) examine geometrical alterations in T2 diabetic and control
cortical bone at various ages using micro-computed tomography; (ii) assess the fracture
mechanics of cortical bone at the structural- and tissue-levels using a three-point bend test; (iii)
explore the composition of T2D cortical bone tissue and skin using Fourier Transform Infrared
(FTIR) Spectroscopy and fluorescence AGE (fAGE) analysis; and (iv) investigate a correlation
between cortical bone tissue composition and its fragility in T2D.

3.2 Materials and Methods

3.2.1 Animal model and tissues
Animal Model

A longitudinal 46-week study using male Zucker Diabetic Fatty [(ZDF: fa/fa) (T2D) and
Zucker Lean (ZL: fa/+) (Control)] (Charles River, France) rats at 12-, 26- and 46-weeks of age
(n=7-9, per age, per condition) was conducted to investigate the geometrical, structural and
material properties of bone in T2D at various metabolic stages throughout the life of the animal.
Animals arrived at approximately 8- to 10-weeks old and were maintained under standard
environmental conditions, with temperature maintained at 20 - 24°C, humidity maintained at
45 - 50%, and a 12 h light/dark cycle with food and water ad libitum. At 10-weeks old, ZDF
and ZL rats were switched from a normal to a high fat diet (HFD) to induce a hyperglycaemic
state in these rats, which accelerates the progression of the disease into overt diabetes
(Formulab Diet 5008, LabDiet, St. Louis, USA (17% kcal from Fat)). The animals were
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handled in accordance with the European Guidelines for Care and Use of Laboratory Animals
(Directive 2010/63/EU). The Animal Care Research Ethics Committee (ACREC) in the
University of Galway, Ireland approved this project. In total, three rats died or were euthanized
due to weight loss > 10% of their body weight or health issues. ZDF rats which exhibited Lean
rat characteristics were excluded from the dataset and vice versa. See Appendix Figure S3.1

for a detailed timeline of the animal study over a 14-month period.
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Figure 3.1: Workflow of sample preparation methods and the tissue type used for each
characterization technique; microarchitectural and biomechanical analysis using ulnae and
compositional analysis, such as, (i) FTIR, (ii) fAGE analysis for demineralised cortical bone

and skin sections.

Rats were euthanized at 12- (Early-stage diabetes), 26- (Established diabetes) and 46-weeks
(Long-term diabetes) of age. The blood glucose levels were recorded on the day of sacrifice
with a glucometer to check the diabetic state of the animals. However, data recorded from the
glucometer are not reported here as the glucometer could not accurately measure blood glucose
values > 33 mmol/L. After measuring their weight, right ulnae, radius bone and skin samples
were dissected, wrapped in PBS-soaked gauze (ulnae, radius) or soaked in PBS (skin) then
frozen at -20°C. In this Chapter, the ulna was used for biomechanical and compositional
analysis as they had a slender and flat shape, reducing the effect of slipping during three-point
bend testing. Moreover, it is understood that the most common fracture regions for T2D
patients are the hip (Janghorbani et al., 2007), vertebrae (Koh et al.,, 2010) and wrist
(Vestergaard, 2007). Although femurs are commonly used in assessing fracture probability in
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the femoral and hip region, there are a lack of studies that explore fracture risk in bones
associated with the wrist region in diabetes. The radius was used for fAGE analysis to measure
AGE accumulation from cortical bone in a region approximate to the ulna. Blood serum was
collected on the day of euthanasia and frozen at -80°C until analysis. Before experimentation,
bones were defrosted for approximately 12 h. Microarchitectural, biomechanical and
compositional analysis were carried out to analyse local and systemic factors influenced by
T2D. Right ulnae underwent X-Ray Micro-computed Tomography (micro-CT) scanning to
determine geometric and morphometric properties, followed by a mechanical characterisation
through three-point bend testing, after which, a biochemical analysis was carried out. Cortical
bone samples were sectioned from the mid-diaphysis and milled into a bone powder for FTIR
analysis to measure various mineral- and collagen-properties, while skin and cortical bone

sections were used to quantify AGE content through fAGE analysis (Figure 3.1).
Serum Analysis

Serum glucose levels were also measured to compare the hyperglycaemic state of the animals.
Serum levels of insulin-like growth factor hormone | (IGF-1) were measured to explore the
homeostasis of longitudinal bone growth and osteoblast function in T2D rats. On the day of
euthanasia, blood samples were collected by cardiac puncture from the rats and samples were
left to clot at room temperature for 1-2 h. Blood samples were then centrifuged (Eppendorf
5424R microcentrifuge, Hamburg, Germany) at 2,000 g for 15 min. Once the serum was
separated from the clotted blood, the serum was aliquot into 1.5 mL Eppendorf tubes. Serum
levels of glucose were measured using a quantitative glucose assay kit from Abcam (ab272532,
Abcam, Cambridge, England) following the manufacturer’s protocol. Briefly, the serum was
diluted in sample dilution buffer provide with the kit by 4x and 2x for the ZDF and ZL,
respectively. Samples and standards were added with 200 pL/well in duplicate to a 96-well
plate. The absorbance was read at 630 nm using a SynergyTM HT multi-mode microplate
reader (BioTek). Serum levels of IGF-I were measured using an ELISA kit from AssayGenie
(RTEB0037, AssayGenie, Dublin, Ireland) according to the manufacturer’s protocol. Samples

were diluted 1:100 and the micro-plate was read at 450 nm.
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3.2.2 Geometric and Morphometric Properties

Bone Size and Shape

To compare the growth of lean and ZDF (fa/fa) rats, basic measurements of the ulna were taken
using a Vernier Callipers before testing, which included bone length (L), anterior-posterior
(AP) and medial-lateral (ML) diameters.

X-Ray Micro-Computed Tomography (u-CT)

Right ulnae were imaged using a high-resolution micro-CT scanner (LCT100, Scanco Medical,
Briittisellen, Switzerland) at an isotropic voxel size of 5 um. Scan settings used an X-Ray tube
potential of 70 kVp, a current of 57 pA, an integration time of 500 ms at 1,070 projections per
180° and a 0.5 mm thick aluminium filter was used to reduce beam-hardening artefacts. A
1.5 mm (300 slices, 62.4 minutes per bone) cortical bone volume of interest (VOI) from the
mid-diaphysis of the ulnae was scanned. Each slice was fitted with a contour around the
periosteal and endosteal surface and segmented with a threshold of 710 mg HA/ cm?® (Rezaee
et al., 2020).

Using Scanco Image Processing Language, a series of structural and compositional parameters,

which included polar moment of inertia (pMOI), medial-lateral and anterior-posterior moment
of inertia (Imi and lgp), cross-sectional distance from the centroid to outermost point (Cmi),

cortical area (Ct.Area) cortical tissue material density (TMD), could be measured using

previously published guidelines (Bouxsein et al., 2010).

3.2.3 Structural and Material Properties

Quasi-static Flexural Testing

Following micro-CT imaging, mechanical testing of right ulnae samples was carried out until
failure using a three-point bend test to measure whole-bone mechanical and material properties
using a compression testing instrument with a 2.5 kN load cell (Zwick/Roell, Ulm, Germany).
Bones were kept hydrated at room temperature before testing. One sample was excluded from
the 12-week old ZDF (fa/fa) group, as it was accidentally fractured during dissection. Load
was applied to the medial aspect of the mid-diaphysis, with a pre-load of 0.4 N at a crosshead
speed of 0.03 mm/s, over a support span of L = 7 x AP diameter. Force-displacement (F vs. d)
curves were converted to moment-normalised displacement (M vs. d’) curves, according to
Equations 3.1 and 3.2 and used to quantify bending rigidity (k) (slope of linear portion of
curve), yield (found using 0.2% offset method) and ultimate moment (maximum load
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experienced), post-yield displacement (PYD) (displacement that occurs between the yield and

failure point) and energy-to-failure (area under the curve) (Figure 3.2).

FL
=— 3.1
M= 3.1)

. 12d

Material properties (e.g., Elastic modulus (E), Yield stress and strain, Ultimate stress () and
strain (¢) and toughness) were determined based on the Equations below. Beam theory was
used to convert M vs d’ curves to stress-strain curves (Equations (3.3) - (3.5)) (Acevedo et al.,
2018; Farr et al., 2014). Micro-CT derived images were used to quantify geometric parameters
of Iy and Cpy, based on the cross-sectional geometries obtained for each bone scan. These
were determined using evaluation scripts in the Scanco Image Processing Language according
to previously published guidelines (Jepsen et al., 2015). In addition to reporting the estimated
material properties using Equations (3.3) - (3.5), linear regression analysis was carried out to
examine the intercept term and slope of ultimate moment versus section modulus (Imi/Cm) and

compare variations between T2D (fa/fa) and control (fa/+) rats (see Appendix Section 3.2).

E= kL (3.3)
481, |
FLc
0= "l” (3.4)
m
12¢,,, d
(e) = LTZ”L (3.5)

Where, F = force; L = span length; k = bending rigidity; d = displacement.
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Figure 3.2: (A) Initial set-up of the three-point bend test, (B) failure point reached and (C) a
moment-normalised displacement curve from loading the right ulnae from rats until failure.
3.2.4 Biochemical Analysis

Fourier transform-infrared spectroscopy (FTIR) analysis

Attenuated Total Reflective (ATR) FTIR analysis was used to assess bone quality by
examining mineral and collagen properties, such as, (1) mineral: matrix ratio, (2) carbonate:
phosphate ratio, (3) mineral crystallinity, (4) acid phosphate content and (5) collagen maturity.
A Spectral analysis protocol was developed using OriginPro 8 (OriginLab, Northampton, MA,
USA) software and measure properties. Approximately 60 mg of cortical bone sectioned from
the ulnar mid-shaft was used for ATR-FTIR after biomechanical testing. Bones were cleaned
of surrounding tissue, bone marrow was removed, and bones were sectioned using a low-speed
saw (Buehler Inc., Lake Bluff, IL). Bone sections were placed inside a sterile cryotube, 700 pL.
of distilled water (dH20) was added and bones were pulverised using a disperser (T10 Basic
ULTRA-TURREX, IKA, Sigma Aldrich).

The powder-water mixture in the tubes were centrifuged (Eppendorf 5424R microcentrifuge,
Hamburg, Germany) at 5,000 g for 15 min to separate the powder from water. The water was
pipetted out of the tube and discarded. The powders were left to dry in the tubes overnight on
a hot plate at 37 °C. ATR-FTIR spectra were obtained (Spectral region: 600 to 4,000 cm™,
Resolution: 4 cm™, Number of scans: 20, Mode: absorbance) (FTIR-8300 spectrometer,
Shimadzu) from bone powders and three separate measurements were taken to get an average

spectrum for each sample. Spectra were baseline corrected and the mineral parameters included
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the mineral: matrix ratio (area ratio of the phosphate v1 to v3 peak [916 to 1180 cm '] to amide
| peak [1596 to 1712 cm™]) (Boskey and Imbert, 2017) and the carbonate: phosphate ratio
(area ratio of the carbonate v2 peak [852 to 890 cm™] to the phosphate v1 to v3 peak [916 to
1,180 cm™]) (Beasley et al., 2014; Kourkoumelis et al., 2019; McCreadie et al., 2006).
Phosphate hidden sub-bands were determined in a 900 — 1,200 cm™ wavenumber range using
second derivative hidden peaks and Savitzky-Golay smoothing method (Gardegaront et al.,
2018; Kourkoumelis et al., 2019). The sub-bands were Gaussian curve fit to the phosphate
distribution (Farlay et al., 2010; Gadaleta et al., 1996), where mineral crystallinity (Ratio of
areas at the peak of ~ 1,020 and =~ 1,030 cm*) (Boskey et al., 2016; Ou-Yang et al., 2001;
Querido et al., 2018; Yerramshetty and Akkus, 2008) and acid phosphate content (Ratio of
areas at the peak of = 1,096 and 1,127 cm!) (Boskey and Mendelsohn, 2005; Farlay et al.,
2010; Ou-Yang et al., 2001; Spevak et al., 2013) could be measured.

Finally, collagen-parameters were quantified by using second derivative analysis to fit the
amide I band with seven Gaussian peaks (= 1,610, 1,630, 1,645, 1,661, 1,678, 1,692 and 1,702
cm™) (Schmidt et al., 2017). The area under each sub-peak was recorded and collagen maturity
(Ratio of areas 1,660 and 1,692 cm™) — a proposed measurement pyridinoline to divalent
cross-links (Boskey and Pleshkocamacho, 2007; Gieroba et al., 2021; Paschalis et al., 2001,
Schmidt et al., 2017).

3.2.5 Fluorescence Advanced Glycated End-Products (FAGE) Analysis

AGEs accumulate in the bone as well as in various connective tissues throughout the body
(Gkogkolou and Béhm, 2012; Goldin et al., 2006). Total fAGEs were measured from skin and
radius cortical bone sections using a fluorometric assay to quantify the level of AGEs present.
Skin and bone sections were demineralised in 45% formic acid for 8 - 10 days. Activated
Papain Enzyme Digestion Solution (APEDS) was made up on the day of digestion by adding
a papain enzyme from papaya latex at a final concentration of 7.76 units/mL (P3125, Sigma
Aldrich, St. Louis, MO) to 40 mL of papain buffer extract (100 mM sodium Phosphate Buffer/
500 mM Na:EDTA, pH 6.5) and 63 mg L-cysteine hydrochloride (C7477, Sigma Aldrich, St.
Louis, MO). Skin and cortical bone sections of similar weight were placed into 1.5 mL black
O-ringed micro-centrifuge tubes and 1 mL of APEDS solution as added to each tube and rotated
overnight at 10 rpm in an oven at 60°C. Once fully digested, vortexed and quickly spun using
a table-top centrifuge. Samples (100 puL of sample per tube) were lyophilised, then hydrolysed
by adding 100 puL of 38% HCI and then incubated in the oven at 110°C for 20 h in the black
O-ring tubes. Samples were then centrifuged at >5,000g for 5 min and then left to dry on a hot
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plate for 48 h at 50°C under a fume hood. Once the HCI had fully evaporated, 200 uL of
ultra-pure water was added and samples were centrifuged at 15,000 g for 10 min and only the
supernatant was used for analysis. A quinine assay was carried out to quantify the level of
AGEs. Quinine standards were made up (serially dilution, 0, 0.5, 1, 2, 3.5, 5, 10 pg/mL, Stock:
10 pg/mL quinine per 1 mL of 0.1 N H2SO4) and 50 pL of the standards and 80 pL of the
samples were added in duplicate to a black flat-bottomed 96-well plate. The fluorescence was
measured using a plate reader (Synergy HT BioTek, Germany) at 360/460 nm

excitation/emission. Fluorescence of the samples was normalised against quinine standards.

Collagen content was measured from a hydroxyproline absorbance assay. A 1 mg/mL
hydroxyproline solution was made up by adding 40 mg trans-4-Hydroxy-L-proline (H54409,
Sigma Aldrich, St. Louis, MO) to 40 mL ultra-pure H20O and was later used to create the
hydroxyproline stock solution to make up the standards. Hydroxyproline standards were made
up (0, 0.1, 0.25, 0.5, 1, 2, 5, 10 pg/mL, Stock: 50 pg/mL hydroxyproline per 1 mL of papain
buffer extract). Skin and bone samples were diluted 50X with dH20 for each age group, 60 pL
of the samples and standards was added to a clear 96-well plate and absorbance was measured
(570 nm excitation/ emission). The absorbance of samples was normalised against serially
diluted hydroxyproline standards. The collagen content was derived based on prior knowledge
that collagen consists of 14% hydroxyproline (Ignat’eva et al., 2007; Kafienah and Sims, 2004).

Total fAGEs are reported in units of ng quinine/ mg collagen.

3.3 Statistical Analysis

Normality and homogeneity of variances for all geometrical, biomechanical and compositional
data were analysed using a Shapiro-Wilk test and homogeneity of variance was analysed with
Levene’s test using R statistical software (version R-4.1.0). Where normality and variance were
not a concern, two-way ANOVA tests were carried out to (1) compare differences between
each strain, followed by a multiple comparisons Bonferroni test and (2) compare differences
within each strain across the different ages (12-, 26- and 46-weeks), followed by a multiple
comparisons Tukey test (GraphPad Software, Inc., La Jolla, CA). If normality and variance
was a concern, a Kruskal-Wallis test was used followed by the non-parametric Dunn’s test to
provide the adjusted p-value. Alpha levels of p < 0.05 were considered significant for a 95%
confidence interval. Data was pooled for all strains and ages when measuring correlation
coefficients. The coefficients of correlation were calculated by Pearson's method. Data are

represented as mean + standard deviation.
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3.4 Results

To assess the health of the animal, body mass and blood glucose levels were measured on the
day of the euthanasia. In addition, IGF-I, one of the major growth factors involved in bone
formation and development, was quantified in the serum in order to understand the
differentiating function of the osteoblasts in T2 diabetic bone. Body mass was higher in T2D
rats compared to age-matched controls at 12- and 26-weeks of age (Table 3.1). However, some
diabetic rats showed signs of poor-health as the disease progressed. This was highlighted in
various ways, through a decrease in movement, development of cataracts and a decreased food
intake resulting in a loss of body mass. Long-term diabetic rats (46-weeks) as a result had a
11.4% + 2.8% (p = 0.001) reduction in body mass compared to 26-week diabetic rats and were,
on average, 62.9 g (95% CI: 29.28, 96.47, p < 0.001) lighter than age-matched controls
(Appendix Figure S3.2).

Serum glucose levels were higher in diabetic rats at all ages in comparison to controls (Table
3.1). Like the reduction in body mass of diabetic rats from 26- to 46-weeks, serum glucose
levels decreased, on average, by 38.8% (p < 0.001) in long-term compared to established
diabetic (fa/fa) rats as evidenced by a loss of appetite. Insulin growth factor hormone-I (IGF-1)
levels of controls naturally declined by 38.7% (p = 0.03) with age (12- to 46-weeks) in lean
rats until there was no significant difference between T2D (fa/fa) and control IGF-I levels at
46-weeks. However, this natural decline with age did not occur in T2D (fa/fa) rats. In fact,
diabetic rats IGF-I levels tended (p = 0.06) to be lower than controls at 12-weeks of age and
these levels did not change throughout any stage of diabetes in this ZDF (fa/fa) strain. There
was a trending interaction between age and strain on IGF-1 (Variation = 5.17%, p = 0.05).

3.4.1 Geometric and Morphometric Properties

TMD between diabetic (fa/fa) and control (fa/+) rats did not change as the disease progressed

Since T2D is not often accompanied by a reduction in mineral density, the material tissue
mineral density of cortical bone (Ct. TMD) was measured. Ct. TMD increased with age for
control and ZDF (fa/fa) rats (Table 3.1). Ct. TMD of early stage (12-weeks) diabetic rats with
1134 + 18.8 mg HA/cm?® was lower than age-matched controls with 1155.9 + 22.3 mg HA/cm?

(p =0.04). As the disease progressed, there was no difference in Ct. TMD between strains.
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Cortical bone geometrical deficits related to rat strain

To further understand longitudinal bone growth and development during T2D, bone geometry
was examined. Bone geometry was also required for beam theory analysis after mechanical
testing. Ulnae from ZDF (fa/fa) rats were shorter in length and smaller in diameter compared
to healthy controls at every stage of diabetes (Table 3.1). Similarly, geometrical properties,
such as, polar moment of inertia (pMOI), medial-lateral moment of inertia (Im) and cortical
bone area (Ct.Ar), measured from micro-CT data showed declines in bone size for diabetic rats
versus controls (Table 3.1). From 26- to 46-weeks of age, pMOI (+26.3%), Iy (+26.9%) and
Ct.Ar (+12.8%) significantly (p < 0.001) increased for control rats. However, there was no
difference in pMOlI, Iy and Ct.Ar of diabetic rats, indicating that bone growth slowed between

the established and long-term diabetic phase in this ZDF (fa/fa) strain.

162



Chapter 3

Table 3.1. Animal body mass, serum, bone geometry and composition from puCT data.

Control (fa/+) T2D (fa/fa)

12 weeks? 26 weeks® 46 weeks 12 weeks? 26 weeks® 46 weeks

(n=28-9) (n=28) (n=7-9) (n=28-9) (n=28) (n=7-9)
Body mass, g 293 +12.5 421+£27.9 466 £ 31.6 368 £ 19.4%*** 455 £32.2% 403 + 33, 1***
Serum glucose, mmol/L 12+4.1 18+4.9 12+£2.2 33.2 £ 6.9%** 31 £5.9%** 19 £2.6% 3"
IGF-I1, ng/mL 168 £ 72.7 155+ 26.3 103+ 31.9 105 + 56.8" 76 + 28.4** 81+315
Geometry
Length, mm 31£0.9 32+£1.17 34+£0.8° 29 £ 1.1%** 30.3 £ 0.9%** 31 £ 1.0%**2
ML Diameter, mm 1.17+0.02 1.20 +0.09 1.42+0.1>° 1.07 £ 0.02* 1.09 = 0.06* 1.13 +£ 0.08%***
AP Diameter, mm 2.63+0.2 2.65+0.2 2.82+0.2° 2.45 +0.05* 248 £0.13* 2.62+£0.13*%2
Aspect ratio 15.80+1 15.57 £0.98 14 +1.13%° 15.96 £0.49 15.89 £0.69 16.25 £ 1.14%**
pMOI, mm* 1.06 +£0.21 1.71 £0.3? 2.16+£0.3%° 0.82+£0.1%* 1.16 £ 0.14***2 1255+ (.]%**2
I, mm* 0.14 +0.02 0.26 £ 0.032 0.33 £0.04%° 0.10 £ 0.01** 0.15+0.01***2 (.16 = 0.01***2
Ct.Ar, mm? 1.99+0.16 2.58+0.13% 2.91+0.16%° 1.72 £ 0.08%*** 2.06 £ 0.1%**.2 2.11 £0.07%**.2
Composition (uCT)
Ct.TMD, mgHA/cm? 11559 +22.3 1250.5+19.3¢2 1289 +4.1%° 1134 + 18.8* 1246.5 + 16.4* 1285.3 £ 15.1»°

Values are mean + SD. T2D, Type-2 diabetic; IGF-I, Insulin growth factor hormone I; ML, Medial-lateral, AP, Anterior-posterior; pMOI, Polar moment
of inertia; Iml, Medial-lateral moment of inertia; Ct.Ar, Cortical area, Ct. TMD, Cortical Tissue mineral density. Difference from aged matched lean
control (fa/+) rats with * (p < 0.05), ** (p < 0.01), *** (p < 0.001) and * (p = 0.06) significance.

*significantly different from 12-weeks determined by a multiple comparisons Tukey test

b significantly different from 26-weeks determined by a multiple comparisons Tukey test
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3.4.2 Structural and Material Properties

Resistance to deformation and fracture and reduced ductility in diabetic (fa/fa) rat tissue

The structural properties of ulnar cortical bone were measured via three-point bend testing at
all time-points (Figure 3.3). Ultimate moment and whole bone strength of ZDF (fa/fa) rats were
also significantly lower than age-matched controls at 12- (-20.4%), 26- (-31.8%) and 46-weeks
(-43.8%) old (Figure 3.3 (B)). Energy-to-failure increased 1.5-fold (p = 0.007) in control rats
from 12- to 46-weeks, while diabetic rats showed no increase in energy-to-failure with age.
Conversely, from 26- to 46-weeks, energy-to-failure tended towards a decrease (Figure 3.3
(C)) and long-term diabetic rats had a significantly reduced ability to resist fracture in
comparison to controls (p < 0.01). Rats with earlier stages of diabetes had a more ductile
behaviour compared to controls at 12-(p < 0.01) and 26-weeks (p < 0.05) (Figure 3.3 (D)). Yet,
as these rats aged and the disease progressed, post-yield displacement reduced and was no
longer greater than control bones, indicating that bone ductility significantly reduced with long-
term diabetes (Figure 3.3 (D)).

Tissue material strength of diabetic (fa/fa) rats impaired as the disease progressed

Figure 3.4 shows the tissue-level material properties, where bone geometry was considered to
explore the tissue itself. Although the mean elastic modulus of diabetic rats reduced by 7%
from 26- to 46-weeks, this was not significant (p = 0.52) (Figure 3.4 (A)). Although disease
duration did not affect tissue level modulus, it was found that tissue material strength was
affected. Yield and ultimate stress increased with age from 12- to 46-weeks for control rats by
24.7% and 20.6% (p < 0.001), respectively (Figure 3.4 (B) & (D)).

Furthermore, when examining strain-related differences, tissue yield and ultimate strength of
rats with earlier stages of diabetes at 12- and 26-weeks were not different to those of the age-
matched controls. Despite this, by 46-weeks of age, long-term diabetic rats had a significantly
lower tissue yield (-11.4%) and ultimate (-11.3%) (p < 0.05) strength in comparison to their
age-matched controls (Figure 3.4 (B) & (D)). This indicates that, at a material level, the tissue
itself was impaired as the disease progressed, ultimately leading to a reduced bone strength.
The toughness represents the area under the stress-strain curve and no differences were found
between strains at each age. It was demonstrated that diabetic rats showed a trend towards a
decrease in toughness from 12- to 46-weeks of age (-25.5%) (p = 0.08), while there was no
difference in toughness with age for controls. Additionally, a significant statistical interaction
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between strain and age on bone toughness was found (15.75% of total variation, p = 0.02). A
linear regression analysis was used to further explore the material strength by analysing
ultimate modulus versus section modulus between strains at each age (see Appendix Figure
S3.5). It was found that ultimate moment varies between strains at the various ages when
section modulus is considered at 26 and 46-weeks. Control (fa/+) rats had a significantly higher
material strength at 26- (p < 0.05) and 46-weeks (p < 0.001) in comparison to T2D (fa/fa) rats.
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Figure 3.3: Structural properties (A) bending rigidity, (B) ultimate moment, (C) energy-to-
failure and (D) post-yield displacement measured from loading cortical ulnar rat bone until
failure in a three-point bend configuration. * (p < 0.05), ** (p < 0.01) and *** (p < 0.001)
significance within strain, # (p < 0.05), ## (p < 0.01) and ### (p < 0.001) significance between
strain at 12 2, 26 °, and 46 © weeks.
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Figure 3.4. Material properties: (A) elastic modulus, (B) yield stress, (C) toughness and (D)
ultimate stress measured from a three-point bend test considering bone geometry. (E) Sample
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3.4.3 Biochemical Analysis

Individual mineral constituents altered in long-term diabetic (fa/fa) rat bone

FTIR was used to assess bone quality by examining various mineral- and collagen-properties.
Carbonate: phosphate ratio increased from 12- to 46-weeks of age for ZDF (fa/fa) rats (+12.5%,
p < 0.05) and control (+25%, p < 0.001) rats (Figure 3.5 (B)). As the disease progressed,
long-term diabetic rats had a 10% reduction in carbonate: phosphate ratio in comparison to
age-matched controls (p < 0.05). Acid phosphate content reduced significantly from 12- to 26-
weeks of age (-34%, p < 0.05) but there was no difference in acid phosphate content from 26-
to 46-weeks. On average, ZDF (fa/fa) rats had 13% (95% CI: 4%, 21%, p < 0.01) and 10%
(95% ClI: 1%, 19%, p < 0.05) more acid phosphate content than controls at 12- and 46-weeks
of age, respectively (Figure 3.5 (D)). There was no significant difference in mineral: matrix
ratio, mineral crystallinity and collagen maturity between control and ZDF (fa/fa) rats at all
ages (Table 3.2). However, collagen maturity exhibited a significant interaction on strain
(Variation = 20.75%, p = 0.002).
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Table 3.2. Compositional properties measured from ulnar cortical tissue obtained from rats as determined from Fourier transform-infrared

spectroscopy (FTIR) analysis.

Control (fa/+) T2D (fa/fa)

12 weeks? 26 weeks" 46 weeks 12 weeks®? 26 weeks" 46 weeks

(n=8-9) (n=298) (n=17-9) (n=28-9) (n=798) (n=7-9)
Mineral: Matrix ratio 5.129 £ 0.94 4.83+0.88 5.12+0.86 5.68 £0.93 4.75+0.86 5.40 £+ 0.39
Carbonate: Phosphate ratio ™ | 0.016 +0.0007 0.017+0.002  0.020 = 0.002%° | 0.016 + 0.0011 0.017£0.001  0.018 = 0.0005*
Mineral Crystallinity 0.94 +£0.23 1.07 £0.23 1.26 £ 0.57 1.00 £0.27 1.22+0.31 1.02+0.21
Acid Phosphate Content ™ ** 0.17+0.06 0.15+0.07 0.12+0.06 0.29 + 0.09** 0.19 £ 0.06* 0.22 +0.06*
Collagen Maturity * 2.79+0.41 3.14+0.82 3.41+0.83 3.75+0.72 4.00+1.19 4.09+1.11

Values are mean = SD. T2D, Type-2 diabetic; Difference from aged matched lean control (fa/+) rats with * (p < 0.05), ** (p < 0.01) and *** (p < 0.001)
significance. ? significantly different from 12-weeks determined by a multiple comparisons Tukey test. ® significantly different from 26-weeks determined
by a multiple comparisons Tukey test. © Significant ANOVA interaction between strain. " Significant ANOVA interaction between age.
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3.4.4 Fluorescence Advanced Glycated End-Products (FAGE) Analysis

AGE accumulation increased in skin of long-term diabetic (fa/fa) rats but not bone

AGEs were measured from two tissue types: bone, to directly compare AGE-levels to the
tissues’ mechanical integrity and skin, to explore a surrogate marker of AGEs. Figure 3.5 shows
diabetic (fa/fa) rats at 46-weeks of age had 2-fold (p < 0.001) more AGEs present in the skin
than controls (Figure 3.5 (A)). There was no difference in the concentration of AGEs in the
cortical bone between ZDF (fa/fa) and control rats at any age (Figure 3.5 (C)). Skin AGEs
exhibited a significant interaction between strain and age (Variation = 10.51%, p = 0.02).

Whereas bone AGEs only showed a trending interaction on age (Variation = 11%, p = 0.07).
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Figure 3.5. Various compositional results from (A, C) fAGE analysis of cortical bone and skin
sections from rats and (B, D) FTIR analysis of cortical ulnar bone measuring
carbonate:phosphate ratio and acid phosphate content. * (p < 0.05), ** (p < 0.01) and ***
(p < 0.001) significance within rat strains, # (p < 0.05), ## (p < 0.01) and ### (p < 0.001)

significance between rat strains at 12 2, 26 °, and 46 ¢ weeks.
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3.4.5 Correlation results among serum levels, skin and bone composition

All correlation results described in this Section are shown in Appendix Table S3.1.
Mineral-properties measured via FTIR such as, carbonate: phosphate ratio and acid phosphate
content were associated with serum glucose levels (r =-0.33, p < 0.05 and r = 0.37, p < 0.05,
respectively). However, serum glucose levels and TMD showed no correlation. Fluorescent
AGEs measured from skin and bone samples did not have a significant correlation with blood
glucose levels. Interestingly, TMD and acid phosphate content were negatively correlated
(r=-0.46, p < 0.01) (Appendix Table S3.1). TMD was also positively correlated with the
mineral-property, carbonate: phosphate ratio (r = 0.35, p < 0.01) (Appendix Table S3.1). AGEs
from bone tissue correlated positively with TMD (Bone r = 0.33, p = 0.025), yet skin AGEs
did not (Appendix Table S3.1).
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Figure 3.6. Correlation results showing the association of the material properties yield stress
with (A) tissue mineral density (TMD), (B) acid phosphate (AP) content, ( C) AGEs in rat
skin and (D) AGEs in rat bone; and ultimate stress with (E) tissue mineral density (TMD), (F)
Carbonate:phosphate ratio (C:P), (G) AGEs in rat skin and (H) AGEs in rat bone.

3.4.6 Correlation results for biomechanical properties

Correlation results shown in this Section were carried out to investigate if there was an
association between AGEs and bone composition with the tissues mechanical integrity.
Collagen maturity was positively associated with AGEs in the skin (r = 0.33, p = 0.029), but
had no correlation with AGEs in bone (Appendix Table S3.1). Yield and ultimate stress were
not associated with AGEs in skin (Yield stress: r = -0.13, p = 0.37; Ultimate stress: r = -0.14,
p =0.34), or bone (Yield stress: r =0.021, p = 0.89; Ultimate stress: r =0.017, p = 0.92) (Figure

170



Chapter 3

3.6 (C) & (G)). Yield and ultimate stress were positively correlated with TMD (Figure 3.6 (A)
& (E)) (r=0.57,p<0.001 and r =0.45, p < 0.01). However, it is clear that age has an influence
on this correlation where at 12-weeks lower TMD levels correlate with lower yield and ultimate
stresses and as rat’s age and bones get bigger, TMD levels have increased and correlate to
higher yield and ultimate stresses. Interestingly, Yield stress was negatively correlated with
acid phosphate content (r = -0.3, p < 0.05) Figure 3.6 (B)). Ultimate stress was positively
associated with, the carbonate: phosphate ratio (r = 0.33, p < 0.05) (Figure 3.6 (F)). Both
carbonate: phosphate ratio and acid phosphate content were properties associated with the
mineral component of the bone tissue. Bones extracellular matrix is made up of an organic
(collagenous and non-collagenous proteins) and inorganic (hydroxyapatite and other minerals)
component which affects bones toughness and strength, respectively (An et al., 2016; Ma et
al., 2022). This further explains the significant correlation between bone strength and the

mineral properties measured via FTIR and lack of correlation with the non-collagenous AGEs.

3.5 Discussion

In this Chapter, it was shown that the accumulation of fluorescent AGEs was not the main
contributing factor to bone fragility in long-term ZDF (fa/fa) rats and suggest that diabetic bone
disease occurs through a multifactorial mechanism, possibly arising from an altered bone
turnover process. For this, a factor-by-factor approach was used to investigate the (i)
geometrical, (ii) structural, (iii) material and (iv) compositional properties of tissue in the
presence of diabetes through a ZDF (fa/fa) rat model at different stages of the diseases: at 12-
(Early-stage diabetes), 26- (Established diabetes) and 46-weeks (Long-term diabetes) old. To
the authors’ knowledge, this is the first ZDF (fa/fa) longitudinal animal study investigating
long-term diabetic bone fragility in rats up to 46-weeks of age. This Chapter demonstrated that
longitudinal diabetic bone growth was impaired as early as 12-weeks of age and by 46-weeks,
bone size was significantly lower than healthy controls. The geometrical deficits were reflected
in the structural properties. In particular, long-term (46-weeks) diabetic rats were structurally
compromised with a lower bending rigidity and energy-to-failure than controls. Importantly, it
was found that, independently of the structural deficits, the material tissue-level properties of
T2D bone were impaired. Long-term diabetic rats had a significant reduction in yield and
ultimate stress in comparison to their age-matched controls. Interestingly, post-yield
displacement (structural property) and toughness (material property) was negatively affected
by disease duration within the diabetic strain. Compositional differences were also found in

long-term diabetic subjects, with higher AGE accumulation in skin samples in T2D subjects,
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as mineral alterations observed through FTIR analysis, with a reduction in carbonate:
phosphate ratio and an increase in acid phosphate content. Importantly, it was found that AGEs
measured from both bone and skin sections had no correlation with tissue-level strength. Other
distinct alterations such as carbonate: phosphate ratio and acid phosphate content were

associated with tissue level strength.

Individuals with T2D have a greater risk of fracture than non-diabetic (Janghorbani et al., 2006)
and it is understood that the duration of the disease plays a role in fracture risk (Creecy et al.,
2016; Folk et al., 1999; Prisby et al., 2008; Retzepi and Donos, 2010). The effects of T2D on
bone strength has been explored through various in-vitro (Catanese et al., 1999; Poundarik et
al., 2015; Vashishth et al., 2001; Viguet-Carrin et al., 2008; Zimmermann et al., 2011) and
in-vivo studies (Karim et al., 2018; Wolfel et al., 2020). However, T2D is a complex disease
that in-vitro studies are not yet able to adequately mimic and there is limited availability of
human tissue for testing and a large variability in intensity and length of the disorder, which
implies a lack of quantitative tissue-level data on T2D bone for the same stage of the disease.
This Chapter is a longitudinal investigation of bone fragility in ZDF (fa/fa) and control rats at
12- (Early-stage diabetes), 26- (Established diabetes) and 46-weeks (Long-term diabetes). To
the investigator’s knowledge, this is the first T2 diabetic longitudinal animal study aging ZDF
(fa/fa) rats up to 46-weeks of age. Saito et al. (2006) explored bone fragility in diabetic
WBN/Kob rats aged up to 72-weeks (18 months), however, this strain of diabetic rat becomes
spontaneously diabetic between 48- to 52-weeks of age, meaning these rats were only diabetic
for approximately 24- to 28-weeks. However, in this Chapter, these ZDF (fa/fa) rats become
spontaneously diabetic between 9-to 11-weeks old, meaning these rats were overtly diabetic
for approximately 35- to 37-weeks. These results have shown that, ZDF (fa/fa) rats experienced
a reduction in bone strength in comparison to controls and that disease duration played a role
in this. Moreover, post-yield displacement results demonstrated that long-term diabetic rats had
reduced ductility in comparison to younger diabetic rats. This highlights that, as the diseased
progressed, long-term diabetic bones fractured in a more brittle manner than short-term diabetic
bones. No difference in post-yield displacement between strains at 46-weeks was seen.
However, in comparison to controls, diabetic rats had a reduced ability to resist deformation
due to deficits in bending rigidity, a reduced ability to resist fracture due to reduced
energy-to-failure and could not withstand as high a load due to lower ultimate moments. This
is similar to what has been previously reported in work by Prisby et al. (2008)where ZDF

(fa/fa) (T2D) rats showed no changes in post-yield displacement but did see differences in the
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energy-to-failure. Similarly, work by Creecy et al. (2016), which used ZDSD rats, found no
difference is post-yield displacement between strains at any age but did find differences in
Energy-to-failure of radius bone at all ages. Nevertheless, the negative effects on the structural
properties of the diabetic rats in this Chapter can, for the most part, be attributed to the
geometrical deficits of these ZDF (fa/fa) diabetic rats. This is further shown by the IGF-I levels
of the diabetic rats which indicates the dysfunction of their bone growth. The short bone
phenotype has also been reported in other studies that have used the ZDF (fa/fa) strain as their
T2D subjects, where the smaller sized bones have been proposed as a phenotype of the ZDF
(fa/fa) strain (Prisby et al., 2008; Reinwald et al., 2009).

Despite the variety of animal studies that have investigated the fracture mechanics of T2
diabetic bone (Devlin et al., 2014; Hamann et al., 2014; Reinwald et al., 2009; Sihota et al.,
2020a), few studies have explored tissue material properties and often bones with a less
favourable geometry for bending or measuring tissue properties are examined, according to
their aspect ratio (span length: bone width). Where Jepsen et al. (2015) states that using a
slender bone such as the radius, can increase the aspect ratio leading to a more accurate
estimation of the elastic modulus. Similarly, the ulnar is also considered a slender bone.
Importantly, this study highlighted that both structural- and tissue-level properties of ZDF
(fa/fa) rats were impaired. Indeed, rats with long-term (46-weeks) T2D showed a reduction in
tissue yield and ultimate stress. Although the elastic modulus of T2 diabetic bone tended
towards being lower than controls, this was not significant due to greater variability which is
expected in in vivo studies. This is similar to a previous study, which found no differences in
modulus of elasticity but did find reductions in bone strength between T2D rats and controls
(Prisby et al., 2008). This may also be due to the significant difference in aspect ratio between
diabetic and controls at 46-weeks due to significant difference in bone length growth. However,
some studies did not go as far as to measure the material-properties following a structural
analysis ( Devlin et al., 2014a; Saito et al., 2006; Sihota et al., 2020a). Several other studies
have found some material level differences, whereby yield and/or ultimate strength of diabetic
ulnar (Acevedo et al., 2018) or vertebral (Gallant et al., 2013; Reinwald et al., 2009) bone was
found to be lower than their healthy counterparts. The results from this Chapter reveal that as
the disease progressed the tissue itself, regardless of bone geometry, became impaired with

reductions in bone strength observed.

A novel contribution of this study is that tissue composition was measured through FTIR and

fAGE analysis at 12-, 26-and 46-weeks. The extent to which bone quality may be affected
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during T2D is not fully understood and there is a lack of understanding of the sub-tissue
alterations that take place during T2D. This Chapter demonstrated that in long-term (46-weeks)
ZDF (fa/fa) rats, skin AGE concentration was higher than controls, but there was no difference
in cortical bone AGE levels between strains at any age. Studies have suggested that elevated
levels of non-enzymatic glycated cross-links leads to a deterioration in tissue properties (Karim
et al., 2018; Saito et al., 2006). However, to date, there is still no causal relationship between
AGE accumulation and T2D, since previous work measuring bulk fAGEs have shown that
diabetic subjects have higher (Acevedo et al., 2018; LLabre et al., 2022; Sihota et al., 2020a;
Tice et al., 2022) or unchanged levels (Creecy et al., 2016; Devlin et al., 2014a; Karim et al.,
2018; Wolfel et al., 2020b) in comparison to controls. Indeed, increased blood glucose levels
can interfere with bone homeostasis (Ogawa et al., 2007; Picke et al., 2019; Tanaka et al.,
2015). Recent work by Entz et al. (2022) found that when the extracellular matrix was produced
by human bone marrow adipocytes osteoblastogenesis was not affected, but disruption to the
mineralisation phase of osteoblasts was observed. Furthermore, when a high glucose
environment was introduced they found differential alterations in mineralisation quality (Entz
etal., 2022).

Interestingly, through FTIR analysis it was demonstrated that some mineral constituents at the
sub-tissue level, such as carbonate: phosphate ratio and acid phosphate content, were altered
as a result of some possible metabolic impairment due to the hyperglycaemic environment.
Both carbonate (COs%) and acid phosphate (HPO4?) are the main ions that substitute into the
apatite mineral lattice during the modelling and remodelling of bone. However, it is important
to note that rodent cortical bone does not remodel in the same way human bone would remodel
due to their lack of a well-developed Haversian system like humans. Instead, it is thought that
rat bones continue to grow in their outer cortex and the marrow side continues to be resorbed
throughout life. Conversely, there has been some evidence to suggest that rodent bone may
also be remodelled on intracortical surfaces after maturation, since it is highly vascularised
with transcortical vessels containing both osteoclast and osteoblast progenitors (Griineboom et
al., 2019; Isojima and Sims, 2021; Root et al., 2020; Walker et al., 2020), similar to how
Haversian systems continue to be remodelled, with intracortical blood vessels in human bone
during adulthood (Enlow, 1985; Sims and Martin, 2020). Both properties were associated with
tissue strength across both groups. Long-term diabetic rats had a 10% (p < 0.05) reduction in
carbonate: phosphate ratio in comparison to controls. Interestingly, previous studies have found

that a reduction in carbonate: phosphate ratio has been linked to an increased risk of fracture
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(McCreadie et al., 2006) as well as an accumulation of bone micro-damage (Ruppel et al.,
2006). In addition, a reduced carbonate: phosphate ratio has also been seen in patients
presenting with low or high bone turnover (Isaksson et al., 2010; Malluche et al., 2012) and in
fact may convey a lack in type-B carbonate substitutions and thus resulting in a lack of bone
maturation during the mineralisation process (Velraj et al., 2020). Long-term diabetic bone had
10% (95% CI: 1%, 19%, p < 0.05) more acid phosphate content than controls. Acid phosphate
content is usually present at high concentrations in young, immature bone, which explains the
elevated levels of AP content in 12-week old rats while the young bones are still modelling
(Gadaleta et al., 1996; Huang et al., 2002). However, higher levels of acid phosphate content
in 12-week T2D rats than controls may indicate that bone modelling was altered in early stages
of bone growth and development. By 46-weeks it is possible that a high acid phosphate content
may be indicating that secondary mineralisation is not proceeding correctly suggesting bone
turnover is also affected (Sai et al., 2018; Spevak et al., 2013). Considering that a low
carbonate: phosphate ratio could indicate a lack of bone maturation, the latter argument is
supported in this data from the 46-week old diabetic rats with a long-term exposure to a high
glucose environment. This may also suggest further secondary health complications that might
be affecting the bone turnover process such as, chronic renal dysregulation, kidney disease,
reduced bone vascularisation or metabolic acidosis, which should be explored further in future
studies. Therefore, this Chapter indicates that AGE accumulation is not a main contributing
factor to bone fragility in these ZDF (fa/fa) rats. Instead, results from the FTIR analysis
indicates that the impaired mechanical integrity of the bone tissue is a multifactorial mechanism
influenced by an altered bone turnover process that reduces bone quality and impairs

biomechanical properties as the disease progresses.

The basic building block of the ordered material, bone, majorly consists of mineralised collagen
fibrils, which are found at the nanoscale. These mineralised organic collagen fibrils are
composed of hydroxyapatite mineral crystals and non-collagenous proteins, representing the
reinforcement and compliant matrix phase, respectively (Ascenzi and Bonucci, 1976; Currey,
1984; Hofmann et al., 2006). These hydroxyapatite mineral crystals and collagen fibrils give
bone its stiffness, strength and ductility, respectively, during loading. The correlation results
reveal that the mineral properties were altered, with a reduction in carbonate: phosphate ratio
and increase in acid phosphate content in long-term diabetic rats which may play a role in
reducing the ultimate strength and yield strength of the bone tissue, respectively. Hence, it can

be hypothesised that the weakness of the long-term diabetic bone in these ZDF (fa/fa) rats is
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related to the mineralisation process, whereby the apatite lattice structure is distorted or not
maturing into stable hydroxyapatite. It is worth noting that the disruption of the mineral
properties occurs in long-term diabetic rats after a prolonged duration with the disease where
the rats have not been administered any insulin, medications or a diet or lifestyle change; it is
unlikely for patients with long-term T2D to never have some form of intervention throughout

the duration of their disease.

There are several limitations and future recommendations that should be noted. The ZDF (fa/fa)
rat model has a leptin receptor deficiency due to an amino acid substitution, which has been
observed in children that possess congenital leptin receptor deficiencies (Fajardo et al., 2014;
Farooqi et al., 2007). As a result, these rats experience an insatiable appetite, causing them to
become overtly diabetic and obese at approximately 9-weeks of age (Fajardo et al., 2014).
These rats reach skeletal maturity when they are around 12-weeks old, at which point they also
develop a frank-like diabetic condition (Reinwald et al., 2009). In this Chapter, the high fat diet
was started at approximately 10-weeks of age, before these rats reached skeletal maturity. It is
thought that loss of function of their leptin-receptors may influence the bone size. However, it
is also likely that the early onset of T2D before they reached puberty may have influenced their
longitudinal stunt in growth. Although there is currently no single animal model that represents
all features of T2D in humans; with a rise in the incidence of T2D in children and adolescents
in the United States, Australia, China, Canada and United Kingdom (Candler et al., 2018;
Divers et al., 2002; Haynes et al., 2016; Slater et al., 2019; Tung et al., 2022; Wu et al., 2022)
and a great lack of data that explores the ramifications of long-term diabetes in patients with
youth-onset type-2 diabetes (Y. Fan et al., 2022), it is possible that this ZDF (fa/fa) strain may
be a suitable animal model to mimic the progression of T2D when developed during childhood
or adolescence. Especially since the exact time-point of the onset of diabetes in this strain is
known. Additionally, this model is also representative of the small, but still existent, population

of humans that develop T2D as a result of a leptin or leptin receptor deficiency (DePaoli, 2014).

In addition, at approximately 44-weeks of age diabetic rats began to lose body mass, due to a
loss of appetite and/ or a worsening of their illness. This loss in weight has been observed in
both ZDF (fa/fa) and ZDSD rats (Creecy et al., 2016; Prisby et al., 2008; Reinwald et al., 2009)
with disease progression and may be a limitation of these rat strains in modelling long-term
diabetes without some form of intervention (e.g. insulin or medications). However, a similar
study has not found body mass to be a significant explanatory variable for bending strength

(Creecy et al., 2016) although it may present as a possible confounding effect. In this Chapter,
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diabetic rats were switched from a high fat diet to a normal diet to help to mitigate their illness
at approximately 42-weeks. Hence, at 46-weeks diabetic rats have lower blood-glucose levels
than diabetic rats at 26-weeks, but this may be due to their loss of appetite. Nonetheless,
diabetic rats at 46-weeks still have higher blood glucose levels in comparison to the age-
matched controls. Interestingly, previous research has found accumulating evidence to suggest
that a disruption of insulin and the growth hormone IGF-I1 homeostasis in diabetic subjects may
be responsible for skeletal deficits (Fowlkes et al., 2008) and increased vertebral fracture risk
(Sugimoto et al., 1997; Yamaguchi et al., 2006). In this Chapter, at 12- and 26-weeks controls
demonstrated a trend towards and significantly higher serum IGF-I levels than age-matched
diabetic rats, respectively. As growth and development slowed with age, IGF-I levels decreased
for 46-weeks old controls. However, the levels of IGF-I remained low for diabetic rats, leading
to a possible explanation for the stunt in growth for these ZDF (fa/fa) rats. Studies have also
shown that high glucose concentrations or the presence of AGEs impair the stimulatory actions
of IGF-I on osteoblasts (McCarthy et al., 2001b; Terada et al., 1998). Previous research
investigating childhood obesity and T2D, found that during puberty IGF-I levels rose and fell
in a pattern similar to the rise and fall of insulin resistance, suggesting that the growth hormone
IGF-I axis contributes to the insulin resistance of puberty (Hannon et al., 2005). Thus, it may
be useful for future studies to explore serum IGF-1 levels in patients with T2D, to help
understand bone growth, development and fragility in this disease. Additionally, results from
this Chapter do not reflect the clear increase in bulk fAGEs with disease progression, as was
seen in previous work on human bone (Dyer et al., 1993; Karim et al., 2013). Nor is a similar
trend of results seen from surrogate measurements of AGE levels taken from the skin when
compared to bone. This may be by explained by the fact that the fAGE technique is a bulk
measurement for AGEs, including pentosidine, crossline and vesperlysines A, B & C to name
a few. However, the extent of how quantifiable each AGE is through this fluorescent assay is
unknown and some AGEs are better correlated with bone than others, such as the non-
fluorescent AGE, carboxymethyl-lysine (CML) (Thomas et al., 2018). Future work should
explore different techniques such as high-performance liquid chromatography (HPLC) and
mass spectrometry to quantify individual AGEs, in particular CML and pentosidine, rather than
a bulk fAGE approach. A final limitation, is that when preparing the bone powder samples for
ATR-FTIR the samples were left to dry overnight in air at 37°C. It is possible that exposing
these samples to air for a long period of time could potentially allow the collagen to become
oxidised and denatured. In future it might be better to reduce drying time or temperature when

trying remove water from the samples. Nevertheless, all samples underwent the same
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preparation and therefore are comparable in this study. Additionally, it may be important to
note that if samples to be used for FTIR analysis were stored in PBS this may affect the FTIR
spectra. However, in this Chapter samples were not immersed in PBS, they were surrounded
by gauze with PBS and immediately frozen before mechanical testing. Since the samples were

immediately frozen it is unlikely the PBS would have greatly permeated into the bone tissue.

3.6 Concluding Remarks

This Chapter found that long-term ZDF (fa/fa) rats had a reduced tissue-level yield and ultimate
strength in comparison to controls, regardless of the geometrical deficits of this rat strain. The
reduced tissue material strength coincided with the mineral properties carbonate: phosphate
ratio and acid phosphate content but was not associated with AGE content. This indicates that
bone fragility in these ZDF (fa/fa) rats occurs through a multifactorial mechanism influenced
initially by impaired bone growth and development and proceeding to an altered bone turnover
process that reduces bone quality and impairs biomechanical properties with a long-term
duration of the disease. However, further work is required to uncover these contributing factors.
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Appendix 3.1

Details of animal study

Figure S3.1 shows a detailed timeline of the animal study from when animals arrived to when
the high fat diet (HFD) began and endpoints for each age group. This Figure also details when
animals from a specific cohort died due to illness in control (fa/+) and Zucker Diabetic Fatty
(ZDF) (fa/fa) rats.

26 wk rats arrived

~8 wks,
12, 26 and 46 weeks: ( ‘.N )
Lean: n=7-9,ZDF: n=7-9 HED began
(26 wks)
~11 wks
T
46 wk rats
euthanised
46 wk rats arrived 12 wk rats arrived :
(~9-10 wks) (~8 wks) 1
T T 1
1 | 1
I )| HFD began |
1 1| (12wks) |1
1 1 ~1wks |!
I | T I
1 | 1 I
1 I 1 !
X 46 wk Lean | 46 wkzDF || 26 wk ZDF
1 rat died | ratdied | rat died
1 (n=1) 1| (n=1) : (n=1)
HFD began : : : 1 :
(46 wks) 1 1 1 ! 1
~10-11 wks ! 1 12 wkrats || ] 26 wk rats
T | | | euthanised |, : euthanised
! I 1 ! ! | !
— T T | I — T {
I I I I I I I I
(1] 2 4 6 8 10 12 14

Timeline (Months)

Figure S3.1. Timeline of the animal study over a 14-month period.

Body mass loss of 46-week cohort with long-term diabetes

550
500
450
400
350
300 —+—T2D
250
200

Body Mass (g)

—o— Control

Figure S3.2. Evidence of weight loss as the disease progressed in long-term (46-week old)
diabetic (fa/fa) rats in comparison to aging controls. Weight loss began at approximately 34

wks.
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Table S3.1. Correlations for data from T2D (fa/fa) and control (fa/+) rats at all ages pooled. Significant correlations are written in bold.

Ultimate

Parameter AGEs bone Stress Yield Stress C:P ratio AP content CM TMD Blood glucose
. -0.032 -0.14 -0.13 -0.2 0.26 0.33 -0.12 0.17
AGEs skin (ns) (ns) (ns) (ns) (»=008) (p=0.029) (ns) (ns)
0.017 0.021 0.17 -0.18 0.15 0.33 -0.15
AGEs bone - (ns) (ns) (ns) (ns) (ns) (p = 0.025) (ns)
MC 0.063 0.17 0.21 0.2 -0.23 -0.16 0.2 -0.013
(ns) (ns) (ns) (ns) (ns) (ns) (ns) (ns)
Min:Mat -0.13 -0.075 -0.044 -0.36 0.037 0.19 -0.2 0.12
' (ns) (ns) (ns) »=0.012) (ns) (ns) (ns) (ns)
C-P ratio 0.17 0.33 0.24 - -0.35 -0.23 0.35 -0.33
' (ns) (p =0.024) (p=0.1) (p =0.017) (ns) (p =0.017) (p=0.027)
-0.18 -0.19 -0.3 0.08 -0.46 0.37
AP content (ns) (ns) (p = 0.038) - (ns) (=0.0016)  (p=0.012)
cM 0.15 0.057 0.098 ] ) 0.032 0.33
(ns) (ns) (ns) (ns) (» =0.025)
0.45 0.57 -0.12
™MD ) (p=0.0014) (p=0.00025) i i i (ns)
Blood -0.1 -0.13 ) ) i i
glucose (ns) (ns)

Values are R-value (p-value), ns = p-value > 0.1, MC, Mineral Crystallinity; Min:Mat, Mineral: Matrix ratio; C:P ratio, Carbonate: Phosphate ratio; AP

content, Acid Phosphate content; CM, Collagen Maturity; TMD, Tissue Mineral Density; AGEs, Advanced Glycated End-products.
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Appendix 3.2

Linear regression analysis of ultimate moment vs. section modulus (Imi/Cmi) between type-
2 diabetic (fa/fa) and Control (fa/+) rats

In addition to reporting the estimated material properties, such as ultimate stress, shown in

Figure 3.4, a linear regression analysis was also performed to see if the slope and intercept term

of ultimate moment and the section modulus (Im/Cmi) varies between control (fa/+) and

diabetic (fa/fa) rats at the various ages. The scatter plot in Figure S3.3 shows the linearity of

each strain and in Figure S3.4, each strain is split up into age-groups to assess the linearity.

Strain Control (fa/+) —& T2D (fa/fa)
120 A

E = — +290 x 3% =
£ 100
o
E
@
_‘g 80 1 .
o

60 1

40

0.2 0.3 0.4
Section.modulus
Figure S3.3. Scatter plot of ultimate moment vs. section modulus for control (fa/+) and T2D
(fa/fa) rats to assess the linearity. All ages are represented within each strain in this plot. Slope

and R-squared values for each strain are shown.
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Strain: Control (fa/+) Strain: T2D (fa/fa)
100 B
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02 03 04 02 03 04
Section.modulus

Figure S3.4. Scatter plot of ultimate moment vs. section modulus for Control (fa/+) and T2D

(fa/fa) rats faceted by age to assess linearity.

A Type-Il ANOVA test was carried out using R statistical software (version R-4.1.0) to
investigate the interactions between the independent variables, strain and age, on ultimate
modulus when section modulus was considered. After adjusting for section modulus, there was
a significant interaction between Strain and Age on Ultimate moment, F(2, 42) = 7.13, p=
0.002. A pairwise comparisons test was then carried out using an Emmeans tests to estimate
the marginal means and p-values were adjusted using a Bonferroni test. Alpha levels of p <0.05
were considered significant for a 95% confidence interval. These results investigate the
influence of section modulus and strain on ultimate moment between Controls (fa/+) and
diabetic (fa/fa) groups. The pairwise comparisons between Controls (fa/+) and diabetic (fa/fa)
groups was statistically significant in rats at 26- and 46-weeks of age (p < 0.05, p < 0.001,
respectively). However, there was no significant interaction between strains on ultimate

moment at 12-weeks of age (p = 0.39) (see Figure S3.5).
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Anova, F(2,42)=7.13, p =0.002, n; = 0.25

Strain —* Control {fa/+) T2D (faffa)

EEE

1201

1001

801

60 T

12 26 46
Age

pwc: Emmeans test; p.adjust: Bonferroni

Estimated marginal means of Ultimate moment
(Section modulus taken into account)

Figure S3.5. Line plot used to show how the estimated marginal means of ultimate moment
varies between strains at the various ages when section modulus is considered. This graph
displays * (p < 0.05), ** (p < 0.01), *** (p < 0.001) significance and the interaction between
strain and age is displayed at the top of the graph.
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CHAPTER 4

Experimental and  Computational
Mechanics of Bone Fragility in Type-2
Diabetes: A Longitudinal Investigation
Using Zucker Diabetic Fatty (ZDF) Rats

This Chapter has been adapted directly from a manuscript that is under review, ‘Monahan et
al., Experimental and Computational Mechanics of Bone Fragility in Type-2 Diabetes: A
Longitudinal Investigation Using Zucker Diabetic Fatty (ZDF) Rats.

4.1 Introduction

Type-2 Diabetes (T2D) is associated with increased bone fragility, with patients having up to
a 3-fold increase in hip fracture risk (Janghorbani et al., 2007). Unlike osteoporotic patients, a
reduction in bone mineral density (BMD) is not responsible for this increase in bone fragility,
since patients with T2D often present with a normal-to-high BMD (Parfitt et al., 1983). This
suggests that the quality of the bone tissue itself is affected, whereby the intrinsic properties of
the bone matrix are impaired. While recent studies have suggested that sub-tissue alterations
to the organic constituents of the bone matrix contribute to impaired biomechanical behaviour
(Karim et al., 2018; Poundarik et al., 2015; Saito et al., 2006), the precise pathophysiological
factors that contribute to these abnormalities remain unknown. With the onset of T2D,
metabolic and cellular functions throughout the body are altered (Hygum et al., 2017; Picke et
al., 2019). It is proposed that these systemic changes disrupt normal bone metabolism, which
impairs the normal maintenance of the bone tissue matrix , leading to deteriorated sub-tissue
biomechanics and ultimately weakening the overall structure (Picke et al., 2019; Rubin and

Patsch, 2016; Yamaguchi, 2010; Zhao et al., 2020). However, the precise sub-tissue alterations
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that take place and mechanisms that impair whole-bone fracture mechanics in T2D remains

poorly understood.

It has been widely proposed that the hyperglycaemic state in T2D forms an excess
accumulation of non-enzymatic crosslinks and adducts, termed Advanced Glycated End-
products (AGEs), in the organic matrix of bone (Karim and Bouxsein, 2016; Saito et al., 2006;
Willett et al., 2022; Yamamoto and Sugimoto, 2016). AGE crosslinks are formed when proteins
and lipids within the collagen structure bind together and are widely hypothesised to stiffen the
collagen network, reducing ductility and fracture toughness (Delmas et al., 1984; Granke et al.,
2015; Vashishth, 2007; Wang et al., 2002; Zimmermann et al., 2011). This is reportedly caused
by a reduction in intra-fibrillar sliding (Siegmund et al., 2008) and leads to a more brittle tissue
behaviour. Alternatively, non-crosslinking adducts are formed when the protein structure itself
is modified, which can ultimately impair protein function (Nagai et al., 2014), yet there is a
limited number of studies that have measured AGE adducts and their implications for bone
fragility in T2D. Furthermore, much of the evidence supporting the role of AGEs in diabetic
bone fragility has been derived from in vitro studies (Merlo et al., 2020; Vashishth et al., 2001,
Willett et al., 2013), or in some cases animal studies, whereby increased pentosidine (PEN) (a
non-enzymatic crosslink) and fluorescent AGEs (a bulk measurement of AGES) have been
associated with a reduction in bone toughness and fracture toughness (Kic) (LLabre et al., 2022;
Tice et al., 2022). However, additional animal studies have found no differences in PEN or
bulk fAGEs despite reporting reductions in post-yield displacement (Devlin et al., 2014),
energy-to-failure and toughness (Creecy et al., 2016) and as seen in Chapter 3, bone strength.
More importantly, the vast majority of human studies have found no significant differences
between the amount of fAGEs in diabetic tissue, compared to healthy controls (Hunt et al.,
2019; Karim et al., 2018; Wolfel et al., 2022a, 2022b, 2020). In particular, Wolfel et al. (2022b)
found that cortical bone from the femoral midshaft of patients with T2D had a reduced elastic
modulus and reduced inelastic and elastic region fibril/ tissue strain in comparison to controls,
despite there being no observable differences in AGEs. This highlights that other mechanisms,

aside from AGEs, must contribute to bone fragility in T2D.

In T2D, hyperglycaemia can disrupt cellular metabolism resulting in altered bone homeostasis,
which may compromise the tissue structure, ultimately impairing bone quality and leading to
an increased risk of fracture (Picke et al., 2019). Whilst there are various human studies that
have explored the influence of altered bone microarchitecture and composition on the tissue
biomechanical properties in T2D (Hunt et al., 2019; Karim et al., 2018; Lekkala et al., 2023;
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Wolfel et al., 2022a, 2022b; Yadav et al., 2022), the majority of these studies do not consider
cellular behaviour, or alterations in tissue or serum biochemical factors that arise during the
onset of the disease. This is perhaps due to human tissue and serum being limited and difficult
to obtain and, to date, only three human studies have examined pathophysiological factors
contributing to bone fragility in cortical (Lekkala et al., 2023; Wolfel et al., 2020) and
trabecular (Lekkala et al., 2023; Piccoli et al., 2020) tissue. Several of these studies found bone
remodelling to be reduced as evidenced by reduced levels of bone formation and resorption
markers, PINP and CTX, respectively (Lekkala et al., 2023), impaired expression of the bone
formation controlling genes, sclerostin (Sost) and RUNX2 (Piccoli et al., 2020) and lower
osteon density, mineralisation and higher mineral heterogeneity in the diabetic cohorts than
controls (Wolfel et al., 2020). However, despite the altered remodelling process (as evidence
by serum markers, evaluation of gene expression and/ or histology), these studies did not find
any reduction to any tissue-level properties of T2 diabetic bone (Lekkala et al., 2023; Piccoli
et al., 2020; Wolfel et al., 2020). Apart from the difficulty in obtaining direct measurements
from human bone tissue in vivo, human studies can be confounded by the analysis of different
bone sites and the inability to control disease duration in T2 diabetic patients, which means that

the precise parameters that are altered remain poorly understood.

Longitudinal animal studies of T2D provide a platform to understand how the pathophysiology
of diabetes leads to impaired skeletal fragility. However, in various publications the cellular,
compositional and biomechanical aspects of T2 diabetic bone fragility have been studied in
isolation of one another (Caliaperoumal et al., 2018; Hamann et al., 2011; Hunt et al., 2018;
Stabley et al., 2015; Zeitoun et al., 2019), meaning that the understanding of the key
mechanisms responsible remains somewhat fragmented. For example, several studies have
characterised structural properties of T2 diabetic tissue, and indeed observed impaired bone
structural-level properties, but have failed to quantify material-level biomechanics (Hamann et
al., 2011; Hunt et al., 2018; Picke et al., 2016a) or composition (Gallant et al., 2013; Prisby et
al., 2008; Reinwald et al., 2009), with limited or no insight provided into cellular level
behaviour. A study by Hamann et al. (2013) found alterations to cellular markers measured
from serum such as, an increase in calcium, CTX and reductions in osteocalcin, indicating
impaired bone cellular metabolism. This was further highlighted by an impaired bone micro-
architecture and reduced stiffness, ultimate load, elastic modulus and ultimate strength in the
cortical tissue, however, this study did not explore the role of AGEs or bone composition

(Hamann et al., 2013). While Devlin et al. (2014) examined both cellular behaviour, bone
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matrix composition and tissue-level biomechanics in a Tallyho/JngJ diabetic mouse, they found
few significant differences in cellular markers (CTX and osteocalcin were unchanged), fAGE
levels, or tissue-level properties. This was most likely attributed to the short disease duration,
whereby the Tallyho/JngJ diabetic mice were only overtly T2 diabetic for approximately 7-
weeks. Several other studies using rodent models of T2D have also been limited by a relatively
short disease duration. In the previous Chapter a long-term 46-week longitudinal study using
Zucker Diabetic Fatty (ZDF (fa/fa)) rats was conducted, and showed that in long term T2D
(e.g. 46-weeks) the ulnar bone of the ZDF (fa/fa) rats had significantly reduced tissue strength
in comparison to age-matched controls, whereas diabetic rats at 12-weeks showed no difference
to controls. In addition, a correlation between tissue material strength and tissue carbonate:
phosphate ratio and the acid phosphate content were found. However, it was not explored how
disease duration leads to alterations at the cellular level. Together, the key findings across
studies on cellular activity, tissue composition and tissue mechanics remain fragmented from

one another, and more comprehensive study designs are required.

The objective of this Chapter was to investigate biological, biophysical and biomechanical
factors that contribute to bone fragility in T2D. In particular, this study uses a Zucker Diabetic
Fatty (ZDF) (fa/fa) rat model and conducts a 46-week longitudinal analysis that evaluates the
(i) biological markers of cellular metabolism, (ii) sub-tissue properties of the organic
components of the bone matrix, (iii) bone structure, morphometry and mineralisation, and (iv)
tissue and whole-bone fracture mechanics in addition to tissue-biomechanics using Finite

element (FE) modelling.

4.2 Material and Methods
4.2.1 Animal Model and Tissues

The animal model and details used in this Chapter are the same as was described previously in
Chapter 3. Rats were euthanized at 12- (Early-stage diabetes), 26- (Established diabetes) and
46-weeks (Long-term diabetes) of age using male Zucker Diabetic Fatty [(ZDF: fa/fa) (T2D)
and Zucker Lean (ZL: fa/+) (Control)] (Charles River, France) (n = 7 - 9, per age, per
condition). Right femora were dissected, wrapped in PBS then frozen at -20°C. Right after the
euthanasia, blood samples were collected by a cardiac puncture and samples were left to clot
at room temperature for 1 - 2 h. Blood samples were then centrifuged (Eppendorf 5424R
microcentrifuge, Hamburg, Germany) at 2,000g for 15 min. Once the serum was separated
from the clotted blood, the serum was aliquoted into 1.5 mL Eppendorf tubes and frozen at -

80°C until analysis. Before experimentation, bones were defrosted for approximately 12 h.
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Figure 4.1 shows an outline of the techniques used in this Chapter. Serum markers were
measured to assess glycaemic control, bone turnover and general health markers.
Compositional, microarchitectural and biomechanical analysis was carried out for local factors
influenced by T2D. Right femora bone geometry was measure. Bones were then notched and
underwent X-Ray Micro-computed Tomography (micro-CT) scanning to determine bone
microarchitecture and measure notch angle morphometric properties, followed by a mechanical
characterisation through fracture toughness and sideways fall testing using a custom made rig.
Following this, AGE accumulation in cortical bone was quantified through fluorescent AGE
(FAGE) analysis and high performance liquid chromatography (HPLC) testing (Figure 4.1).
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Figure. 4.1. Schematic of longitudinal analyses carried out in this chapter to explore cellular

A

metabolism, the organic matrix composition, bone structure and morphology and whole bone
fracture mechanics in a ZDF rats model of T2D.

4.2.2 Bone Turnover and Metabolism

Serum Analysis

Serum from the blood was collected after euthanasia to assess cellular metabolism. Glycaemic
control was assessed by measuring the ratio of glycated haemoglobin per the amount of normal
haemoglobin (% HbAlc/ HbA1) from the serum. Bone turnover was examined by measuring
markers of bone formation via procollagen type 1 amino terminal propeptide (P1NP) and bone

resorption via C-telopeptide of collagen alpha-1 (CTX-I) and Sclerostin (Sost), which is
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produced by osteocytes and regulates the Wnt-pathway (Delgado-Calle et al., 2017).
Interlukin-6 (IL-6) and calcium were measured to assess the inflammatory state and general
health of the animals, respectively. All markers were measured via ELISA kits from
AssayGenie (Dublin, Ireland), using a 96-well plate and absorbance was read at 450 nm, unless
stated otherwise. Serum levels of HbAlc were measured (FTF100850, AssayGenie, Dublin,
Ireland) following the manufacturer’s protocol. Briefly, the serum was diluted in sample
dilution buffer provide with the kit by 2X for the ZDF (fa/fa) and ZL (fa/+). Samples and
standards were added with 100 pL/well in duplicate. Haemoglobin subunit alpha-1/2 (HbA1)
was also measured (RTEB0313, AssayGenie, Dublin, Ireland) to quantify the %HbAlc/ HbAL.

Samples were diluted 4X with sample dilution buffer and added with 100 pL/well. PANP, CTX-
| and Sost were measured (RTF101061, RTFI00704 and RTFI00095, AssayGenie, Dublin,

Ireland) according to the manufacturer’s protocol. Samples were diluted 25X when measuring

P1NP and CTX-I and 5X when measuring Sost. Samples and standards were added with 100
pL/well in duplicate. IL-6 was measured (RTFI00034, AssayGenie, Dublin, Ireland), with
samples diluted 2X and added with 100 pL/well. The total calcium content of the serum was
measured with Total Calcium LiquiColor® (0150, Stanbio). Wells were washed twice with
PBS and the supernatant was removed. The well plates were kept at -80°C until analysis. Then
0.5 mL of a HCI solution at 0.5 M was added to each sample and these were placed on an
orbital shaker overnight. Following, 20 uL of samples or standard samples were added in
triplicate, then 200 pL of the working solution added to each well (1:1 Total Calcium colour
reagent: Total Calcium Base). For this final assay, the absorbance was read at 590 nm and the

calcium content in each sample was calculated according to the standard curve.

4.2.3 Organic Matrix Composition
Bulk Fluorescent AGEs (fAGEs)

Fluorescent AGE (FAGE) analysis is a common bulk measurement and measures a combination
of non-enzymatic AGEs such as pentosidine, crossline and vesperlysines A, B & C. Once ready
for sectioning, distal femurs were removed from PBS and a low-speed saw used to section a 4
mm cross-section of cortical bone from the diaphysis of the distal femur. Following sectioning,
cortical samples were demineralised in 45% formic acid for 8 - 10 days. Samples were then
papain digested and hydrolysed according to methods previously outlined in Chapter 3. Each
sample had two tubes of hydrolysate samples, one used for the fAGE analysis and the other for
HPLC. Hydrolysate samples for fAGE were rehydrated with distilled water (dH20) and
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hydrolysate samples for HPLC were kept dried. AGE accumulation was quantified using a
quinine assay and normalised against the amount of collagen using a hydroxyproline assay,
(both protocols described previously in Chapter 3). Collagen content was derived based on
prior knowledge that collagen consists of 14% hydroxyproline (Ignat’eva et al., 2007). Total

fAGEs are reported in units of ng quinine/ mg collagen.
High performance liquid chromatography (HPLC)

These measurements were carried out as part of a collaboration with Prof. Halima Kerdjoudj
at Université de Reims Champagne-Ardenne (Reims, France). As glycation reaction is a
complex process involving early and late steps, two different glycation products were
quantified to evaluate each phase of the process. Thus, furosine concentrations provided
information about the formation of Amadori products (furosine is a by-product formed from
fructose-lysine during acid hydrolysis) during the early stages of glycation, whereas
carboxymethyl-lysine (CML) provided information about the later stage (formation of AGES)
involving oxidative reactions. At 12- and 46-weeks, hydrolysates were prepared using methods

previously described in Chapter 3.

Furosine and CML quantification was performed using a LC20 chromatographic system
equipped with a Kinetex XB-C18 column (100 x 3.0 mm, 2.6 um - Phenomenex) with a
gradient program composed of 5 mM ammonium formate (pH 2.9) as mobile phase A and
100% acetonitrile as mobile phase B. For Furosine the flow rate was constant at 0.3 mL/min
during all separation steps. The gradient program was as follows: 0 — 0.1 min: 5% B; 0.1 — 4.1
min: gradient to 95% B; 4.1 — 6.1 min: 95% B; 6.1 — 7.1 min: gradient to 5% B; 7.1 — 13.1 min:
5% B (Injection volume: 3 pL; oven temperature: 40°C). Detection was performed (AP14000
system, ABSciex, France) in positive-ion mode with an electrospray ionization (ESI) source.
Multiple reaction monitoring (MRM) transitions used for quantification were as follows: 255.1
> 84.2 for furosine and 259.0 > 88.2 for d4-Furosine. For CML the flow rate was constant at
0.9 mL/min during all separation steps. The gradient program was as follows: 0 — 0.3 min: 90%
B; 0.3 — 1.5 min: gradient to 50% B; 1.5 — 2.0 min: 50% B; 2.0 — 3.1 min: gradient to 40% B;
3.1 — 3.5 min: 40% B; 3.5 — 4.0 min: gradient to 90% B (Injection volume: 10 uL; oven
temperature: 25°C). Detection was performed as mentioned above. MRM transitions used for
quantification were as follows: 205.1 > 130.1 for CML and 207.1 > 84.1 for d2-CML.
Calibration curves have been performed by preparing diluted serum solutions spiked with
increased amounts of CML (ranging from 2.5 uM to 80 uM), which have been submitted to the
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same pre-analytical treatments as rodent bone samples. In addition, lysine content in

hydrolysates were quantified by HPLC in order to normalize the expression of results.

4.2.4 Microarchitecture and Mineralisation

Micro-computed tomography (Micro-CT) analysis

To assess the micro-architecture of cortical and trabecular bone, micro-CT (uCT100, Scanco
Medical) was used pre- and post-mechanical testing to scan the proximal femur (ROI: 33.5%
of total femur length) and the notched diaphysis (ROI: 1.5 mm) to measure the notch angle and
unnotched diaphysis (ROI: 2 mm). High resolution scans were taken using a voxel size of 7
pm (proximal femur and notched region) and 5 um (midshaft), an X-Ray tube potential of 70
kVp, current of 114 pA, energy of 8W and integration time of 600 ms. A 0.5 mm thick
aluminium filter was used to reduce beam hardening artefacts and a 0.8 Gaussian filter and
Support value of 1 was used. An evaluation script in the Scanco Image Processing language
(IPL) was used to rotate the proximal femurs so that slices for evaluation were oriented along
the femoral neck axis, allowing the femoral neck region of interest to be indicated easier and
to ensure consistency across scans. To evaluate cortical and trabecular bone from the femoral
neck region, the last slice of the femoral neck was determined distally and contours were then
applied in the proximal direction every five slices until the VOI extended over 150 slices
(Zeitoun et al., 2019). A global density threshold of 691.3 mg HA/cm?® (4000 HU) captured
both cortical and trabecular tissue, whilst also eliminating interference of soft tissue (Bouxsein
etal., 2010; Verbruggen et al., 2022). For the midshaft, the VOI extended over 409 slices. Post-
mechanical testing, the proximal femurs were scanned to capture fracture patterns of the
femoral neck following the sideways fall simulation (ROI: 11 mm, Voxel size: 10 pm).

DICOMS were collected for each post-fracture scan.

A series of structural (i.e., cortical bone area (Ct.Area)), compositional (i.e., Cortical and
trabecular BMD, TMD) and morphological (i.e., Tb.Th, Tb.N, Th.Sp, BV/TV, Conn.D, SMI
and DA, cortical porosity (Ct.Po)) parameters could be measured from the femoral diaphysis,
neck and head using established guidelines (Bouxsein et al., 2010). Grey-level histograms were
obtained from the micro-CT images following published methodology (O’Sullivan et al.,
2020). A custom MATLAB script was written to determine the weighted mean and most
frequent mineral density (Mmean, Mmode). Tissue volume at low, high and medium mineral

density were quantified below, above and between the 25th and 75th percentiles respectively

(TVa2s, TVs0, TV75) (O’Sullivan et al., 2020; Verbruggen et al., 2022). The 25th, 50th and 75th
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percentile mineral density baseline was taken as the average value of the controls at each age

and compared against the diabetic groups.

4.2.5 Biomechanical Analysis

Fracture Toughness Testing
Notch Preparation

Basic geometric measurements of lean (fa/+) and ZDF (fa/fa) femora were recorded before
preparing the notch to ensure the correct notch depth was created and to compare geometrical
differences between groups. A notch of a known dimension was created to represent a dominant
flaw to assess the bones’ resistance to fracture when a defect is present. Using a Vernier
Callipers the femoral length (L), midshaft and femoral neck anterior-posterior (AP), medial-
lateral (ML) and femoral head diameters were recorded. Notches were prepared using
previously published guidelines (Ritchie et al., 2008). An initial notch of a depth ~20% of the
midshaft AP diameter was created on the posterior side of the bone using a low-speed saw
(IsoMet™ Low Speed Precision Cutter, Buehler Inc., Lake Bluff, IL) with a diamond
embedded blade (IsoMet™ with a 3 in. x 0.007 in. Diamond Wafering Blade, Buehler Inc.,
Lake Bluff, IL). The initial notch was sharpened with a small razor blade coated in 1 pm
diamond suspension fluid moving back and forth over the notch approximately 15 times. Bones

were sonicated for 3 min in distilled water for cleaning.
Mechanical Testing

After the micro-notch was prepared on the posterior of the mid-diaphysis, femurs were tested
until failure in a three-point bend configuration to assess fracture resistance in the presence of
a small defect. Femurs were loaded on the anterior side so that the notched posterior side was
in tension (Zwick 2.5 kN load cell, 0.1 N pre-load, 0.06 mm/min crosshead speed) to measure
the stress intensity factor (Kc) at crack initiation (MPay/m), work-to-fracture (%) and cracking
toughness (MJ/m?3) (Figure 4.2 (A)). Force-displacement curves were recorded. The maximum
load method of calculating Kic was used, whereby the maximum force measured during three-
point-bend testing the femurs to failure along with the notch angle was used to calculate the
critical stress intensity factor required to initiate the formation of a crack using Equation 4.1
(Figure 4.2 (B)) (Ritchie et al., 2008). Work-to-fracture (Ws) was measured from the area under
the curve, which represents the energy required to propagate a crack until failure (Figure 4.2
(B)). Similarly, cracking toughness (T¢r) was calculated as the span-adjusted work-to-fracture
normalised by cortical area (Ct.Ar) using Equation 4.2, where the notch angle (6:) was
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measured from micro-CT scans. Distal femurs were kept following the fracture toughness
testing and soaked in PBS until sectioning for fAGE and HPLC analysis.

PmaxSRO
K;. = F,————— /R0 4.1
ic b77.'(R04— Ri4) mYcC ( )

Wy
SCt. Ar

Cracking toughness = (4.2)

Where, Fy is calculated using Equations from (Ritchie et al., 2008); Pmax = maximum force; S
= span length; R, = periosteal radius; Ri= Endosteal radius; Rm = mean radius; 6. = notch angle,

Wf = area under the force-displacement curve of notched femurs; Ct.Ar = cortical area.
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Figure. 4.2. (A-B) Initial set-up used for the fracture toughness test with the notch in tension
under the load and the resulting force-displacement curve obtained after testing until failure,
where the maximum load method was used along with the notch angle to measure stress
intensity factor for crack initiation; (C-D) Custom-made rig and set-up used to carry out the
sideways fall test, where proximal femurs were embedded into a quick-drying polyurethane
resin and oriented as shown in (D) in the rig before loading the femoral head.
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Sideways Fall Testing

Immediately following fracture toughness testing, proximal femurs were kept and loaded in a
sideways fall configuration test using a custom-build rig seen in Figure 4.2 (C), based on
previous rig designs (Jamsa et al., 1998; Zhang and Qin, 2005). Proximal femurs were
immediately set into a quick-drying polyurethane resin (Xencast P2 Fast Cast Polyurethane
Resin, P2-1, Easy Composites Ltd., Stoke-on-Trent, UK) up to 40% of the total proximal height
and were set into a custom-build silicon mold (Condensation Cure Silicone Rubber, CS25,
Easy Composites Ltd., Stoke-on-Trent, UK) with a section of PBS soaked gauze wrapped
around the femoral head and neck (Figure 4.2 (D)). The rig was created using aluminium and
a drill head fixed the polyurethane base of the embedded sample in place to prevent rotation
(Figure 4.2 (C)). The clamp system and sample stage were adjustable to ensure the femoral
shaft was 10° to the horizontal plane and that the femoral neck was interally rotated at 15°, as
in Figure 4.2 (D). A sheet of rubber (RS Pro black rubber sheet, 506-3078, RS Components,
Dublin) was placed under the trochanter on the sample stage to prevent crushing of the femoral
head during testing as previously suggested (Figure 4.2 (C)) (Backman, 1957). The compressor
head was also created using aluminium with a polyethylene tip (Figure 4.2 (C)) to avoid sliding
when in contact with the femoral head. Femoral heads were compressed until failure (Zwick
2.5 kN load cell, 5 N pre-load, 2 mm/min crosshead speed) and force-displacement curves were
obtained. From the force-displacement curves maximum load, stiffness, toughness and post-
yield displacement were measured. Notably, the displacement that occurs between yield and
failure and can reflect wether a material behaved in a brittle or ductile manner (Jepsen et al.,
2015).

Micro-CT derived finite element analysis (UFEA)

Image-based finite element (FE) models were generated using methods taken from Verbruggen
et al. (Verbruggen and McNamara, 2023), whereby DICOM images of a subset (n = 5-6, per
condition, per age excluding 26-week cohort) of proximal femurs were imported to MIMICs
(18.0, Materialise, Belgium). Femur geometry was separated from floating artefacts, a
smoothening factor of 0.4 was applied. The models were discretised using ~1,100,000 4-noded
tetrahedral elements (C3D4) using 3matic software (10.0, Materialise, Belgium). A maximum
edge length of 0.15 mm was applied. Models assigned voxel-specific material properties based
on a power-law (Schileo et al., 2008) elastic-density relationship (Equation 4.3 — 4.5), with
parameters calibrated based on experimental force-displacement data, enabling specimen-
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specific predictions of tissue-level strain at failure. Each model was mapped with 100 materials,
where the bone mineral density obtained via Micro-CT (pCT) were converted to ash density
(pash) and then to Elastic modulus (E) (Keller, 1994; Lu et al., 2019; Schileo et al., 2008), with
Poisson’s ratio assumed as 0.3 (Cheong et al., 2020; Verbruggen and McNamara, 2023).

pCT =—-0.0056148+0.0007764 HU (4.3)
pAsh = 0.079 + (0.8772 * pr) (4.4)
E = 10.5% (pAsh?29) (4.5)

A sideways fall test was simulated using Abaqus software (Dassault Systems, version 2017)
through displacement-based loading of a rigid plate in contact with the femoral head, similar
to the experimental test. Proximal femurs were fixed in all directions at the bottom and lesser
trochanter (Figure 4.3) similar to the experimental set-up. The maximum principle strain at the
99" percentile was recorded to remove any singularity effects and contour plots of the strain

distributions were analysed.
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Figure.4 3. FE modelling pathway from micro-CT to sideways fall simulation in Abaqus. The
proximal femur was CT-scanned, segmented and reconstructed to obtain a 3D solid model of
the proximal femur. DICOMS were obtained and imported into MIMICS and 3-Matic software
to process the femurs, apply a tetrahedral mesh and assign material properties to the elements
(y-axis of material assignment graph) based on Hounsfield units (HU) (x-axis of material
assignment graph). This model was imported into Abaqus, boundary conditions were applied,

the femoral head was compressed to concentrate the stress at the femoral neck.

4.3 Statistical Analysis
Normality and homogeneity of variances for all geometrical, biomechanical and compositional
data were analysed using a Shapiro-Wilk test and homogeneity of variance was analysed with

Levene’s test using R statistical software (version R-4.1.0). Where normality and variance were

208



Chapter 4

not a concern, two-way ANOVA tests were carried out to (1) compare differences between
each strain, followed by a multiple comparisons Bonferroni test and (2) compare differences
within each strain across the different ages (12-, 26- and 46-weeks), followed by a multiple
comparisons Tukey test (GraphPad Software, Inc., La Jolla, CA). If normality and variance
was a concern, a Kruskal-Wallis test was used followed by the non-parametric Dunn’s test to
provide the adjusted p-value. Alpha levels of p < 0.05 were considered significant for a 95%
confidence interval. The coefficients of correlation were calculated by Pearson's method. Data

are represented as mean = standard deviation.

4.4 Results

4.4.1 Bone Turnover and Metabolism — Serum Analysis

Alterations at the cellular-level possibly indicative of systemic changes in the T2D (fa/fa)
cohort

Bone turnover markers were measured from the serum to assess biological changes during
long-term T2D, and results are shown in Figure 4.4 and Appendix Table S4.1. While there was
no difference in the ratio of HbAlc/ HbA1 between strains at 12- and 26-weeks of age, the
ratio of HbAlc/ HbA1 significantly increased with age in the T2D (fa/fa) cohort, but not the
controls (Figure 4.1 (A)). This ratio was 2-fold (p < 0.05) greater in the 46-week diabetic rats
than their age-matched healthy counterparts, highlighting that glycaemic control was
considerably impaired with the long-term diabetic (fa/fa) cohort. There was no change in the
levels of P1INP, a marker of bone formation, with age for the controls. However, PINP levels
declined (-58.9%, p < 0.01) with age from 12- to 46-weeks in the diabetic (fa/fa) cohort and
were 36.3% and 43.4% (p < 0.01) lower than controls at 26- and 46-weeks, respectively (Figure
4.1 (D)). Similarly, levels of CTX-I, a marker of bone resorption, remained unchanged in the
control rats, whilst in the T2D (fa/fa) cohort CTX-1 levels increased 2-fold (p < 0.001) from
26- to 46-weeks and by 46-weeks diabetic (fa/fa) rats had 2-fold (p < 0.01) greater CTX-I than
age-matched controls (Figure 4.1 (E)). Interestingly, the concentration of Sost in the serum was
significantly higher at all ages in the T2D (fa/fa) rats than the controls (p < 0.001) and
significantly increased with age whilst in the controls there was no change with age (Figure 4.1
(F)). Similarly, serum calcium levels were elevated at all ages in the T2D (fa/fa) rats in
comparison to the controls (Figure 4.1 (B)). Lastly, the diabetic (fa/fa) rats at 26- and 46-weeks
had 1.5- and 2-fold (p < 0.05) higher serum levels of IL-6 than age-matched controls,
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respectively. Together these results provide evidence to suggest alterations in bone formation
at the systemic level within the T2D (fa/fa) rats (Figure 4.1 (C)).
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Figure 4.4. Cellular metabolism markers measured from serum to explore glycaemic control
measuring (A) HbAlc/ HbA1 ratio, general health measuring (B) Calcium and (C) IL-6 and
bone turnover by measuring (D) P1NP, (E) CTX-I and (F) Sost from control and T2D (fa/fa)
rats. * (p < 0.05), ** (p < 0.01) and *** (p < 0.001) significance between strains.

4.4.2 Organic Matrix Composition — Bulk fAGEs and HPLC

Glycation markers, Furosine and CML were elevated in long-term diabetic (fa/fa) rats

Bulk fAGEs, furosine and CML were measured to assess the accumulation of AGE crosslinks,
early-stage glycation and glycoxidative damage, respectively. There was no difference between
strains at any age in the levels of cortical bulk fAGEs (Figure 4.5 (A)). The levels of Furosine
were 1.3- and 2.1-fold higher in the diabetic (fa/fa) rats than the controls at 12- (p = 0.005) and
46-weeks (p < 0.001) of age, respectively. Furosine significantly increased by 82.13%
(p < 0.001) from 12- to 46-weeks in the diabetic rats, but no change with age was observed in
the controls (Figure 4.5 (B)). There was no difference in CML levels between strains at 12-
weeks of age and at 46-weeks, there was a non-significant trend towards a 1.2-fold (p = 0.06)
increase in the diabetic (fa/fa) cohort compared to age-matched controls. There was no change
with age for both strains (Figure 4.5 (C)).

210



Chapter 4

Control (fai+)
c [®] T2D (fa/fa)

>
w

Average Furosine
(mmol/ mol Lys)
Average CML
(mmol/ mol Lys)

N
e c
\'
|
o
n
=}
o
>

2.50

Average Bulk fAGEs
(ng quinine/ mg collagen)
w
(=3
o

46 12 46 12 46

12 26
Age (wks) Age (wks) Age (wks)

Figure 4.5: (A) No change in bulk fAGEs. (B and C) Furosine increased with age in T2D (fa/fa)
rats. (B) Furosine levels elevated in these rats at all ages, while (C) CML showed a trend
towards an increase in long-term T2D (fa/fa) rats. ** (p < 0.01) and *** (p < 0.001)

significance between strains.

4.4.3 Bone Microarchitecture — Micro-CT Analysis

Trabecular bone quantity declined in diabetic (fa/fa) rats as the disease progressed and was

particularly lower than controls in long-term diabetic (fa/fa) rats

Micro-CT was used to assess trabecular bone morphology and mineral density from the femoral
neck region, with all results shown in Table 4.2. Trabecular bone mineral density (Th.BMD),
which is an apparent measure of density of the bone tissue and marrow, reduced from 12- to
46-weeks in the diabetic (fa/fa) rats reducing by 49.4% (p < 0.001). As expected, controls had
no significant reduction from 12- to 46-weeks (-2.4%, p = 0.85). Although Th.BMD was not
different between strains at 12-weeks, diabetic (fa/fa) rats had significantly lower Th.BMD at
26- (-25.1%, p < 0.001) and 46-weeks (-48%, p < 0.001) in comparison to the age-matched
controls. Trabecular bone volume per the total volume (Th.BV/TV) (Figure 4.6 (D)) also
showed no difference with age from 12- to 46-weeks in controls, whereas diabetic (fa/fa) rats
had significant differences (-55.1%, p < 0.001), being 34.2% and 52.2% (p < 0.001) lower than
age-matched controls at 26- and 46-weeks, respectively. As for Tb. TMD, which is the material
measure of density for just the bone tissue, control and diabetic (fa/fa) rats showed a 2.5%
(p <0.001) and a 1.5% (p = 0.02) increase from 12- to 46-weeks, respectively. Interestingly,
there was no difference in Tb. TMD between strains, although diabetic (fa/fa) rats at 46-weeks
showed a trend towards a lower (1.3%, p = 0.05) Th.TMD than their age-matched controls. At
46-weeks, the reduction in Th.BMD and Th.BV/TV (and trending reduction in Th.TMD) in
the diabetic (fa/fa) cohort may in part be explained by a reduced amount of trabecular tissue

present, as evidenced by a reduction in trabecular number (Tb.N) (-35.1%, p < 0.001)
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(Figure 4.6 (A)), trabecular thickness (Tb.Th) (-16.2%, p < 0.001) (Figure 4.6 (B)),
connectivity density (Conn.D) (44.4%, p < 0.001) (Figure 4.6 (E)) and an increase in trabecular
spacing (Tb.Sp) (+45.1%, p < 0.01) (Figure 4.6 (C)) in comparison to age-matched healthy
controls. Lastly, structural model index (SMI) was measured to quantify the plate- verses rod-
like trabeculae structure (where 0 is for parallel plates and 3 is for cylindrical rods, positive
SMI indicates a convex surface and negative indicates a concave surface). At 12-weeks both
strains had negative SMI values that were not significantly different, with these negative values
indicating a more concave plate-like shape. As the controls aged, SMI remained mainly
negative at 12- and 46-weeks maintaining a robust plate-like, concave structure, yet, as the
T2D (fa/fa) cohort aged their SMI increased and became more positive, indicating a more rod-

like, convex shape (Figure 4.6 (F)).
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Figure. 4.6. Morphological properties of trabecular bone from the femoral neck region such
as (A) trabecular number, (B) trabecular thickness, (C) trabecular spacing, (D) bone volume/
total volume, (E) connectivity density and (F) structural model index. * (p < 0.05),
** (p <0.01) and *** (p < 0.001) significance within strain, # (p < 0.05), ## (p < 0.01) and
### (p < 0.001) significance between strain at 12 2, 26 °, and 46 © weeks.
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Table 4.2. Trabecular and cortical bone morphological properties from the femoral neck and midshaft regions.

Control (fa/+) T2D (fa/fa)
12 weeks? 26 weeks” 46 weeks 12 weeks? 26 weeks” 46 weeks
(n=9) (n=8) (n=8) (n=9) (n=17) (n=17)
Femoral neck
(trabecular)
;Z'i'\gfc’mg 606.22+42.28 51536+48.36° 59150+ 67.87° | 607.27£22.27  386.11+74.20%%%2  307.50 & 67.77%%% 2
;Z'L'\i?’cmg 1039.07 +9.74 1021.33+18.19° 1064.87 +9.58" | 1035.97 + 6.44 1031.85 + 6.22 1051.35 + 11,25 * 1
Th.BVITV 0.49 +0.04 0.38 +0.05° 0.46 +0.06" 0.49 +0.02 0.25 + 0,06%** 2 0.22 + 0,043
Th.N, 1/mm 5.75 + 0.45 5.20 + 0.60 5.47 + 0,59 5.94 + 0,22 457 +0.61° 3.55 + 0.95%*. 2.
Tb.Th, mm 0.095+0.005 0087 +0003%  0.099+0.006° | 0095+0003  0.074+0.007*3  (.083+0.01***2b
Th.Sp, 1/mm 0.49+0015 0197+0029%  0173+0.024 | 0.145+0.009 0.211 +0.033° 0.251 + 0,089%*2
Conn.D, /mm® | 120.77 +15.65 98.78+20.66%  75.08+14.172° | 119.17 +11.02 93.23 + 15.25° 41.78 + 14.42%%%. 2.
SMI 0804029  012+0.33° -0.81 +0.46" -0.75+0.25 1.01 + 0.38%**a 0.87 + 0.36%%* 3
Femoral neck
(cortical)
%BHMA[/)’CmS 070.67 +26.48 1079.47 +14.07° 1106.66+ 11.84> | 965.03 + 18.12 1071.88 + 7.67° 1090.30 + 9.33°
%TH'V'A[/)’C i 10;3??33 * 1121.6241416° 1147.29+12.96%° | 1058.65+13.83 112218 +8.17° 1150.40 + 10,252
CtBV/TV, % 0.89+0023  0.95+0.004° 0.96 + 0.002° 0.88 + 0.014 0.95 + 0.006° 0.94 + 00072
Ct.Th, mm 0.29 +0.03 0.49 +0.02° 0.48 +0,02° 0.27 +0.02 0.41 + 0,04%%*.2 0.35 + 0,03%x* b
CtAr, mm? 221+0.14 2.92 +0.16° 2.98+0.17° 219 +0.07 254 + 0,075 234 +0,14%%%D
Ct.Po, % 48+03 5.1+03 5.0 + 0.4 48+03 5.5+ 0.4 5.5+ 0.4% 2
Femoral
midshaft
(cortical)
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gtg;]BHl\g\l:/);:m3 1114.95 + 6.98 11.92.70 + 11.04°
%THMA[/)E i 114487 +9.12 121431 +11.26
CLBV/TV, % 0.970+0.007  0.982 +0.001°
Ct.Th, mm 0.48 +0.05 0.72 +0.02
CtAr, mm? 5.00 + 0.20 6.97 + 0.40
Ct.Po, % 8.62 + 0.68 8.36 + 0.52

1221.33+11.112P

1240.95 + 10.63

0.984 +0.003 *
0.74+0.10
8.28 +0.49
7.70£0.522

1106.28 + 14.51 1185.08 + 11.78°2 1217.45+8.49 2P

1136.78 + 13.74  1211.57 + 12.40** ab 1246.65 + 7.94 2P

0.969 + 0.008 0.977 +0.002* 0.977 £ 0.003**
0.43 +0.04 0.61 + 0.04*** 2 0.56 + 0.02%**-2
5.12+0.24 5.96 + 0.31*** @ 5.81 + 0.31***.a.b
8.19 + 0.63 8.09 + 0.54 8.67 +1.02*

Values are mean = SD. T2D, Type-2 diabetic; BMD, Bone mineral density; TMD, Tissue mineral density; BV/TV, Bone volume/ Total volume;
Th.N, Trabecular number; Th.Th, Trabecular thickness; Th.Sp, Trabecular spacing; Conn.D, Connectivity density; SMI, Structural model index;
DA, Degree of Anisotropy; Ct.Ar, Cortical area; Ct.Po, Cortical porosity.
Difference from aged matched lean control (fa/+) rats with * (p < 0.05), ** (p < 0.01), *** (p < 0.001) and * (trending influence).
asignificantly different from 12-weeks determined by a multiple comparisons Tukey test
bsignificantly different from 26-weeks determined by a multiple comparisons Tukey test
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As the disease progressed, diabetic (fa/fa) rats demonstrated less cortical bone, with reduced

thickness and increased porosity in comparison to the controls

Cortical bone micro-CT scans were analysed to assess microstructure and mineral density from
the femoral neck and midshaft region (Table 4.2). There was no difference found in cortical
bone mineral density (Ct.BMD) from the femoral neck and midshaft regions between strains
at all ages. Whilst there was no difference between strains, cortical tissue mineral density
(Ct.TMD) from the femoral neck and midshaft increased with age for both T2D (fa/fa)
(neck: +8.7%, midshaft: +9.7%) (p < 0.001) and control rats (neck: +8.2%, midshaft: 8.4%)
(p < 0.001). Femoral neck and midshaft cortical bone volume per total volume (Ct.BV/TV)
were found to increase with age for both strains, however, by 46-weeks, T2D (fa/fa) rats had a
2.1% and 0.7% reduction in Ct.BV/TV in comparison to age-matched healthy controls
(p = 0.02), respectively (Figure 4.7 (A) & (D)). This reduction in Ct.BV/TV also coincided
with a 10% and 12.6% (p = 0.03) increase in cortical porosity (Ct.Po) in the long-term diabetic
(fa/fa) rats in comparison to the age-matched controls within the femoral neck and midshaft
region, respectively (Figure 4.7 (C) & (F)). Cortical bone was also thinner in the diabetic (fa/fa)
rats at 26- and 46-weeks of age, with a 16.3% and a 27.1% reduction (p < 0.001) in cortical
thickness (Ct.Th) at the femoral neck region (Figure 4.7 (B)) and a 15.3% and 24.3%
(p < 0.001) reduction in midshaft thickness, respectively (Figure 4.7 (E)). Cortical area (Ct.Ar)
was also smaller in the 26- and 46-week old diabetic (fa/fa) rats, with femoral neck Ct.Ar being
13% and 21.5% smaller (Figure 4.7 (C)) and midshaft Ct.Ar being 14.5% and 29.8% smaller

in comparison to the age-matched controls, respectively.
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Figure.4.7. Microarchitectural properties measured from micro-CT of the cortical bone from
the (A-C) femoral neck and (D-F) midshaft region, measuring (A & D) bone volume per total
volume, (B & E) cortical thickness and (C & F) cortical porosity.* (p < 0.05), ** (p < 0.01)
and *** (p < 0.001) significance within strain, # (p < 0.05), ## (p < 0.01) and ### (p < 0.001)

significance between strain at 12 2, 26 °, and 46 ¢ weeks.

4.4.4 Bone Mineralisation —- BMDD Analysis

Although trabecular and cortical bone quantity was reduced, no change found in

mineralisation of bone from the femoral neck region

Bone mineral density distribution (BMDD) analysis was carried out to examine bone
mineralisation in the femoral neck and midshaft region (data in Appendix Table S4.1).
Interestingly, although there was less trabecular (| Tb.BMD, |Tb.BV/TV) and cortical bone
(JCt.BV/TV, |Ct.Ar) present in the T2D (fa/fa) rats particularly at 46-weeks (as described in
the previous Section), there was no difference in mineral distribution (TV2s, TVsg, TV75)
(Figure 4.8 & 4.9 (D-F)) or heterogeneity (FWHM) at any age (Figure 4.8 & 4.9 (C)). However,
it was found that the T2D (fa/fa) cohort had a greater reduction with age in tissue volume at
low mineral density of cortical bone from the femoral neck than the controls, reducing by
27.8% (p < 0.05) from 12- to 46-weeks in the controls and 40% (p < 0.001) in the diabetic
(fa/fa) group (Figure 4.8 (D)).
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Figure. 4.8. (A) Mode mineral density, (B) mean mineral density, (C) heterogeneity, (D) tissue
volume at low mineral density, (E) tissue volume at medium mineral density and (F) tissue
volume at high mineral density measured from the analysis of the (G) bone mineral density
distribution of the (H) trabecular bone from the femoral neck region. * (p < 0.05), ** (p < 0.01)

and *** (p < 0.001) significance within strain.
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Figure. 4.9. (A) Mode mineral density, (B) mean mineral density, (C) heterogeneity, (D) tissue
volume at low mineral density, (E) tissue volume at medium mineral density and (F) tissue
volume at high mineral density measured from the analysis of the (G) bone mineral density
distribution of the (H) cortical bone from the femoral neck region. * (p < 0.05), ** (p < 0.01)

and *** (p < 0.001) significance within strain.

BMDD analysis of cortical bone from the midshaft indicated altered mineral distribution and

heterogeneity, particularly as the disease progressed

BMDD analysis of cortical bone from the femoral midshaft showed no difference in mode or
mean mineral density between strains at any age (Figure 4.10 (A) & (B)), yet certain alterations
to mineral distribution were found. At 12-weeks, T2D (fa/fa) rats had a 71.4% (p < 0.05) higher

volume of tissue at low mineral density (TV2s) than age-matched controls. While there was no
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change in TV2s5 with age, the T2D (fa/fa) cohort showed a 50% (p < 0.001) reduction from 12-

to 46-weeks (Figure 4.10 (D)). Similarly, the volume of tissue at high mineral density (TV75)
remained largely the same from 12- to 46-weeks for the controls, whereas the diabetic (fa/fa)
rats exhibited a trend towards a reduction (-17.4%, p = 0.09) in TV75 and by 46-weeks, diabetic
(fa/fa) rats displayed a trending decrease (-19%, p = 0.07) in the volume of tissue present at
high mineral density (Figure 4.10 (F)). Whilst there was no difference in tissue volume at
medium mineral density (TVsp), it was found that TVsg increased with age for the controls,
whereas no difference with age was demonstrated for the diabetic (fa/fa) cohort
(Figure 4.10 (E)). Interestingly, heterogeneity increased with age for the control cohort but not
the diabetic, where diabetic (fa/fa) heterogeneity was 8.2% (p < 0.05) higher than controls at
12-weeks and 12% (p < 0.001) lower than controls at 46-weeks. (Figure 4.10 (C)).
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Figure. 4.10. (A) Mode mineral density, (B) mean mineral density, (C) heterogeneity, (D) tissue
volume at low mineral density, (E) tissue volume at medium mineral density and (F) tissue
volume at high mineral density measured from the analysis of the (G) bone mineral density
distribution of the (H) cortical bone from the midshaft region. * (p < 0.05), ** (p < 0.01) and
*** (p < 0.001) significance within strain, # (p < 0.05), ## (p < 0.01) and ### (p < 0.001)

significance between strain at 12 2 26 °, and 46 ¢ weeks.

4.4.5 Biomechanical Analysis

During fracture toughness testing, once a crack had been initiated, less energy was required

to propagate the crack to failure in the long-term diabetic (fa/fa) rats
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A fracture toughness test was carried out to assess critical stress intensity at crack initiation

(Kic). Cracking toughness was also measured as a reflection of the energy to propagate a crack.
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Figure. 4.11. (A) Average load-displacement curves (per age, per strain) after fracture
toughness testing used to measure (B) stress intensity factor at crack initiation, (C) work-to-
fracture and (D) cracking toughness. * (p < 0.05), ** (p < 0.01) and *** (p < 0.001)
significance within strain, # (p < 0.05), ## (p < 0.01) and ### (p < 0.001) significance between

strain at 12 2 26 °, and 46 ¢ weeks.

There was no difference between strains at any age in initiation toughness (Kc), however, Kic
significantly reduced with age from 12- to 46-weeks for both T2D (fa/fa) (-29.2%, p < 0.001)
and control (-19.5%, p = 0.02) rats (Figure 4.11 (B)). Diabetic (fa/fa) rats demonstrated a
30.6% reduction (p = 0.01) in work-to-fracture (Ws) with age from 12- to 46-weeks, whereas
controls did not (-1.4%, p > 0.99). At 46-weeks, Wr was 1.4-fold (p = 0.04) lower in the T2D
(fa/fa) cohort than their age-matched healthy controls (Figure 4.11 (C)). At 46-weeks, T2D
(fa/fa) rats had a significantly lower cracking toughness (T¢r) than age-matched controls,
demonstrating a 42.8% reduction (p < 0.001) and a significant interaction between strain and
age (Variation = 18.61%, p = 0.002) (Figure 4.11 (D)). This highlights that although the stress
intensity factor required to form a crack was not different between strains at 46-weeks, once a
crack had been initiated less energy was required to propagate the crack to failure in the long-

term diabetic (fa/fa) rats with respect to the healthy controls.
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During sideways fall testing, as the disease progressed in the diabetic (fa/fa) rats post-yield

displacement became impaired, indicating more brittle tissue behaviour.
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Figure. 4.12. Sideways fall testing used to examine (A) maximum load, (B) stiffness, (D) post-
yield displacement and (E) toughness of the femoral neck using a (C) custom-made rig where
(F) average force-displacement curves were generated. * (p < 0.05), ** (p < 0.01) and

*** (p < 0.001) significance within strain.

Femoral heads were compressed in a sideways configuration using a custom-made rig to
simulate a fall scenario. Both strains showed an increase in maximum load with age. However,
control rats had a 1.3-fold greater increase with age than the T2D (fa/fa) cohort, with the
increased difference from 12- to 46-weeks being 14.86 + 2.43 N (p < 0.01) for controls and
11.05 £ 5.5 N (p = 0.03) for T2D (fa/fa) rats (Figure 4.12 (A)). Stiffness also increased with
age for both strains. Again, no difference was found between strains, however, T2D (fa/fa) rats
had a 1.4-fold greater increase in stiffness with age than the controls, with the increase
difference from 12- to 46-weeks being 20.1 + 0.03 N (p < 0.01) for controls and 27.6 = 13.4 N
(p = 0.03) for T2D (fa/fa) rats (Figure 4.12 (B)). Interestingly, controls showed no difference
in post-yield displacement (PYD) with age, yet T2D (fa/fa) rats demonstrated a 38.8%
(p = 0.04) reduction in PYD from 12- to 46-weeks and at 46-weeks showed a 1.6-fold
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(p= 0.09) trending decrease in PYD when compared to age-matched controls with the
interaction between strain and age showing significance (Variation = 14.85%, p = 0.03)
(Figure 4.12 (D)). There was no difference in toughness between strains or with age

(Figure 4.12 (E)).

4.4.6 Micro-FE Analysis

Decreased strain distribution with age in the proximal femurs of T2D (fa/fa) rats and no change

with age for controls (fa/+)

Finite element models simulated the sideways fall test and predicted the maximum principle
strain at the point of failure, according to each of the experimental load-displacement curves
(Figure 4.13). Contour plots of the maximum principle strain in one sample from each group
at 12- and 46-weeks of age were modelled where regions of high maximum principle strain
were predominantly concentrated transcervically along the femoral neck region
(Figure 4.13 (B)). These regions of high strain coincided with the observed fracture patterns
observed in the experimental tests. The distributions of maximum principle strain at failure
were quantitatively compared across disease groups and age groups, as in Figure 4.13 (A). This
analysis revealed tissue failure strain was significantly reduced in the diabetic (fa/fa) cohort
from 12- to 46-weeks, indicating a more brittle behaviour with disease progression. However,
there was no significant differences detected with age for the controls. No overt differences in
strain distribution were discernible between T2 diabetic (fa/fa) and healthy age-matched

controls (fa/+), indicating the tissue-level failure strain was not different between groups.
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Figure. 4.13. Micro-FE sideways fall simulation. (A) Maximum principle strain at the 99"
percentile and (B) contour plots comparing the strain predictions for the proximal femurs of
control (fa/+) and T2D (fa/fa) rats at 12- and 46-weeks. * (p < 0.05).
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4.5 Discussion

This Chapter presents the first long-term longitudinal investigation of T2 diabetic bone
fragility, revealing the sequence of biological, biophysical, and biomechanical events that
could contribute to bone fragility in a ZDF (fa/fa) rat model for T2D. The full sequence of these
observations is summarised in Figure 4.14, with further discussion of each stage presented
below. Firstly, it was found that several cellular alterations took place within the diabetic (fa/fa)
rat model over time. The diabetic (fa/fa) cohort had a lack of long-term glycaemic control,
impaired homeostasis, and inflammation, particularly at 46-weeks, where this cohort had
higher levels of HbAlc/HbAL and IL-6 in comparison to controls. The diabetic state also
disrupted bone metabolism and cell activity, with an increase in Sost levels with age and
significantly higher levels of Sost than the controls at all ages, reduced serum P1NP levels at
26- and 46-weeks and higher CTX-I levels in the 46-week diabetic (fa/fa) rats. The disrupted
cellular activity led to alterations in the organic bone matrix, especially in the late-stages (46-
weeks) of the disease, where furosine, a marker for early-stage glycation, and CML, a non-
fluorescing, non-crosslinking AGE and marker of glycoxidative damage, was higher than
controls. Micro-CT analysis further revealed possible consequences to the diabetic bone
morphology, evident by increased cortical porosity, thinner bone and reduced trabecular bone
volume fraction. Cortical bone mineralisation was also affected, where heterogeneity was
altered in the cortical femoral midshaft in addition to a reduction in TVew and TVhigh with age
in the diabetic (fa/fa) cohort, but not controls. Together, these sub-tissue alterations coincided
with deterioration of the fracture mechanics, with biomechanical testing showing significantly
reduced cracking toughness and work-to-fracture in 46-week diabetic (fa/fa) rats, compared to
controls. FEA revealed a reduction in maximum principle strain with age in the diabetic (fa/fa)
cohort but not controls, which is notably similar to sideways fall test results, where reductions
in PYD with age shown for the diabetic (fa/fa) rats but not controls from the sideways fall test.
Overall, this Chapter provides novel insight into the pathophysiological mechanisms that lead

to bone fragility in long-term T2D.
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Figure. 4.14. A combined summary results from Chapter 3 and 4 of the proposed sequence of alterations that occur from the cellular, to the sub-
tissue, to the whole-bone biomechanical level that led to an increased fracture risk. Where ZDF (fa/fa) rat at 46-weeks of age presented with
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impaired glycaemic control, impaired insulin resistance and a variety of systemic changes affected normal bone cell function. Particularly, SOST
which was positively correlated to blood glucose levels and negatively correlated to serum P1NP, ultimately indicating compromised osteoblast
function. A reduction in heterogeneity, TViow and TVhigh With age in the diabetic (fa/fa) rats highlighted a reduction in bone forming cell activity
as well as reduced matrix mineralisation which was also evident in the microstructure. It is less clear as to whether altered cellular metabolism
led to increased glycoxidative damage or visa-versa. Altogether these factors are likely to have played a role in the diabetic whole bone fragility
of these rats. However, CML and fAGEs are highlighted in yellow to show no significant difference between strains, making their role in the bigger

picture of bone fragility in ZDF (fa/fa) rats questionable.
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Bone turnover is tightly regulated by osteocytes and hormones to preserve the structural and
compositional integrity of the tissue to ensure it can withstand high loads and optimally resist
fracture. It is understood that T2D can have a direct effect on bone cells and disrupt bone
maintenance, with human studies reporting reduced bone turnover in patients presenting with
T2D (Lekkala et al., 2023; Piccoli et al., 2020; Purnamasari et al., 2017; Sassi et al., 2018;
Wolfel et al., 2020). Whilst it is understood that an altered bone microarchitecture and
composition could impair the mechanical integrity of the tissue, there is a limited understanding
around the origins of microarchitectural and compositional changes in T2D to begin with.
Moreover, altered bone turnover does not fully elucidate the physiological factors that
contribute to bone fragility in this disease. A novel contribution of this work is that the
downstream effects of an altered bone turnover and metabolism on the biomechanical
properties of bone in diabetic (fa/fa) rats as the disease progresses with age was investigated,
particularly, the influence it may have on bone microstructure and composition. In this Chapter,
diabetic (fa/fa) rats develop a frank-like diabetic condition at 12-weeks of age and at this point
they are deemed skeletally mature (Reinwald et al., 2009). At 12-weeks, diabetic (fa/fa) rats
had similar serum levels of HbAlc/HbA1, PINP, CTX-I and IL-6 as controls, however, serum
sclerostin (Sost) and calcium were elevated. Calcium plays a pivotal role in insulin secretion
and glucose homeostasis. It has been shown that increased circulating calcium is associated
with impaired glucose metabolism and is involved in the development and maintenance of T2D
(Lorenzo et al., 2014). Sost is a protein secreted by osteocytes that has an antagonistic effect
on Wingless (Wnt) signalling and it is important in regulating bone cell functions (Delgado-
Calleetal., 2017; Zakany and Duboule, 1993). Studies on patients with T2D reported increased
level of Sost within the serum with both good and bad glycaemic control, and that it was
correlated with increasing glycated haemoglobin (HbALc) and insulin resistance (Garcia-
Martin et al., 2012; Piccoli et al., 2020). In this Chapter, Sost levels increased with age in the
diabetic (fa/fa) cohort, and at 46-weeks glycaemic control was impaired. Pereira et al (2017)
investigated the role of Sost in the pathogenesis of skeletal complications in ZDF (fa/fa) rats
and concluded that the impaired microarchitecture and cellular turnover experienced in these
rats was not correlated with changes in serum and bone sclerostin expression, however, this
study was only carried out in ZDF (fa/fa) rats aged up to 14-weeks (diabetic for ~ 3 - 5 weeks).
This Chapter explored serum Sost levels in ZDF (fa/fa) rats at 12- (at onset of frank diabetes),
26- (diabetic for ~15 - 17 weeks) and 46-weeks (diabetic for ~ 35 - 37 weeks). While no
differences to Th.BV/TV, Ct.BV/TV, Tb.Th, SMI or Ct.Ar were found between strains at 12-

weeks, when faceted by age, it was found that these parameters were not correlated to serum
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Sost (see Appendix Table S4.3). At 26- and 46-weeks, SOST was correlated negatively to
Th.BV/TV, Ct.BVI/TV, Th.Th, Ct.Ar and positively to SMI (see Appendix Table S4.3). In this
Chapter, serum Sost was negatively correlated with serum P1NP (see Appendix Table S4.3).
Hence, similar to Pereira et al (2017), results presented in this Chapter indicate that at 12-weeks
or in the early stage of the disease, Sost does not play a major role in the pathogenesis of
skeletal complications in ZDF (fa/fa) rats. However, as the disease progresses it is possible that
Sost does begin to contribute to the alterations found in the cortical and trabecular
microstructure, mainly by inhibiting osteoblastogenesis, as evidenced by a reduction in serum
P1NP at 26- and 46-weeks. This is also confirmed in a study by Hamann et al (2011) which
investigated bone regeneration in-vivo in ZDF (fa/fa) rats when a defect was created in the
femoral midshaft. In their study, they reported a reduction in serum bone formation markers
P1NP and osteocalcin as well as a reduced gene expression of Runt-related transcription factor
2 (RUNX2), osteopontin, bone morphogenic protein 2 (BMP-2) and osteocalcin in the diabetic
(fa/fa) rats, which clearly indicates impaired osteoblast function, resulting in altered bone

regeneration in the ZDF (fa/fa) rats.

It is thought that the hyperglycaemic state, increased inflammation, and oxidative stress leads
to an increase in the formation of non-enzymatic AGEs in T2 diabetic bone. For the first time,
the levels of furosine, CML and IL-6 were quantified from ZDF (fa/fa) rats at various stages
of the disease. The levels of furosine were higher in the cortical bone from the femoral midshaft
of T2D (fa/fa) rats at all ages in comparison to controls. While furosine is not an AGE, it is a
product of the early stages of glycation that forms as a result of a series of non-enzymatic
reactions between reducing sugars and amino acids or collagen proteins, known as the Maillard
reaction. The exact role of IL-6 in the pathogenesis of T2D is not very clear since its effects on
insulin sensitivity and glucose metabolism are quite tissue-dependent (Akbari and Hassan-
Zadeh, 2018). However, elevated circulating levels of IL-6 have been shown to be indicative
of chronic low-grade inflammation which is highly implicated with abdominal fat
accumulation and obesity, a characteristic of the ZDF (fa/fa) strain (van Greevenbroek et al.,
2013). The role of IL-6 in the development of insulin resistance in T2D is yet to be elucidated,
since literature to date has shown evidence of the deleterious effect of IL-6 on insulin activity
(Lagathu et al., 2003) while others have shown IL-6 to promote an anti-inflammatory effect
and aid in glucose maintenance (Akbari and Hassan-Zadeh, 2018; Wallenius et al., 2002). If
one considers how T2D develops in the ZDF (fa/fa) rats, interestingly it is seen that these rats

become obese at around 9-weeks of age and that from 7- to 10-weeks insulin levels are high
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(Chen and Wang, 2005), which would explain why IL-6 levels were not different from controls
at 12-weeks. However, it has been shown that by ~ 20-weeks, insulin levels fall (Peterson et
al., 1990; Prisby et al., 2008) whereas in this Chapter, at 26-weeks, IL-6 levels are higher than
controls. It is likely that in the ZDF (fa/fa) strain, obesity is driving a pro-inflammatory state
evidenced by high circulating levels of IL-6, which may play a role leading to insulin
resistance. Indeed, such circulating levels are found to be increased as insulin levels begin to
decrease (Akbari and Hassan-Zadeh, 2018). Hence IL-6 may also be aiding in impaired glucose
homeostasis, evidenced by a positive correlation to blood glucose and furosine within this study
(see Appendix Figure S4.1 (A, B)).

In this Chapter, no differences in the levels of total fluorescent AGE crosslinks (FAGEs)
between strains at any age were found. However, trending higher levels of CML, a non-
crosslinking, non-fluorescent AGE, were observed in the T2D (fa/fa) rats at 46-weeks versus
age-matched controls. This may be indicative of increased oxidative stress in the T2 diabetic
cohort. This is similar to results from previous studies of T2D, where they reported no
difference in the levels of fAGEs but did report greater pentosidine from trabecular bone of the
femoral neck (Hunt et al., 2019) and greater CML and MG-H1 from cortical bone of the
femoral midshaft (Woélfel et al., 2022b). A recent mass spectrometry study by Arakawa et al
(2020) found that AGE adducts (such as MG-H1, CML and CEL) were considerably more
abundant (by at least an order of magnitude) than AGE crosslinks. This highlights the
importance of quantifying both types of AGEs, while also suggesting that AGE crosslinks may
not play as big a role in altering the mechanical integrity of T2 diabetic bone as is hypothesised.
The correlation of these results reveals that there was a strong interaction between early
glycation and altered osteoblast activity, evidenced by furosine being positively correlated to
blood glucose levels and Sost, while being negatively correlated to PINP (see Appendix
Figure S4.1 (C-E)). However, this may not reflect a causal relationship but instead describes
that both furosine, blood glucose and SOST increase as the disease progresses. The relationship
between CML and cellular metabolism was less clear. An in vitro study by McCarthy et al
(2004) showed how AGEs could disrupt osteoblast activity in long-standing T2D by reducing
osteoblast cell attachment to the type-lI collagen matrix, inhibiting differentiation and
proliferation, and suppressing ALP secretion which may lead to reduced osteoid
mineralization. However, in this Chapter there was no correlation found between CML or any
cellular metabolism markers such as SOST, PLNP and CTX-I (see Appendix Figure S4.1 (F)).
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Interestingly, whilst the T2D (fa/fa) rats presented with a reduced trabecular bone quantity and
altered trabecular structure from the femoral neck region, mineralization of the trabeculae did
not seem to be impaired, evidenced by no change in Tb.TMD and no change to any parameters
measured via BMDD analysis. The cortical bone from the femoral neck and midshaft of the
T2D (fa/fa) rats were smaller in size (decrease of Ct.Th and Ct.Ar), had a greater porosity than
controls but Ct. TMD was also unchanged. Like the trabecular bone, cortical bone from the
femoral neck region did not appear to have altered mineralisation, whereas cortical bone from
the midshaft did. Mineral heterogeneity of cortical bone from the femoral midshaft was
compromised as the disease progressed in the T2D (fa/fa) rats, where these rats had a higher
heterogeneity at 12-weeks in comparison to the controls. However, the heterogeneity of the
diabetic (fa/fa) rats did not change with age, whereas the controls had increased and by 46-
weeks T2D (fa/fa) rats presented with a lower mineral heterogeneity than controls. At 12
weeks, diabetic (fa/fa) rats exhibited a significantly higher volume of poorly mineralized tissue
(TViow) compared to the controls. However, as the rats with T2D (fa/fa) aged, the volume of
TView decreased. This was not observed in the control group. Furthermore, the volume of
highly mineralised tissue (TVhigh) also trended towards a reduction with age (p = 0.09) and
between strains at 46-weeks (p = 0.07) in the diabetic (fa/fa) cohort and not controls. Since
newly formed bone is less mineralised than older tissue, the reduction in TViowand TVhigh with
age in the diabetic (fa/fa) rats highlight a reduction in bone forming cell activity as well as a
reduced matrix mineralisation. Normally, carbonate ions assimilate into bioapatite and aid in
the formation of plate-like crystals, independent of collagen, which enhance bone strength at
the nanoscale (Deymier et al., 2017). In the previous Chapter a reduced carbonate substitution
was reported in cortical bone of diabetic (fa/fa) rats at 46-weeks in comparison to controls,
which in addition to reduced heterogeneity and a reduction in TViewand TVhigh With age, could

be indicative of an altered mineralization process.

This Chapter revealed that, although the stress intensity factor required to initiate a crack (Kic)
was not different between strains at any age, once a crack had formed, less energy was required
to propagate that crack to failure in the diabetic (fa/fa) rats at 46-weeks of age versus age-
matched controls. It is likely that the reduced mineral heterogeneity and increased porosity of
the diabetic (fa/fa) rats at 46-weeks have impaired the energy dissipation mechanisms of bone
at the cortical midshaft leading to reduced cracking toughness and work-to-fracture. In healthy
individuals with a normal bone turnover process, mineral heterogeneity is deemed at an optimal

level that can allow for the healthy tissue to sustain microdamage, limit microdamage
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propagation and continue this cycle by the removal of damaged tissue via turnover (Seref-
ferlengez et al., 2015). Conversely, a more homogeneous tissue has a greater ability to prevent
crack initiation but lacks the ability to control crack propagation. This was shown in a study on
patients who presented with atypical fragility fractures where lower tissue heterogeneity was
highly correlated with increased crack propagation (Granke et al., 2016; Lloyd et al., 2017).
Resistance to crack initiation in this cohort did not change regardless of the fact that cortical
porosity was increased. Similarly, Tice and colleagues (2022) found no reduction in initiation
toughness of non-obese MKR mice with T2D, but did report reductions in cracking toughness

and work-to-failure, which they attributed to the impact of mineralization.

It has been reported that T2D patients can have an increased risk of fracture, with the hip being
a common sites for fracture in patients with T2D (Janghorbani et al., 2006). Hence, in this
study, a sideways fall test was carried out to simulate a hip fracture. However, no difference in
maximum load, stiffness or toughness from the sideways fall test was reported between strains
at any age. Yet, post-yield displacement (PYD) decreased with age from 12- to 46-weeks in
the diabetic (fa/fa) rats, while no change occurred with age in the lean, healthy controls. At 46-
weeks it was reported that diabetic (fa/fa) rats had a trending lower PYD than age-matched
controls and the interaction between strain and age was significant, suggesting that disease
duration plays a significant role in the brittleness of the femoral neck. Furthermore, FE
simulations of the sideways fall test demonstrated that tissue-level failure strain was
significantly reduced with age from 12- to 46-weeks in the diabetic (fa/fa) rats. Overall, these
findings are similar to Devlin et al (2014) who reported that the femoral midshaft from
TALLYHO/JngJ mice with T2D showed no difference in stiffness or higher ultimate force
under three-point bend in the T2 diabetic mice at 17-weeks compared to age matched controls,
yet PYD was significantly lower. This indicates that at 46-weeks, the femoral neck of the
diabetic (fa/fa) rats was not structurally weaker, but a longer exposure time to the disease
brought about a more brittle behaviour. PYD is technically a structural property which may
also reflect tissue-level matrix alterations (Jepsen et al., 2015). Hence, here the relationship
between PYD and microstructural changes to the trabecular (SMI and Conn.D) and cortical
bone (Ct.Ar and cortical porosity) and also to alterations in the organic matrix (CML) was
examined. Interestingly, when faceted by strain, PYD correlated to SMI, Conn.D and Ct.Ar but
not CML or cortical porosity in the diabetic rats, indicating that PYD in the femoral neck of
ZDF (fa/fa) rats at 46-weeks was structurally altered by the trabecular microstructure and

cortical bone quantity, which is likely a direct result of the altered cellular metabolism that
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shown bone formation to be reduced (JP1NP at 26- and 46-weeks) and resorption to be
increased (1CTX-1 at 46-weeks) that influenced these structural properties (see Figure 4.14 and
Appendix Figure S4.2)

There are several limitations to this study and future recommendations to be considered, in
addition to those captured in Chapter 3 with the same animal model. Firstly, it is important to
note that cortical bone from the femoral neck region and the midshaft region cannot be
compared because both were scanned at different voxel sizes. The proximal femur was scanned
at 7 um for these scans to be later used for FE analysis and to reduce the computational cost of
the models, which may not be high enough resolution to fully capture differences in mineral
quality and porosity for the trabecular and cortical bone in this region, whereas the femoral
midshaft was scanned at a 5 um voxel size. However, the differences in the mineralisation of
the midshaft region in comparison to the lack of differences observed in the femoral neck
region may also be due to the fact that both the midshaft and femoral neck regions are exposed
to different mechanical stresses. For example, a study by Wehner et al. (2010) reported internal
forces and moments varied along the femoral axis (proximal, midshaft and distal femoral
region), with the orientation of the bending moment (M) in the frontal plane shifted along the
femoral axis. In this study, maximal values varied from -6 bodyweight by mm (BWmm) in the
proximal femur to 4.1 BWmm in the distal femur, and the midshaft reflected a value in the
middle of these two regions (Wehner et al., 2010). Secondly, it is possible that sample size was
not large enough to adequately capture significant changes in PYD for the sideways fall test
seeing as PYD is understood to be influenced by a higher variance and since a trending
difference between strains was found (Jepsen et al., 2015). In addition, due to a limitation of
sample numbers and not being normalised again cell number, some values from serum markers
were found to be highly variable. Finally, this Chapter aimed to investigate the downstream
effects of altered bone metabolism on the biomechanical properties of bone in diabetic (fa/fa)
rats by assessing serum biological markers. A marker of interest for future work with ZDF
(fa/fa) rats may be the receptor for AGEs, known as RAGE, which is thought interrupt several
mechanisms of bone cell metabolism such as osteoblast formation, osteoclast activity and
vascular calcification to name a few (Miranda et al., 2017; Ogawa et al., 2007; Valcourt et al.,
2007; Wang et al., 2016). RAGE could also clarify whether an altered cellular metabolism led
to increased glycoxidative damage or visa-versa. In addition, histological analysis of bone

sections in future studies could accompany the examination of biological serum markers such
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as trichrome mason staining to identify regions of immature or newly mineralised tissue from

the more mature mineral directly form the tissue of the ZDF (fa/fa) rats.

4.6 Concluding Remarks

The present Chapter brings new insights into the factors that contribute to bone fragility in a
ZDF (fa/fa) rat model of T2D. This Chapter highlights the downstream effects of an altered
bone turnover and metabolism on the biomechanical properties of bone in diabetic (fa/fa) rats,
which was shown to impair tissue microstructure and alter the organic matrix composition,
which is depicted in Figure 4.14. It was shown that T2D had a regional impact on bone
mineralisation, whereby heterogeneity and mineral distribution was affected in the cortical
bone of the femoral midshaft but not in the femoral neck of the ZDF (fa/fa) rats. Additionally,
it was uncovered that increased duration of the disease leads to impaired tissue properties, and
a reduced capacity to dissipate energy during fracture events through a multifactorial process.

Hence, AGEs are not the sole contributor to increased bone fragility in ZDF (fa/fa) rats.
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Table S4.1. Cellular metabolism markers measured from serum to explore glycaemic control, bone turnover and general health of the control and

T2D (fa/fa) rats.

Control (fa/+) T2D (fa/fa)
12 weeks? 26 weeks” 46 weeks 12 weeks? 26 weeks” 46 weeks
(n=6) (n=6-7) (n =4-6) (n=6) (n=7) (n =4-6)

Glycaemic control
HbAlc/ HbAL, % 3.03+£2.09 1.14 +0.75 3.06 £2.22 1.30+0.42 1.86+1.64 6.55 + 4,78** ab
Bone cellular markers
P1NP, ng/ mL 10.67 +£1.11 10.44 +0.87 8.91+1.42 12.25 + 3.88 6.65 + 1.34**ab 5.04 £ 0.72**2
CTX-1, ng/ mL & 15.73 £ 0.63 23.59 + 5.56 20.27 £ 5.56 19.87 + 3.39 17.27 £ 2.95 45.11 + 16.94%%*:°
Sost, pg/ mL
General health 138.34 £ 17.04 95.76 + 10.03 115.60 £ 17.03 | 274.11 +50.38***  335.44 + 36.98*** 2  430.99 + 73.32%** 2.0
markers
gearLCr'T:‘Q& MOCA/ML | 1318541148 121684717  160.70+24.82° | 217.23 +3462%%% 17013 +3L17%%2  213.78 + 38.46%*
IL-6, pg/ mL 94.48 + 31.44 98.41 + 24.19 71.75+21.21 127.67 £ 39.51 144,81 + 49.33* 116.08 + 18.90*

Values are mean = SD. T2D, Type-2 diabetic; HbAlc/ HbAl, Ratio of glycated haemoglobin to normal haemoglobin; P1NP, procollagen type 1
amino terminal propeptide; CTX-I, C-telopeptide of collagen alpha-I; Sost, Sclerostin; IL-6, Interlukin-6.
Difference from aged matched lean control (fa/+) rats with * (p < 0.05), ** (p < 0.01), *** (p < 0.001) and * (trending influence).
&n=5,5and 7 at 12-, 26- and 46-weeks in controls and n =5, 6 and 5 at 12-, 26- and 46-weeks in T2D

&&n =9, 8 and 8 at 12-, 26- and 46-weeks in controls and n =9, 8 and 7 at 12-, 26- and 46-weeks in T2D
asignificantly different from 12-weeks determined by a multiple comparisons Tukey test
b significantly different from 26-weeks determined by a multiple comparisons Tukey test
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Bone mineral density distribution data obtained for the femoral neck and midshaft

Table S4.2 shows provides additional values gotten from the bone mineral density distribution analysis on the femoral neck and midshaft region.

Table S4.2. Trabecular and cortical bone mineralisation properties from the evaluations of the bone mineral density distributions of the femoral

neck and midshaft regions.

Control (fa/+) T2D (fa/fa)
12 weeks? 26 weeks® 46 weeks 12 weeks? 26 weeks” 46 weeks
(n=9) (n=18) (n=28) (n=9) (n=7) (n=7)
Femoral neck
(trabecular)
Mmode, mg HA/ cm® | 1049.32+£16.24 103570 +13.13  1080.83 + 12.28* b1 1043.60 + 17.26 1017.14 + 23.212 1071.09 + 32.152P

Mmean, Mg HA/ cm® | 1002.16 1518 999.03+23.47  1014.03+17.34%" | 999.33+17.09 982.13+24.01° 1027.20 + 36.81%"
:eAt/eL‘ﬁfne'ty' MY | 230.42+12.22  250.27+9.70%  262.87+11.94% | 242.27+7.90 263.13 + 14.48° 271.50 + 24.55 2
TV5 mm? 0.25+0.07 0.30 £ 0.04 0.24 +0.03 0.30 £ 0.05 0.31+0.05 0.26 £0.10
TV50, mm? 1.55 + 0.09 1.48 +0.10 1.43 +0.10 1.55 +0.11 1.43 +0.09 1.33+0.18°
TV75, mm? 0.89+0.10 0.78 £ 0.07 0.89+0.14 0.90£0.11 0.67+0.14° 0.88 % 0.32°
Femoral neck

(cortical)

Mmode, mg HA/ cm? | 1080.92£2132 1135.90+19.76° 115596+ 25.64° | 1075.94+2052 114350 + 19.60° 1157.87 + 18.18 2
Mmean, mg HA/ cm® | 1030.27£19.80 109148 +18.97% 111246 +30.60° | 1022.97+2693  1077.71+ 19.54° 1124.84 + 21.99°
E%Lﬁ?”e'ty' MY | 23850+14.60 236.29 +1526  244.94+1383 | 250.68+22.03  222.32 +48.27° 271.52 + 22,58
TVos, mm? 0.18 +0.05 0.13+0.03° 0.13+0.022 0.20 +0.03 0.13+0.01 0.12+0.02°
TVs50, mm? 1.25 +0.14 1.20 +0.18 1.34 £ 0.19 1.31 +0.13 1.20 + 0.08 1.23+0.11
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TV75, mm? 1.24 +0.19 1.43 +0.25 1.32 £ 0.29 1.20 +0.23 1.46 +0.22 1.29 +0.21
Femoral midshaft

(cortical)

Mmode, mg HA/ cm® | 1156.74+ 1156  1218.89+12.33%  1250.23 +8.46>" | 113522 +46.86  1223.97 +16.35° 1255.29 + 9.452 P
Mmean, mg HA/ cm® | 1120.82+29.44 1183.69+27.25°  1223+16.80%" | 109241+53.36  1191.83+16.20° 1214.67 + 21.60°
:;tlef;gs”e'ty' MY | 25098+31.48  29851+8.74°  326.66+10.99%° | 273.79 + 13.08* 287.06 + 6.77 287.39 + 8.02% %D
TVo5, mm? 0.14 £ 0.07 0.16 £ 0.02 0.15+0.03 0.24 +0.15* 0.15 £ 0.02 0.12 £ 0.02°
TVs0, mm? 1.42 +0.25 1.94 +0.21° 1.84+0.36° 167+0.14 1.93+0.24 1.70 £ 0.332P
TV75 mm? 1.38 +0.34 1.17 £0.16 1.29 +0.20 1.16 +0.46 1.15 +0.15 1.07 £0.12 %2

Values are mean = SD. T2D, Type-2 diabetic; Mmode, Mode Mineral Density; Mmean, Mean Mineral Density; TV25, Tissue Volume at Low
Mineral Density (25th percentile); TV50, Tissue Volume at Medium Mineral Density (50th percentile); TV75, Tissue Volume at Medium Mineral
Density (75th percentile).

Difference from aged matched lean control (fa/+) rats with * (p < 0.05), ** (p < 0.01), *** (p < 0.001) and * (trending influence).

asignificantly different from 12-weeks determined by a multiple comparisons Tukey test

bsignificantly different from 26-weeks determined by a multiple comparisons Tukey test
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Appendix 4.2

Correlation analysis

Data was pooled for all strains and ages when measuring correlation coefficients in Figure
S4.1. The coefficients of correlation were calculated by Pearson’s method. There was a
negative correlation between PINP and the HbAlc ratio (R = -0.33, p = 0.04) and a trending
positive correlation with Sost (R = 0.29, p = 0.08). The HbAlc ratio also correlated with
several mineral and structural trabecular properties such as, trabecular TMD (R = 0.41,
p =0.01), trabecular BV/TV (R = -0.36, p = 0.02) and connectivity density (R = -0.53,
p = 0.0005). However, the HbAlc ratio did not show a correlation to any mechanical testing
properties such as, Kic, cracking toughness or PYD or cortical bone structural and mineral
properties such as, TMD (R = 0.28, p = 0.09), BV/TV, porosity and area.
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Figure S4.1. Correlations between parameters of (A-C) glycaemic control (serum glucose and

furosine) and inflammation (IL-6) and (D-F) glycation control, oxidative stress (CML) and

cellular metabolism (Sost, PANP). Data for all strains and ages are pooled.
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Data was pooled for all ages and faceted by strain to examine the different relationship
microstructure and alterations to the organic matrix on the T2D (fa/fa) cohort in comparison to

the controls (Figure S4.2). The coefficients of correlation were calculated by Pearson’s method.
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Figure S4.2. Correlations between parameters of (A-C) glycaemic control (serum glucose and
furosine) and inflammation (IL-6) and (D-F) glycation control, oxidative stress (CML) and

cellular metabolism (Sost, PANP). Data for all strains and ages are pooled.
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Data was pooled by strain and faceted by age to compare the examine how the relationship differed between Sost and various parameters from 12-

weeks to 46-weeks (Table S4.3). The coefficients of correlation were calculated by Pearson’s method.

Table S4.3. Correlations for data compared against serum Sost levels, pooled by strain but faceted by age. Significant correlations written in bold.

12 weeks 26 weeks 46 weeks
Compared to Sost
20.48 20.82 20.74
CLBVITV (ns) (p = 0.00063) (p = 0.0026)
CtAren 0.33 -0.82 20.91
: (ns) (p = 0.00055) (p = 0.0000075)
0.17 -0.78 -0.87
To.BVITV (ns) (p = 0.0015) (p = 0.000046)
0.072 -0.79 -0.87
To.Th (ns) (p = 0.0013) (» = 0.000057)
M 0.085 0.83 0.88
(ns) (p = 0.00045) (p = 0.0000031)
0.18 -0.81 -0.88
PINP (ns) (p = 0.00076) ( = 0.00017)
0.84 0.52 0.77
Body Mass (0.0007) 0.07) (0.0014)
. 0.53 0.18 0.42
HbA1c ratio (0.07) (ns) (ns)

Values are R-value (p-value), ns = p-value > 0.1, Ct.BV/TV, Cortical bone volume fraction; Th.BV/TV, Trabecular bone volume fraction; Tb.Th,

Trabecular thickness; SMI, Structural model index; P1NP, procollagen type 1 amino terminal propeptide.
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Data was pooled by strain and age to examine the relationship between glycation markers and
organic composition with various markers (Table S4.4). The coefficients of correlation were

calculated by Pearson’s method.

Table S4.4. Correlations for data compared against serum HbAlc ratio, Furosine and CML

pooled by strain but faceted by age. Significant correlations written in bold.

Furosin Blood
e CML PINP Sost glucos Kic Ter  PYD
e
HbAlc 0.16 0.29 -0.33 0.29 -0.25 -0.09 -0.2 0.09
Ratio (ns) (ns) (0.04) (0.08) (0.09) (ns) (ns)  (ns)
: 0.33 -0.63 0.69 -041 -038
Furosin . (008 (0.000037 (0.0000024 3% o005 (0o1 2V
e ) ) ) (0.01) ) ) 1
(ns)
CML i -0.14 -0.14 0.19 -0.05 -0.21 -0.23
(ns) (ns) (ns) (ns) (ns)  (ns)

Values are R-value (p-value), ns = p-value > 0.1, CML, Carboxylmethyl-lysine; P1INP,
procollagen type 1 amino terminal propeptide; Sost, Sclerostin; K, Stress intensity at crack
initiation; Tcr, Cracking toughness; PYD, Post-yield displacement.
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CHAPTER 5

An Investigation of Regional Alterations
In the Compositional and Mechanical
Properties of Cortical Bone from Zucker
Diabetic Fatty (ZDF) Rats

This Chapter has been adapted directly from a manuscript that is under preparation,

‘Monahan et al., An Investigation of Regional Alteration in the Compositional and Mechanical
Properties of Cortical Bone from Zucker Diabetic Fatty (ZDF) Rats, which will be submitted

for peer-review.

5.1 Introduction

In Chapter 3 and Chapter 4, the macro-level tissue mechanics of cortical bone have been
investigated through combinations of three-point bend testing and simulated sideways fall
testing. While certain differences in bone biomechanics have been observed between the
strains, these tests were based at the whole-bone level and these approaches present certain
challenges in determining true tissue-level responses and how these might be altered during
disease. Since bone has a complex hierarchical arrangement, tissue quality can be examined at
multiple length scales from the macroscale down to the nanoscale. Already, Chapter 3 and
Chapter 4 have highlighted that there are distinct sub-tissue changes taking place in the mineral
and, to a lesser extent, the collagen phase of T2 diabetic tissue in ZDF rats. Therefore,
determining the mechanics of the tissue in isolation of structural features becomes increasingly
important. Furthermore, Chapter 4 has emphasised that the cellular events that lead to
biophysical changes in the bone matrix may be driven by an altered bone turnover process in
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T2D. For example, it was shown that PANP, a serum marker of bone formation, was reduced
in the ZDF (fa/fa) rats at 46-weeks and sclerostin was increased with the addition of the bone
mineral density distribution analysis displaying a more homogeneously distributed mineral and
areduction in the tissue volume at low and high mineral density with age, indicating a reduction
in bone forming cell activity as well as reduced matrix mineralisation. A recent study by Wélfel
et al. (2020a) examined regional differences (endocortical and periosteal) in femoral cortical
bone quality from two different type-2 diabetic patient cohorts, that had T2D and T2D with
high porosity and found that the latter group had lower osteon density and lower mineralization
with higher mineral heterogeneity. They also reported some regional differences between
cohorts, where osteon density and crystallinity was lower in the endocortical region of the high
porosity group, indicating that femoral bone quality was reduced in heterogeneous patterns
within the cortical tissue (Wolfel et al., 2020). However, due to the inability to control for
disease duration and severity, this study had a high level of variability within the data of the
diseased groups and, like other human studies, could not provide further information on the
role of disease progression on the tissue quality. While animal models provide a platform to
investigate such features in a more controlled manner, providing a direct link between bone

turnover and tissue mechanics still presents distinct challenges in rodent bones.

In contrast to humans, rodent bones lack Haversian systems and do not undergo Haversian
remodelling observed in human bones (Wittig and Birkedal, 2022). In rodents, bone maturation
initiates in the outer and inner circumference of the cortex, forming a layer of lamellar bone
around it. Meanwhile, within the cortex, a region of disorganized woven bone persists due to
endochondral ossification, where traces of calcified cartilage remain (Vanleene et al., 2008).
Interestingly, Birkhold et al. (2016) have shown that bone formation and resorption in
periosteal and endocortical regions of mice bone is highly dependent on age and mechanical
stimulation. In particular, adults and elderly mice showed increased endocortical resorption
and formation, resulting in cortical thinning and bone loss. Additionally, the study found that
the periosteal surface was less responsive to mechanical stimuli compared to the endocortical
regions, highlighting differences between the periosteal and endosteal circumferential lamellar
regions in rodent bone during bone turnover. This study suggests that an altered bone cellular
metabolism and growth process in rodents would lead to distinct regional changes in the
endocortical and periosteal regions of rodent bone over time. Already, Id et al. (2023) have
used TallyHo mice, which is a polygenic, spontaneous, obese mouse model of T2D, to assess

regional differences in nanoindentation properties between the endocortical and periosteal
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regions and found that the elastic modulus in the periosteal and intracortical region was higher
than the endocortical region for both strains. However, this particular study did not assess
regional differences in tissue composition nor did they investigate the animal during disease
progression (Arora et al., 2023). With this in mind, there is a distinct lack of understanding in
how the onset and progression of T2D affects the regional properties of cortical bone,

particularly with disease progression.

The objective of this Chapter was to explore regional differences in tissue composition and
mechanics as the disease progressed in a Zucker Diabetic Fatty (ZDF) rat model of T2D. The
aim was to investigate how these differences affected the regional tissue-level mechanics.
Building upon previous Chapters that focused on whole-bone biomechanical properties, this
Chapter aims to characterize the true tissue-level properties utilizing Raman spectroscopy,

nanoindentation, and micropillar compression testing.

5.2 Materials and Methods

This Chapter investigates regional differences of cortical bone from ZDF (fa/fa) rats along
different stages of the disease, with 7 - 9 rats per age group per condition. The animal model
and details used in this Chapter are the same as was described in previous Chapters. Rats were
euthanized at 12- (Early-stage diabetes), 26- (Established diabetes) and 46-weeks (Long-term
diabetes) of age. Figure 5.1 shows an outline of the techniques used in this Chapter, whereby
site-matched compositional and biomechanical testing was carried out to analyse regional
differences of cortical bone during different severities of T2D modelled in ZDF (fa/fa) rats.
Here, the left femora were dissected, wrapped in PBS then frozen at -20°C. Before
experimentation, bones were defrosted for approximately 12 h. The proximal half of the left
femur was kept and sectioned in the mid-diaphyseal region to obtain a section of cortical bone
and embedded in epoxy resin. Tissue composition was measured from the endocortical and
periosteal regions of the anterior quadrant of these samples and site-matched nanoindentation
was also carried out to examine tissue-level mechanics. The anterior quadrant was chosen for
multiple reasons; (1) previous research has shown that formation occurs in the anterior-medial
region, (2) multiple studies have assessed regional differences using the anterior-quadrant and
(3) examining the anterior cortex ensures that the microstructure remains unaffected by muscle
and tendon attachments (Arora et al., 2023; Birkhold et al., 2016; Razi et al., 2015; Wolfel et
al., 2020). Additionally, micropillar compression testing was conducted on endocortical and
periosteal regions of adjacent cortical bone sections from one sample per condition at 12- and
46-weeks of age.
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Figure 5.1: Workflow diagram of the different steps in this study. Firstly, samples were
prepared by sectioning cortical bone closest to the midshaft region (n = 7 — 9, per age and
condition) to be used for regional site-matched Raman spectroscopy and nanoindentation.
Adjacent sections (n = 1, per condition at 12- and 46-weeks) from the region proximal to the
midshaft section was made and these samples were used for compressing micropillars from the

endocortical and periosteal regions.

5.2.1 Sample preparation

The proximal half of the left femurs from control (fa/+) and ZDF (fa/fa) rats were sectioned at
the mid-diaphyseal region using a low speed saw (Buehler, Germany) and centrifuged to flush
out bone marrow (O’Sullivan, 2020). Two sections of cortical bone were obtained. The cortical
section closest to the midshaft was kept for site-matched Raman spectroscopy and
nanoindentation. An adjacent section of cortical bone for one sample per condition from the
12- and 46-week cohort was kept for micropillar compression testing. Sections were
dehydrated in ascending concentrations of ethanol diluted with dH20 (50%, 70%, 80%, 90%,
100%, 100%) at 4°C for 5 min intervals (O’Sullivan, 2020). The samples were embedded in a
mixture of Epothin 2 epoxy resin and hardener (Buehler, Germany) using a 2:1 ratio, vacuumed

to remove air bubbles, and left to solidify at room temperature for 72 h. Initially, silicon carbide
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paper was used to remove epoxy to expose the test surface. Subsequently, the embedded
samples underwent polishing using diamond suspension pastes (9 pum, 3 um, 1 pum, 0.05 pum)
with polishing cloths using a polishing machine (MetaServ® 250 Grinder-Polisher with
Vector® LC Power Head, Beuhler, IL, USA). An ultrasonic bath and deionised water were
used intermittently to clean the samples between each polishing phase. Mechanical testing of
the samples took place within three months of the embedding process to prevent any potential
long-term effects of epoxy resin on the nano mechanical properties of bone tissue, according
to recommendations by Mittra et al. (2006).

5.2.2 Tissue composition

Quantitative polarised Raman spectroscopy (qPRS)

These measurements were carried out as part of a collaboration with Dr. Jakob Schwiedrzik at
EMPA Swiss Federal Laboratory (Thun, Switzerland), who helped with the study design.
Measurements and analysis were carried out by myself. Local compositional measurements
were performed using quantitative polarized Raman spectroscopy (qPRS, WITec Alpha 300
R; Leica, Ulm, Germany; 785 nm laser wavelength and 30 mW power, 50X objective with 0.75
NA). Using gPRS various mineral and collagen properties could be assessed which are
described in Table 5.1.

Initially, images of the sample surface were taken using a light microscope after polishing to
record a region of interest (ROI) in the endocortical and periosteal regions of the anterior
quadrant of cortical bone. This was done so that the gPRS and nanoindentation could be carried
out in the same ROI. Images were taken at 5X to capture the detail of the whole anterior
quadrant, 10X to record the endocortical and periosteal ROI and finally at 50X to record the
details within the ROI where the gPRS will be carried out, which would be used to identify the
area to take the qPRS measurements which was done using the 50X objective lens with the
Raman spectroscopy camera (Indermaur et al., 2023). ROIs were located 50 um away from the
endocortical or periosteal edges of the cortical bone and spanned a 150 X 150 um? area. Per
each endocortical and periosteal ROI, 25 gPRS measurements (total of 50 qPRS measurements
per sample) were collected within the 150 X 150 pum? area, ensuring to avoid pores such as
lacunae or vascular canals. At each position of the qPRS measurement, 5 Raman spectra, each
integrated over 10 seconds, were collected at increasing polarisation angles of incoming laser
excitation from 0 degrees to 180 degrees with a 45-degree step (0°, 45°, 90°, 135° and 180°).
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The linear polarisation of the exciting laser was adjusted with a motorised A/2 plate. There was
no analyser plate in the light path after the sample. An edge filter was used to block Rayleigh
scattered light. The backscattered light was directed to a spectrometer with a 400 mm lens and
a grating of 300 g/mm, equipped with a cooled deep-depletion (CCD). The estimated full width
at half maximum (FWHM) of the focal spot was approximately 0.4 pm laterally and 1.7 um

axially, calculated based on the confocal Rayleigh criteria (Kochetkova et al., 2021).

Table 5.1: A description of the properties measured in this study using gPRS and the specified

ranges they were measured from.

Parameters Integration range or peak

Description (Ref)

Integrated area of voPO4

Mineral: Matrix (410-460 cm™Y) over amide

Explains tissue mineralisation, reflects

ratio 111 (1215-1300 cm- %) BMD (Donnelly et al., 2010b)
Crystallinity 1/FWHM v1PO4 Measure of crystal size and perfection
Integrated area of the T
Carbonate: carbonate v, peak (1050-1100 l\r?eearsr’]ui :]eegl c;rrlacc)?jrt: ?Xgﬁgtﬂ?g;n&?
Phosphate ratio cm™1) over of the v1 phosphate N

(920 — 990 cm™Y)

2007; Donnelly et al., 2010Db)

Integrated area of the
carbonate v, peak over Amide
| (1600-1700 cm™ %)

Carbonate: Amide |
ratio

Proposed to be a reflection of bone
turnover (McCreadie et al., 2006;
Morris and Mandair, 2011)

Intensity ratio of sub-band:

Amide | status
I-1670/l-1640

Reflects transition from collagen
helical structure to disordered structure
(Unal et al., 2016)

Intensity ratio of sub-band:

Amide 111 status
I-1245/1~1270

Reflects transition from collagen
helical ~ structure to  disordered
structure; Proposed to indicate collagen
fibre orientation where ~1245 cm
reflects the perpendicular direction and
~1245 cm? reflects the parallel
direction (Dehring et al., 2006; Unal et
al., 2021)

Matrix  maturity Intensity ratio of sub-band:
ratio I-1660/1-1683

Nonguantitative measure of collagen
maturity (Kochetkova et al., 2023;
Unal et al., 2021)

Spectral analysis was carried out in batch mode using a Python v3.6 code developed by
Kochetkova et al. (2021), where each spectra was baseline corrected using a second-order
polynomial fit for local minima. The bands of interest were further fit with the Lorentzian
function superposition using a least square scheme (scipy. optimize.leastsq). Additional
information regarding the background subtraction and peak-fitting processes can be found
elsewhere (Kochetkova et al., 2022, 2021). Figure 5.1 shows the raw Raman spectra, and the

corresponding background corrected Raman spectra is shown in Figure 5.2.
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Figure 5.2: Quantitative polarised Raman spectra that has been baseline corrected and
smoothed showing the different peaks used to calculate the mineral and collagen properties.
The legend shows different colours representing the 5 different polarisation angles of the

spectra.

5.2.3 Tissue-level mechanical properties

Site-matched nanoindentation

Site-matched nanoindentation was conducted in the same regions that were analysed using
gPRS. For this, 16 site-matched indents in a 4 X 4 matrix were performed in the endocortical
and periosteal regions (32 indents in total) using the Nanolndenter G200 (Keysight
Technologies, Ca, USA) with a Berkovich diamond indenter tip. The machine was calibrated
using fused silica. The indents were positioned at least 100 um away from the sample's edge
and 40 um apart from neighbouring indents within the array. The loading profile, as depicted
in Figure 5.1, involved two conditioning steps reaching loads of 25% and 50% of the maximum
load, followed by a third step reaching the maximum load of 20 mN. After each loading peak,
there was a 120-second hold period, reducing the effects of time-dependent plasticity based on
previous studies (Britton and Vaughan, 2023; Mittra et al., 2006; Sullivan et al., 2020). Upon
unloading, the thermal expansion rate was measured. The indenter was held at 10% of the
maximum load for 120 s to calibrate the thermal drift correction factor before further data
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analysis. Hardness and Elastic modulus were calculated using the Oliver and Pharr method
(Oliver and Pharr, 1992) using Equations 5.1 — 5.3.

Pmax
H= 0 (5.1)
__Vas
1_(@a-v) La- v;%) (5.3)

E, E E;

Where H is hardness, Pmax is the maximum load, Ac is the area of contact of the indenter, Er is
the reduced modulus, S is the contact stiffness, 8 is a constant (8 = 1.034 for a Berkovich tip),
Eiis the indenter elastic modulus (E; = 1141 GPa), v is Poisson’s ratio (v = 0.3) and v; is the

identer Poisson’s ratio (v; = 0.07).
Micropillar compression testing

These measurements were carried out as part of a collaboration with Dr. Jakob Schwiedrzik at
EMPA Swiss Federal Laboratory (Thun, Switzerland), with all samples prepared at University
of Galway by myself, while compression testing carried out by Dr. Christian Minnert, EMPA.
Micropillar fabrication, testing and analysis was carried out using methods from Kochetkova
et al. (2021). The embedded bone samples were glued to custom made SEM stubs. Samples
were then sputtered with and 11 nm thick Au film (Leica EM ACE600, Germany). A thin layer
of silver paste (Plano GmbH, Germany) was carefully spread along the sample's sides, reaching
down to the aluminium holder to reduce any potential drift resulting from electrostatic charging
when exposed to electron or ion beams (Kochetkova et al., 2021). Micropillars were formed
using a focused ion beam workstation (Tescan Lyra, Czech Republic) using a protocol detailed
in previous work by Schwiedrzik et al. (2017, 2014). An adjacent section of cortical bone for
one sample per condition from the 12- and 46-week cohort was kept for micropillar
compression testing. Micropillars were created on the anterior quadrant of adjacent cortical
bone sections as where gPRS and nanoindentation was carried out, where 4 — 5 micropillars
were created in the endocortical and periosteal regions. The diameter and height of each pillar

was recorded using high-resolution scanning electron microscopy (HRSEM) imaging (Hitachi
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S-4800, Japan) (Figure 5.1). Pillars were compressed using a flat punch indenter tip with a 20
um diameter. The compression was performed in displacement control, reaching a maximum
displacement of 2 pm (20%) (loading rate: 10 nm/s), corresponding to a strain rate of 103 s,
An intermittent unloading segment in the elastic region was included, allowing for the
calculation of elastic moduli (Kochetkova et al., 2021). The loading profile can be seen in
Figure 5.1. Elastic modulus values were determined for each pillar based on partial unloading
from the beginning of the experiment, yield stress was computed as the stress required for a
plastic deformation of 1% using Equations outlined previously by Kochetkova et al. (2021).

Post-compression images of the micropillars were recorded.

5.2.4 Statistical Analysis

All statistical analyses were carried out using R statistical software (version R-4.1.0). In this
study comparisons were made across three distinct components, comparing (a) region vs.
region within strains, (b) longitudinally within strains in both regions and (c) between strains
within regions at all ages. To compare region vs region (i.e., comparing same cohort but
different regions) a Wilcoxon Signed-Rank test was used. To compared longitudinally within
strains in both regions a Kruskal-Wallis Rank-Sum test was used, and the p-value was adjusted
using the Bonferroni method. To compare between strains within a region a Wilcoxon Rank-
Sum was used, and the p-value was adjusted using the Bonferroni method. When comparing
combined average difference similar statistics as described previously in Chapters 3 and 4 were
used. Alpha levels of p < 0.05 were considered significant for a 95% confidence interval. Data

are represented as mean * standard deviation.

5.3 Results

5.3.1 Tissue composition

Quantitative polarised Raman spectroscopy (gQPRS)

Figure 5.3 and Table 5.2 shows the combined mean results for tissue composition measured
via Raman spectroscopy. The v. phosphate mineral: matrix ratio (v2 PO4>/ Amide 1)
decreased by 22.04% (p < 0.05) from 26- to 46-weeks in the T2D (fa/fa) cohort but no
difference was observed in the controls (Figure 5.3 (A)). As for the v2 carbonate mineral: matrix
ratio (v2 CO3%/ Amide 1), both strains had an increase with age from 12- to 26- and 26- to 46-
weeks, however, at 46-weeks T2D (fa/fa) rats had a 6.84% (p < 0.05) lower ratio than age-
matched controls (Figure 5.3 (B)). In the diabetic (fa/fa) cohort, the carbonate: phosphate ratio

increased from 26- to 46-weeks (p < 0.05) and showed a trending increase from 12- to 46-
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weeks of age (p = 0.06), yet no difference with age was observed in the controls (Figure 5.3

(C)). Crystallinity also increased with age for both strains (Figure 5.3 (D)). However, controls

had a greater increase with age than the diabetic (fa/fa) rats, where controls exhibited a 9.83%
(p < 0.0001) and the T2D (fa/fa) rats showed a 1.97% (p < 0.05) increase with age from 12- to
46-weeks. Interestingly, at 26-weeks the crystallinity of the T2D (fa/fa) rats was 2.51% lower

than their age-matched controls. Enzymatic crosslink ratio, Amide I status and Amide 111 status

were not significantly different with age or between strains (Table 5.2).
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Figure 5.3: Combined average tissue composition from properties measured using polarised

Raman spectroscopy such as (A) v2 PO4>/ Amide 111 ratio, (B) v2 COs?/ Amide I ratio, (C) vz
CO3%/v1 POs* ratio and (D) crystallinity. + (trending significance), * (p < 0.05), ** (p < 0.01)

and *** (p < 0.001) significance with age within strain, & significance between strain at 12 2,

26 °, and 46 ¢ weeks.
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Figure 5.4: Comparing regional differences at 12-, 26- and 46-weeks for T2D (fa/fa) and
controls (fa/+) rats, where each data point represents the mean of all 25 spectra per sample
per region expressed as median and interquartile range for different mineral: matrix ratios
from the (A and B) v2 POs*/ Amide 11l ratio (polarisation independent) and (C and D) v, CO3*
/ Amide I ratio (polarisation dependant). (B and D) depicts regional difference comparing
endocortical (blue) and periosteal (red) faceted by strain. + (trending significance),
* (p= 0.05), ** (p < 0.01) and *** (p < 0.001) significance with age within strain,
# represents a regional difference within the strain and the & represents a difference between

strains within a region at 12-, 26-, and 46-weeks.

Figure 5.4 shows results from the mineral: matrix ratios comparing regional differences
measured from the endocortical and periosteal regions via Raman spectroscopy. At 26-weeks,
both strains had a higher v. phosphate mineral: matrix ratio (v2 POs*>/ Amide 1lI) in their
periosteal region than their endocortical region (Controls: p < 0.01; T2D (fa/fa): p < 0.05). The
diabetic (fa/fa) rats exhibited a significant reduction in their vo phosphate mineral: matrix ratio
from 26- to 46-weeks in the periosteal region (-28.88%, p < 0.01) and a trending reduction (-
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15.52%, p = 0.052) in the endocortical region (Figure 5.4 (A)). This difference was not shown
in the control cohort. Interestingly, the diabetic (fa/fa) rats at 46-weeks displayed a trend
(p = 0.054) towards a lower v» phosphate mineral: matrix ratio in the periosteal region than
age-matched controls. No differences between strains were observed in the endocortical region.
Similarly, the v, carbonate mineral: matrix ratio (v» COs*/ Amide 1) was higher in the periosteal
region of the controls when compared to the endocortical region (+13.45% , p < 0.001). This
regional difference was not exhibited by the T2D (fa/fa) cohort (+5.38% , p = 0.07). In the
periosteal region, the v» carbonate mineral: matrix ratio increased with age for control and T2D
(fa/fa) rats with age, when only a non-significant trending increase was shown in the
endocortical region of the T2D rats (p = 0.052) (Figure 5.4 (C)). An increase was observed
from 12- to 26-weeks in the endocortical region of controls (p < 0.05) but similar to the diabetic
(fa/fa) rats no significant increase was observed from 12- to 46-weeks. These regional
difference with age for both strains are clearly shown in Figure 5.4 (D). Notably, diabetic (fa/fa)
rats had a 5.06% (p = 0.07), 5.56% (p < 0.05) and 12.32% (p < 0.01) lower v, carbonate

mineral: matrix ratio in comparison to age-matched controls within the periosteal region.

Figure 5.5 shows results of further mineral properties comparing regional differences measured
from the endocortical and periosteal regions via Raman spectroscopy. The periosteal region of
T2D (fa/fa) rats at 46-weeks exhibited a significantly lower crystallinity than their endocortical
region (-1.45%, p < 0.05). This clear regional difference can be seen in Figure 5.5 (B).
Interestingly, crystallinity of the control rats increased from 12- to 26- and 26- to 46-weeks in
both the endocortical and periosteal regions (Figure 5.5 (A)). While an increase from 12- to
46- (+2.89%, p < 0.001) and 26- to 46-weeks (+3.06%, p < 0.01) was demonstrated in the
endocortical region of the T2D (fa/fa) cohort, there was no difference with age shown in their
periosteal region. In both the endocortical and periosteal regions, T2D (fa/fa) rats at 26-weeks
had 2.94% and 2.11% (p < 0.01) lower crystallinity than their age-matched healthy
counterparts, respectively. At 46-weeks T2D (fa/fa) rats displayed a trend towards a 1.16%
(p = 0.07) lower crystallinity than the controls in the periosteal region. The v2 carbonate: vi
phosphate ratio increased with age from 12- to 26- and 26- to 46-weeks was significantly
increased with age in the periosteal region of T2D (fa/fa) rats but not in the endocortical regions
(Figure 5.5 (C)). Controls exhibited no difference with age in both regions. The was no
difference in the v, carbonate: v phosphate ratio between strains in both regions.
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Figure 5.5: Mineral properties comparing regional differences at 12-, 26- and 46-weeks for
T2D (fa/fa) and controls (fa/+) rats, where each data point represents the mean of all 25
spectra per sample per region expressed as median and interquartile range for (A and B)
crystallinity and (C and D) carbonate: phosphate ratio. (B and D) depicts regional difference
comparing endocortical (blue) and periosteal (red) faceted by strain. + (trending significance),
*(p<0.05), ** (p <0.01) and *** (p < 0.001) significance with age within strain, # represents
a regional difference within the strain and the & represents a difference between strains within

aregion at 12-, 26-, and 46- weeks.

Figure 5.6 shows results for collagen properties comparing regional differences measured from
the endocortical and periosteal regions via Raman spectroscopy. Figure 5.6 (C) shows the
regional changes in Amide 111 status for both strains. The periosteal region of controls at 26-
weeks had a lower Amide 11 status than the endocortical region (-6.70%, p < 0.05). With age,
T2D (fa/fa) rats exhibited a 13.17% (p < 0.05) reduction from 26- to 46-weeks, but no other

change with age was demonstrated by any other group. Furthermore, in the periosteal region
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of 26-week old T2D (fa/fa) rats the Amide Il status was 5.05% higher than their age-matched
controls (p < 0.05). There were also no differences observed in the enzymatic crosslink ratio

or Amide | found regionally or between strains (Table 5.3).
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Figure 5.6: Collagen properties comparing regional differences at 12-, 26- and 46-weeks for
T2D (fa/fa) and controls (fa/+) rats, where each data point represents the mean of all 25
spectra per sample, per region expressed as median and interquartile range for (A and B)
Amide | status and (C and D) Amide 111 status. (B — D) depicts regional difference comparing
endocortical (blue) and periosteal (red) faceted by strain. + (trending significance),
*(p < 0.05), ** (p <0.01) and *** (p < 0.001) significance with age within strain, # represents
a regional difference within the strain and the & represents a difference between strains within

aregion at 12-, 26-, and 46-weeks.
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Table 5.2: Combined average tissue-level mechanical and compositional properties for T2D (fa/fa) and control rats.

Control (fa/+) T2D (fa/fa)

12 weeks? 26 weeks” 46 weeks 12 weeks? 26 weeks” 46 weeks

(n=8-9) (n=8) (n=7-9) (n=8-9) (n=8) (n=7-9)
Nanoindentation
Elastic Modulus, GPa 21.12+1.98 23.47+1.01° 23.52£0.94% 20.37 £1.68 22.45+1.69 "% 23.57£2.07%
Hardness, GPa 0.56 + 0.06 0.61+ 0.042 0.59 + 0.06 0.52+0.06 " 0.57+£0.07" 0.62 +0.082
Micropillar compression
(n = 4-5 pillars,
(n = 1 per condition)
Elastic Modulus, GPa 12.51 £ 2.37 - 21.15+3.11% 18.64 £2.38 * - 18.79 £ 2.55
Yield Stress, MPa 319.20 + 59.13 - 541.44 + 68.60% | 586.79 + 166.89 * - 446.26 £ 107.03 *
Raman Spectroscopy
Mineral: matrix ratio 0.77 £ 0.17 0.93 £0.05%" 0.88+0.18 0.92+0.24 0.96 + 0.06 0.75+0.11*
Crystallinity 0.0294 +£0.0002  0.0303 +0.0006%  0.0302 +0.0004 2 | 0.0295 +0.0003  0.0295 + 0.0003 **  0.0300 + 0.0002 P
Carbonate: phosphate ratio 0.28 £ 0.04 0.27 £ 0.02 0.29 £ 0.03 0.26 £ 0.02 0.25+0.03 0.29 +0.03 &P
Carbonate: Amide | ratio 0.70 £ 0.04 0.80+0.042 0.82+0.052 0.67 £ 0.05 0.78 +0.032 0.76 £ 0.04 *2
Enzymatic crosslink ratio 1.18 +0.10 1.20+0.13 1.20+£0.10 1.18 +0.08 1.26 +0.18 1.17 £ 0.10
Amide | 150+0.12 1.41+0.09 145+0.17 153+0.14 149+0.14 1.50+0.13
Amide 111 2.19+0.28 2.15+£0.10 2.34£0.33 2.03+£0.23 2.17+£0.21 1.99+0.15

Values are mean + SD. T2D, Type-2 diabetic.
Difference from aged matched lean control (fa/+) rats with * (p < 0.05), ** (p < 0.01), *** (p < 0.001) and * (trending influence).

asignificantly different from 12-weeks determined by a multiple comparisons Tukey test
b significantly different from 26-weeks determined by a multiple comparisons Tukey test

- samples not tested
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5.3.2 Tissue-level mechanical properties

Nanoindentation

Table 5.2 shows the combined mean tissue indentation modulus and hardness, measured at
12-, 26- and 46-weeks in both T2D (fa/fa) and healthy, control rats. Elastic modulus increased
with age for both strain from 12- to 26- and 12- to 46-weeks (Table 5.2). T2D (fa/fa) rats at 26-
weeks exhibited a non-significant trend towards a 4.35% (p = 0.056) lower elastic modulus
than age-matched controls. Mean tissue hardness of the T2D (fa/fa) rats increased from 12- to
46-weeks (+19.23, p < 0.01), but no significant differences were found in the control cohort.
At 12- and 26-weeks, T2D (fa/fa) rats showed a trend towards a -7.14% (p = 0.07) and -6.56%
(p = 0.055) lower hardness than their age-matched healthy controls. No difference in hardness

between strains was found at 46-weeks.

Figure 5.7 and Table 5.3 shows results for tissue indentation modulus and hardness comparing
regional differences measured from the endocortical and periosteal regions. At 26-weeks,
controls exhibited a 3.19% (p < 0.05) greater elastic modulus in their periosteal region than
their endocortical. However, T2D (fa/fa) rats only displayed a non-significant trend towards a
higher periosteal elastic modulus than endocortical (p = 0.07). From 12- to 26-weeks elastic
modulus increased with age for controls in both regions (Endocortical: p < 0.01; Periosteal:
p < 0.05) but only in the periosteal (p < 0.01) region for the T2D (fa/fa) rats (Table 5.3). From
12- to 46-weeks, elastic modulus increased for all ages and strains except the periosteal region
of controls. Although non-significant, T2D (fa/fa) rats at 26-weeks displayed a trend towards
a lower elastic modulus than age-matched controls in the endocortical region (-6.13%,
p = 0.07).

Hardness was increased from 12- to 46-weeks in the endocortical (+17.24%, p < 0.05) and
periosteal (+14.40%, p < 0.05) regions of the T2D (fa/fa) rats, but no increase with age was
observed in both regions of the control groups. Despite this, at 26-weeks the hardness in the
endocortical region of T2D (fa/fa) rats only showed a trend towards a lower hardness (-7.29%,
p < 0.10) in comparison to age-matched controls, with no other differences observed.

267



C

hapter 5

Table 5.3: Regional differences in tissue-level mechanics and composition between the endocortical (E) and periosteal (P) regions.

Control (fa/+) T2D (fa/fa)
12 weeks? 26 weeks® 46 weeks 12 weeks? 26 weeks” 46 weeks
(n = 8-9) (n=18) (n=7-9) (n=8-9) (n=18) (n=7-9)
E P E P E P E P E P E P
Nano-
indentation
Elastic Modulus, | 20.51 + 21.62 + 23.10 + 23.83+ 23.72 23.35+ 20.43 + 20.32 + 21.68 + 23.34 + 23.34 + 23.80 +
GPa% 1.63 2.27 1.172 0.69 #2 1.092 0.82 1.80 1.67 1.63 * 1.37E2 | 2522 1.662
Hardness, 0.54 + 0.57 0.59 + 0.63+ 0.62 + 0.60 + 0.52 + 051+ 0.55 % 0.61+ 0.61+ 0.60 %
GPa 0.03 0.07 0.04 0.03 0.06 0.06 0.05 0.06 0.05* 0.082 0.10% 0.07%
Micropillar
compression
(n = 4-5 pillars,
(n=1per
condition)
Elastic Modulus, | 11.21 + 13.82 + 21.56 + 20.71 + 17.14 + 20.15 + 17.91 + 19.68 +
GPa 2.50 2.45 i i 0.79°2 5.432 252%* 4.40 * i i 0.81 * 4.28
Yield Stress, 318.15+ | 320.25+ 500.35+ | 58253+ | 552.07+ | 62151+ 468.76 + 423.77 +
MPa 61.92 56.34 ) i 46.90° 90.30% | 173.86* | 159.91 ** i i 79.95 134.11
Raman
Spectroscopy
Mineral: matrix 0.73 0.80 + 0.89 + 0.98 £ 0.87 £ 0.89 + 0.91+ 0.87 £ 091+ 1.03 0.77 £ 0.73
ratio 0.13 0.21 0.052 0.06 # 0.20 0.16 0.27 0.19 0.07 0.07 % 0.11 0.12*P
Crystallinity 0.0294+ | 0.0294+ | 0.0303+ | 0.0303+ | 0.0303+ | 0.0302+ | 0.0295+ | 0.0296 * 0.0294 + 0.0297 + | 0.0303 + 0.0299 +
0.0002 0.0003 0.00072 | 0.0005% | 0.0005% | 0.0004% | 0.0005 0.0004 | 0.0004**2 | 0.0003** | 0.00032 | 0.0003*##
Carbonate: 0.276 = 0.276 = 0.265 + 0.267 0.282 0.287 = 0.263 = 0.254 + 0.266 + 0.240 = 0.288 = 0.300 +
phosphate ratio 0.029 0.05 0.02 0.01 0.04 0.02 0.02 0.02 0.03 0.04 0.03 0.03%P
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Carbonate: 0.69 + 0.71 + 0.75 + 0.85 + 0.75 + 8 (?79 i, 0.67 + 0.68 + 0.76 + 0.80 + 0.74 + 0.78 +
Amide | ratio 0.03 0.05 0.04% | 0.04%"% | 0.06%" g 0.06 0.04 *E* 0.04 2 0.03%* 0.052 0.06% **
Enzymatic 1.17 + 1.18+ 1.21+ 1.20 + 1.14 + 1.10 + 1.16 + 1.18 + 1.26 + 1.28 + 1.19 + 1.15 +
crosslink ratio 0.09 0.11 0.16 0.14 0.11 0.08 0.08 0.11 0.18 0.20 0.10 0.09
Amide | 1.54 + 1.46 + 143+ 1.40 + 1.44 + 1.46 + 1.56 + 1.51 + 1.57 + 1.45 + 151+ 1.49 +
0.14 0.10 0.12 0.09 0.18 0.17 0.16 0.14 0.16 0.12 0.13 0.13
Amide 111 2.16 + 221+ 222+ 2.09 + 2.48 + 233+ 1.98 + 2.08 + 2.15+ 2.26 + 2.04 + 1.96 +
0.26 0.31 0.10 0.13 % 0.57 0.37 0.24 0.33 0.23 0.20 * 0.12 0.20°

Values are mean + SD. T2D, Type-2 diabetic; E, Endocortical; P, Periosteal.

Difference from aged matched lean control (fa/+) rats with * (p < 0.05), ** (p < 0.01), *** (p < 0.001) and * (trending influence).
Difference within strain between regions with # (p < 0.05), ## (p < 0.01) and ### (p < 0.001), E* (trending influence to endocortical region).
&significantly different from 12-weeks

bsignificantly different from 26-weeks
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Figure 5.7: Tissue-level mechanical properties comparing regional differences at 12-, 26- and
46-weeks for T2D (fa/fa) and controls (fa/+) rats, where each data point represents the mean
of all 16 indents per region expressed as median and interquartile range for (A) elastic modulus
and (B) hardness. (C and D) depicts regional difference comparing endocortical (blue) and
periosteal (red) for controls and T2D (fa/fa). + (trending significance), * (p < 0.05),
** (p < 0.01) and *** (p < 0.001) significance with age within strain, # represents a regional
difference within the strain and the & represents a difference between strains within a region
at 12-, 26-, and 46-weeks.

Micropillar compression

Figure 5.8 shows results for micropillar compression testing comparing regional differences
measured from the endocortical and periosteal regions. Figure 5.8 (C-F) show the characteristic
uniaxial compressive strain curves across each test group. Notably, the measured compressive
yield stress and the ultimate compressive strength of the tissue are on the order of 500 MPa and

1,000 MPa, respectively, which is substantially higher than values obtained through traditional
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tissue-level testing. Several different loading profiles were observed across groups, with 12-
week control micropillars from the endocortical and periosteal regions showing similar loading
profiles (Figure 5.8 (C)), while other test cases are more varied and show certain evidence of
drop in stress post-yielding. Each boxplot represents the mean of 4 - 6 pillars that were
compressed in either the periosteal or endocortical region of one sample per disease state (n = 1
per condition at 12- and 46-weeks with n = 4 - 6 pillars per region, per sample). There were no
regional differences within disease states for the elastic modulus. However, elastic modulus
from the endocortical and periosteal region increased by 92.37% (p < 0.05) and 49.56%
(p < 0.001) from 12- to 46-weeks in the control (fa/+) rat sample, respectively, but not in the
T2D (fa/fa) rat sample (Figure 5.8 (A)). Interestingly, at 12-weeks, micropillars from the
diabetic (fa/fa) rat had a higher elastic modulus than the controls in the endocortical (+ 53%,
p < 0.05) and periosteal (+ 49.87%, p = 0.05) region. However, at 46-weeks the micropillars
in the endocortical region from the diabetic (fa/fa) sample had a 16.92% lower modulus than
the age-matched control pillars (p < 0.05). There were no regional differences in yield stress
within disease states. The yield stress of the control pillars from both the endocortical and
periosteal regions increased with age (Figure 5.8 (B)). However, yield stress was also higher
in the pillars of the 12-week T2D (fa/fa) sample in comparison to the age-matched control in
both the endocortical (+ 73.52%, p < 0.01) and periosteal (+ 94.07%, p < 0.001) regions. SEM
images of the pillars captured before and after compression testing are shown in Figure 5.9.
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Figure 5.8: Regional differences at 12- and 46-weeks (n = 1 per and condition) in (A) elastic

modulus and (B) yield stress. Each data point represents results for one pillar. (C-F) exhibits

the loading profiles for each profile from the endocortical (blue) and periosteal (red) region
for control and T2D (fa/fa) samples. ** (p < 0.01) and *** (p < 0.001) significance within

strain; & indicates a difference between strains 12- and 46-weeks.
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Figure 5.9: Representative post-compression profile of a pillar from the endocortical and

periosteal region from a control and diabetic (fa/fa) sample.

5.4 Discussion

For the first time, this study has investigated regional differences in tissue composition and
mechanics as the disease progresses in a ZDF (fa/fa) rat model of T2D. In this study
comparisons were made across three distinct components, comparing (a) region vs. region
within strains, (b) longitudinally within strains in both regions and (c) between strains within
regions at all ages. This study showed that regional differences were mainly evident in the
mineral more so than the collagen component of the tissue, particularly in the periosteal region
of the cortical bone in T2D (fa/fa) and control rats. Regional differences demonstrated by the
control cohort were evident through a higher mineral to matrix ratio (v2 phosphate/ Amide I11)
and (v2 carbonate/ Amide 1) in the periosteal region when compared to the endocortical region
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of control rats at 26-weeks and 26- and 46-weeks, respectively. Furthermore, the diabetic
(fa/fa) cohort exhibited compositional alterations in the periosteal region when compared to
the endocortical region of femoral cortical bone, indicated by a higher mineral to matrix ratio
(v2 phosphate/ Amide I11) at 26-weeks and a lower crystallinity at 46-weeks in their periosteal
rather than their endocortical region. Additionally, whilst controls demonstrated an increase in
crystallinity with age in both regions, diabetic (fa/fa) rats only showed an increase with age in
their endocortical region and no longitudinal change periosteally. The inverse was found in the
carbonate: phosphate ratio, where T2D (fa/fa) rats showed an increase with age periosteally,
when no other longitudinal observations were found in the endocortical region of the diabetic
(fa/fa) rats and both regions of the controls. Again, the majority of changes found between
strains was observed in the periosteal region, where diabetic (fa/fa) rats had a lower v2
phosphate mineral to matrix ratio (v2 phosphate/ Amide I1l) at 46-weeks and lower v2
carbonate mineral: matrix ratio (v2 carbonate/ Amide I) at 26- and 46-weeks in comparison to
age- and region-matched controls. Similarly, the diabetic (fa/fa) rats had a lower crystallinity
at 26 and 46-weeks and a higher periosteal Amide 111 status at 26-weeks then their age- and
region-matched controls. These regional compositional changes may indicate an altered
mineralisation or cellular metabolism process in the bone maintenance of ZDF (fa/fa) rats as
they age and the disease progresses. However, in measuring the tissue-level mechanical
properties, there was no difference in indentation modulus or hardness found between strains
in both regions, despite the regional differences in composition. Controls had a higher
periosteal indentation elastic modulus, in line with a higher mineral: matrix ratio within this
region, whereas the T2D (fa/fa) rats only displayed a trending higher indentation modulus.
Interestingly, hardness increased from 12- to 46-weeks in both regions of the T2D (fa/fa) rats
but this was not shown in the control cohort. Although previous Chapters have shown
compositional changes to tissue quality led to impaired mechanical performance, this study has
revealed that on a local level these compositional changes did not lead to altered tissue-level
mechanics. Overall, this study provides insight into the regional changes that occur during the
growth and maintenance of cortical bone from ZDF (fa/fa) rats from diabetes that develops at

a young age and progresses into old age.

In previous Chapters, tissue composition and mechanics were explored at the whole bone level
and showed that modifications in the cellular activity of ZDF rats may play a significant role
in initiating the cellular events that result in mineralisation changes within the bone matrix,

ultimately impairing the tissue quality. Moreover, longitudinal bone growth and maintenance
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was impaired in these rats, which was evident by a smaller cortical bone area and thickness
than controls and reduced trabecular BV/TV with age. Chapter 3 showed that bone growth
measured by anterior-posterior and medial-lateral diameter, moment of inertia and cortical
bone area did not significantly occur from 26- to 46-weeks in the diabetic (fa/fa) cohort,
whereas it had increased for controls. In fact, in Chapter 4, femoral thickness decreased from
26- to 46-weeks in the T2D (fa/fa) rats but remained unchanged for the controls. In this Chapter,
regional differences were explored to assess how diabetes may interrupt bone maintenance and
appositional growth particularly with age and disease progression in these ZDF (fa/fa) rats.
Notably, whilst there was no change with age in the endocortical region, the v, carbonate/
Amide | ratio increased with age from 12- to 26 and 26- to 46 weeks for both strains in the
periosteal region. The v, carbonate/ Amide | ratio has been proposed to be related to turnover
rate and remodelling activity in the bone (Isaksson et al., 2010; McCreadie et al., 2006).
Carbonate is an impurity that is substituted into the hydroxyapatite mineral structure and
carbonate content has been shown to accumulate with age as turnover decreases (Akkus et al.,
2004; Kourkoumelis et al., 2019). In rodents, it is understood that age-related bone loss occurs
due to increased endocortical resorption and reduced periosteal formation (Razi et al., 2015).
This is likely what is being shown in this Chapter whereby the endocortical region did not show
an increase in carbonate with age since this mineral is being resorbed and is not given a chance
to accumulate carbonate. During bone thickening, the periosteal side forms new bone and the
mineral matures since bone formation is high and resorption activity is low (Busa et al., 2005;
Donnelly et al., 2010a; Razi et al., 2015). However, as bone ages this process begins to slow
down resulting in a slow in cortical thickening and, hence, formation and resorption slow such
that it reduces the presence of newly formed bone, resulting in an increase in carbonate content
reflecting the older, mature mineral. Controls exhibited no regional difference in v, carbonate/
Amide | ratio at 12-week but at 26- and 46-weeks controls displayed greater v, carbonate/
Amide | ratio in periosteal regions when compared to the endocortical regions, implying that
at 12-weeks young bone was growing and being formed but at 26- and 46-weeks, the formation
of new bone slowed and more mature mineral was present in the periosteal region in
comparison to the endocortical region. This is again highlighted in the v phosphate/ Amide 111
ratio which was higher in the periosteal region of control and T2D (fa/fa) rats at 26-weeks when
compared to endocortical regions. However, the T2D (fa/fa) rats showed a trend towards a
higher v> carbonate/ Amide | ratio in their periosteal regions when compared to their
endocortical regions, with no regional change at 12- and 46-weeks. At 26- and 46-weeks, they

exhibited a significantly lower v, carbonate/ Amide | ratio than controls, suggesting that whilst
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the bone growth and maintenance in these T2D (fa/fa) rats is occurring with age, this process
is happening at a much slower rate when compared to the controls. In fact, mineral maturation
may be impaired in these ZDF (fa/fa) rats indicated by the fact that only a trending regional
difference was observed at 26-weeks and no difference seen between regions at 46-weeks. This
was further supported by the trending reduction in vz phosphate/ Amide 111 ratio of T2D (fa/fa)
rats at 46-weeks compared to age-matched controls within the periosteal region. Of course, the
increased v, carbonate/ Amide | ratio with age can either be explained by an increasing
carbonate content or a reducing amide | content. Since there was no difference observed in the
Amide | status with age or between strains in any region, the former is accepted. In fact, T2D
(fa/fa) rats displayed an increase in carbonate: phosphate ratio with age in the periosteal region.
However, there is a difficulty in acquiring a precise measurement for the carbonate: phosphate
ratio using Raman spectroscopy since the carbonate band (1050 — 1100 cm™) is partially
overlapped by another phosphate band (at ~ 1076 cm™) (Awonusi et al., 2007), thus variability

was too high in controls to observe differences in the carbonate: phosphate ratio with age.

Previous research has indicated that crystallinity as assessed using vibrational spectroscopy
increases with age, which can influence tissue stiffness and strength (Akkus et al., 2004;
Yerramshetty et al., 2006). Various human and animal studies of T2D have reported either an
increased (Arora et al., 2023; Creecy et al., 2016; Hunt et al., 2019) or unchanged (Creecy et
al., 2018b; Hunt et al., 2018; Wolfel et al., 2022b, 2022a) crystallinity in the type-2 diabetic
cohorts. To the author’s knowledge, crystallinity has not been explored in ZDF (fa/fa) rats.
Surprisingly, the results from this Chapter showed that, while the combined average
crystallinity did increase with age for both control and T2D (fa/fa) rats, when examined
regionally the T2D (fa/fa) rats at 26-weeks exhibited a lower crystallinity in both the
endocortical and periosteal regions when compared to age-matched controls. A lower
crystallinity may be reflective of a smaller, more disorganised crystalline structure. Notably,
Amide 11l status was also higher in the T2D (fa/fa) rats than controls within the periosteal
region, which previous research has suggested is reflective of the transition from collagen
helical structure to disordered structure (Dehring et al., 2006; Unal et al., 2021). Thus, an
increase in Amide 11 status indicates an increase in collagen fibre disorderliness. Interestingly,
Wolfel et al. (2020b) reported lower crystallinity in the T2D high porosity group when
compared to the T2D group in the endocortical region as well as reporting significantly lower
mineral maturity in the high porostiy group in endocortical and periosteal regions compared to

those in the control and the T2D group. Taken together, they proposed that their results
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reflected changes in apatite crystallisation. It is possible that the reduced crystallinity
experienced in the T2D (fa/fa) rats at 26-weeks may reflect an altered mineralisation process
where mineral crystals are not forming or growing as efficiently as controls. This is further
highlighted by regionally lower crystallinity in the periosteal region of T2D (fa/fa) rats at 46-
weeks than their endocortical region. However, it is difficult to fully infer how these changes

reflect the cellular metabolism within the tissue without further histological analysis.

A similar study of T2D using TallyHo mice assessed tissue composition and tissue-level
mechanics via Raman spectroscopy and nanoindentation, respectively, and found that the
TallyHo mice with T2D exhibited a greater indentation modulus and hardness than controls
and they attributed these changes to the increased mineral: matrix ratio and trending increase
in crystallinity in the diabetic strain (Arora et al., 2023). They also examined regional tissue
mechanical properties and found that elastic modulus and hardness were higher in the periosteal
region than the endocortical region, however they did not explore regional compositional
differences nor did they compare these regional differences between strains (Arora et al., 2023).
In this Chapter, the elastic modulus was higher in the periosteal region than the endocortical
region at 26-weeks for both strains which may have been due to the higher mineralisation (v2
phosphate/ Amide 111 and v» carbonate/ Amide 1) at this age. Whilst endocortical elastic
modulus and hardness trended towards a reduction in the diabetic (fa/fa) rats at 26-weeks
compared to age-matched controls, ultimately there was no significant differences between
strains. Similarly, studies by Wolfel et al assessed bone quality from femoral and tibial cortical
bone (Wolfel et al., 2022a, 2020) and both studies reported compositional changes such as the
T2D with high porosity patients presenting with a lower crystallinity compared to T2D groups
and a higher v> carbonate/ Amide | ratio compared to T2D and control groups. However,
despite reporting these compositional alterations, no differences in the tissue-level indentation
modulus or hardness was found regionally or between cohorts (Wolfel et al., 2022a, 2020).
They proposed that the observed difference between nano- and micro-scales indicates that T2D
is linked to changes in the scaling-up process of mineralisation in bone, rather than alterations
in the actual formation of mineral itself. Whilst no tissue-level mechanical differences were
captured between strains in this Chapter, previous Chapters have shown that the T2D (fa/fa)
cohort, particularly at 46-weeks presented with a reduced yield and ultimate strength as well
as a reduced cracking toughness. Moreover, post-yield displacement reduced with age for T2D
(fa/fa) rats when this was not observed in the controls. Consequently, it is possible that using

nanoindentation to evaluate mechanical properties of individual lamellae at the nanoscale, as
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was done in this Chapter, may not be able to capture the full extent of what is happening to the
tissue properties at larger length scales as it omits the presence of porosity, tissue heterogeneity
and microdamage to name a few. This may also suggest that differences in tissue mechanics in
T2D may indeed have a contribution from these structural features that exist in the tissue.
Interestingly, the results from the micropillar compression tests showed that, where the tissue-
level yield stresses experienced by the compressed pillars in this Chapter were much higher
than stresses measured from macro-level testing in other Chapters. Such a size effect is
commonly observed in mechanical testing of materials, where fewer defects exist in the
structure at these smaller length scales. However, still it was difficult to observe any true

differences in the micropillar mechanical response between T2D and controls.

Several limitations and suggestions for future research should be mentioned. Firstly, this
Chapter examined site-matched differences in composition and tissue-level mechanics,
whereby Raman spectroscopy and nanoindentation measurements were taken from the same
150 X 150 um? area. However, this work is limited by the fact that compositional properties
could not be directly correlated to tissue-level mechanics. It would be beneficial for future work
to consider site-specific regional testing, where indents would be created, and Raman
measurements could be taken from the exact same place as the indents. This would allow direct
comparisons to be made between tissue compositional and the tissue mechanics. In addition,
future regional work may benefit from not only examining longitudinal regional differences
but also implementing the analysis of tissue age by examining tissue composition and
mechanics along the cross-section of the cortical tissue moving away from the periosteal and
endosteal edge as done in (Donnelly et al., 2010a). This would add another level of analysis to
further understand mineralisation and cellular metabolism in ZDF (fa/fa) rats. Finally,
micropillar compression testing showed that the elastic modulus and yield stress increased with
age for the control sample, when no change with age was evident from the T2D (fa/fa) sample.
However, at 12-weeks the T2D (fa/fa) rat sample had a higher elastic modulus and yield stress
than controls. This was interesting since in previous Chapters it was shown that post-yield
displacement decreased with age in the T2D (fa/fa) cohort but not the controls as a result of the
diabetic (fa/fa) rats at 12-weeks having a higher post-yield displacement than the controls.
Whilst this was seemingly captured in micropillar compression test, these results are limited
by the fact that only one sample per age, per condition could be examined (n = 4 — 6 pillars for
each). To probe this further, future work could examine higher samples numbers to investigate

the effect of collagen fibre orientation on the local biomechanical properties.

278



Chapter 5

5.5 Concluding Remarks

In conclusion, this study for the first time investigated regional variations in tissue composition
and mechanics as T2D progressed in a ZDF (fa/fa) rat model. Notably, regional differences
were primarily evident in the mineral component, especially in the periosteal region of cortical
bone in T2D (fa/fa) and control rats. Diabetic rats exhibited an altered v, carbonate/Amide |
ratio, vo phosphate/Amide I11 ratio, and crystallinity, indicating a regional dynamic interplay
between bone formation and resorption processes in maintaining bone growth. Despite
compositional changes impacting tissue quality, tissue-level mechanical properties, assessed
by indentation modulus and hardness, showed no significant differences between strains in
both regions. These findings provide valuable insights into the regional changes during the
growth and maintenance of cortical bone in ZDF (fa/fa) rats with T2D, providing a wider
understanding into the complex interaction between tissue composition, mechanics, and

disease progression.
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CHAPTER ©

Concluding Remarks and Future
Perspectives

6.1 Summary of Key Contributions

Type-2 Diabetes (T2D) mellitus has emerged as an independent risk factor for skeletal fragility
fracture, and the principal comorbidity with osteoporosis. Current screening methods like Dual
X-Ray Absorptiometry (DEXA) are unable to fully predict fracture probability and FRAX are
unable to provide quantitative measures of fracture probability in T2D, due to patients often
presenting with normal or high bone mineral density (BMD) (Vandenput et al., 2022). While
previous research had suggested that elevated blood glucose levels in T2D leads to non-
enzymatic glycation of the organic matrix, and the associated formation of advanced glycated
end-products (AGEs), there has been limited experimental evidence that provides any
meaningful mechanistic link between AGE accumulation and impaired tissue mechanics in
human T2 diabetes (Karim et al., 2018; Wolfel et al., 2022b, 2022a). This highlights that other
mechanisms must be responsible for impaired tissue behaviour. As the prevalence of T2D is
reaching epidemic proportions (Robertson, 2023; Saeedi et al., 2019), this thesis employed a
multiscale approach to investigate the underlying cellular, compositional, structural and

biomechanical mechanisms of bone fragility in Zucker Diabetic Fatty (ZDF) (fa/fa) rats.

The overall contribution of this thesis has been to present a detailed longitudinal investigation
into the mechanisms that lead to bone fragility in a ZDF (fa/fa) rat. This work provides new
insights into the biological, biophysical, and biomechanical events that could contribute to bone
fragility in a ZDF (fa/fa) rat model for T2D. Furthermore, this work implements a 46-week
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longitudinal animal study, the longest animal study to date of bone fragility in T2D, which
reflects three separate disease stages of early, established and long-term diabetes. This thesis
shows a strong implementation of the 3R’s in animal research, whereby multiple tests were
performed on the same bone sample. Moreover, this work for the first time has evaluated
regional differences in early to late-stage T2 diabetic rats. The key scientific contributions have
been to show that bone fragility in T2D (fa/fa) rats occurs through a multifactorial process
whereby the downstream effects of altered cellular metabolism in diabetic rats can impair the
tissue quality as the disease progresses. Most notably, it was found that the mineral phase of
the bone matrix was most affected by the disease, undergoing both spatial and temporal
alterations in T2D due to the altered bone turnover process. Several of these alterations were
found to be directly correlated to the mechanical integrity of the tissue, as measured by whole
bone biomechanical tests. Importantly, these findings challenge the notion that advanced
glycation end-products (AGEs) are the main contributors to increased bone fragility in ZDF
(fa/fa) rats and clearly highlight that both mineral and organic phases of the bone matrix are
likely responsible. This section outlines in more detail the key contributions and main findings
from each of these studies.

Chapter 3 investigated whether AGEs from radius cortical bone were the main contributing
factor to the increased risk of fracture observed in subjects with T2D by examining the
geometrical, compositional and mechanical alterations of ulnar bone in ZDF (fa/fa) rats as the
disease progressed, through the use of micro-CT, Fourier transform infrared spectroscopy
(FTIR), fAGE analysis and three-point bend testing. This work revealed significant scientific
contributions, demonstrating that ZDF (fa/fa) rats exhibit impaired longitudinal bone growth
by 12-weeks, leading to substantially reduced bone size by 46-weeks compared to controls
(fa/+). Structural deficits, including bending rigidity, ultimate moment, and energy-to-failure,
were evident in diabetic rats. Tissue-level material properties showed marked alterations, with
ZDF (fa/fa) rats at 46-weeks having significant reductions in yield and ultimate strength. FTIR
analysis indicated changes in tissue composition, revealing a reduced carbonate: phosphate
ratio and increased acid phosphate content in ZDF (fa/fa) rats with long-term diabetes,
indicative of an altered bone cellular processes. Interestingly, while AGE accumulation was
higher in the skin of ZDF (fa/fa) rats with long-term T2D, bone AGEs did not differ between
strains and showed no correlation with bone strength. Furthermore, this multifaceted study

contributed to the understanding of the complex mechanism underlying bone fragility in
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diabetic ZDF (fa/fa) rats, encompassing impaired growth, altered cellular processes and

changes in tissue composition.

Chapter 4 established the sequence of events that occurred from the cellular-level to the tissue-
level to impact the whole-bone fracture mechanics during T2D using a longitudinal Zucker
Diabetic Fatty (ZDF) (fa/fa) rat model. This work examined the biological, biophysical and
biomechanical factors through the use of biochemical assays on serum, and micro-CT, HPLC,
bulk fAGEs analysis, fracture toughness and sideways fall testing on femoral bone. Serum
markers revealed disruptions in bone homeostasis and possible impairment of osteoblast
activity. Changes in the organic matrix, characterized by elevated Furosine and
Carboxylmethyl-lysine (CML), were identified in long-term diabetic rats. Micro-CT analysis
demonstrated increased cortical porosity, while biomechanical testing indicated reduced tissue-
level cracking toughness and work-to-fracture in diabetic bone, emphasizing compromised
energy dissipation capacity. This comprehensive study enhanced the understanding of the

sequential pathophysiological mechanisms leading to bone fragility in severe T2D.

Finally, Chapter 5 presented a novel investigation into regional differences in tissue
composition and mechanics during the growth and maintenance of cortical bone from femurs
of ZDF (fa/fa) rats as the disease progressed through the use of Raman spectroscopy,
nanoindentation and micropillar compression testing. This work examined three distinct
components: (a) region vs. region within strains, (b) longitudinal changes within strains in both
regions, and (c) differences between strains within regions at various ages. Notably, regional
differences were primarily evident in the mineral component, especially in the periosteal region
of cortical bone in T2D (fa/fa) and control rats. Diabetic rats exhibited an altered v, carbonate/
Amide | ratio, v> phosphate/ Amide 111 ratio, and crystallinity, indicating a regional dynamic
interplay between bone formation and resorption processes in maintaining bone growth. In fact,
results from this Chapter have echoed changes in bone growth that had been seen in previous
Chapters. Chapter 3 revealed that bone growth, assessed through parameters such as anterior-
posterior and medial-lateral diameter, moment of inertia, and cortical bone area, did not exhibit
significant changes from 26- to 46-weeks in the diabetic (fa/fa) cohort, in contrast to the
observed increase in controls. Furthermore, in Chapter 4, femoral thickness decreased from 26-
to 46-weeks in the T2D (fa/fa) rats while remaining unchanged in the control group. The
investigation in this chapter delved into regional disparities, providing insights into how
diabetes might disrupt bone maintenance and appositional growth, especially concerning age

and disease progression in ZDF (fa/fa) rats. Importantly, this work showed that despite
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compositional changes impacting tissue quality, tissue-level mechanical properties, assessed
by indentation modulus and hardness, showed no significant differences between strains in
both regions. These findings provide valuable insights into the regional changes during the
growth and maintenance of cortical bone in ZDF (fa/fa) rats with T2D, providing a wider
understanding into the complex interaction between tissue composition, mechanics, and

disease progression.

6.2 Future Recommendations

The work presented in this thesis represents a significant step towards understanding the
biological, biophysical, and biomechanical events that could contribute to bone fragility in a
ZDF (fa/fa) rat model for T2D. Furthermore, this animal model of T2D may be a suitable model
to mimic the progression of T2D when developed during childhood or adolescence, given the
exact time-point of the onset of diabetes in this strain is known. Additionally, this model is also
representative of the small, but still existent, population of humans that develop T2D as a result
of a leptin or leptin receptor deficiency (DePaoli, 2014). However, this rodent model has certain
limitations, most notably in its male bias, which is common among most other well-established
animal models, whereby the female strains either cannot develop frank diabetes or the severity
of the disease is very mild. This means that the majority of research on skeletal fragility in
rodent models for T2D has been carried out on males, leaving a large gap in the literature and
in our understanding of how skeletal fragility can present in females with T2D, particularly in
the presence of oestrogen or oestrogen-deficiency (Diaz et al., 2019). To date, only two animal
studies using female rodents have been used to investigate bone fragility in T2D (Mehta et al.,
2023; Sihota et al., 2020b). Whilst female subjects have been better represented in human
studies of T2D (Burghardt et al., 2010; Cirovic et al., 2022; Hunt et al., 2021; Karim et al.,
2018; Lekkala et al., 2019; Parle et al., 2020; Piccoli et al., 2020; Wolfel et al., 2022a, 2020),
the understanding of disease progression in human studies in limited since disease duration
cannot be controlled, while other important factors such as BMI, HbA1C and medications taken
are omitted from patient data and confounding factors can interfere. Whilst the use of female
rodent models of T2D such as the HFD STZ Sprague Dawley rats has already been examined,
future work could utilise this model to carry out a longitudinal study which implements the
examination of male and female rats to assess the progression of T2D and its effects on bone
fragility. Perhaps another layer of this investigation could assess oestrogen and oestrogen-

deficient diabetes in the female cohort.
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Results from Chapter 4 demonstrated the downstream effects of an altered cellular metabolism
on the biomechanical properties of bone in diabetic (fa/fa) rats by assessing serum biological
markers. Understanding the potential impact of disrupted bone cell metabolism on subsequent
changes in trabecular and cortical bone microstructure is crucial, especially in cases of
increased fracture risk that are unrelated to bone density. There is a current lack of
methodologies available for clinicians to measure material properties of bone to non-invasively
assess fracture risk of patients. This thesis provided novel insight into the cellular mechanisms
that underlie that pathogenesis of bone fragility in ZDF rats, future work using histological
analysis on regional areas of the bone tissue would be of huge benefit to confirm if the serum
cellular markers reflected what was happening within the tissue itself of the ZDF (fa/fa) rats.
In doing so, this could introduce the potential in identifying a non-invasive serum marker that
could be used as a surrogate marker to assess fracture risk. In addition, future work could look
to assessing bone material strength index (BMSi) through reference point indentation where
the OsteoProbe device (Active Life Scientific, Santa Barbara, CA) could provide non-invasive
assessment for the mechanical properties of bone tissue in vivo (Farr et al., 2014; Nilsson et al.,
2017), with some studies reporting a negative correlation between BMSi and AGEs measured
via skin autofluorescence (Furst et al., 2016; Samakkarnthai et al., 2020) but further assessment
is required to understand how these measurements could represent fracture risk in a clinical
setting. Perhaps future human and animal work could measure the BMSi and examine the
cellular aspect either through quantifying serum markers of cellular activity and/ or histology
combined with a compositional analysis to assess the mineral component of the bone matrix
with the aim to identify whether alterations in the mineral matrix of diabetic subjects may alter
the BMSi and whether this can be non-invasively captured via a serum marker. This would
help to unite an already fragmented understanding of the underlying mechanisms involved in
bone fragility of T2D and move towards the development of an effective fracture risk

assessment technique for patients with T2D.
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