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ARTICLE INFO ABSTRACT
Keywords: This study investigates the biomechanics of type 2 diabetic bone fragility through a multiscale experimental
Bone fragility strategy that considers structural, mechanical, and compositional components of ex vivo human trabecular and

Trabecular bone mechanics

cortical bone. Human tissue samples were obtained from the femoral heads of patients undergoing total hip
Type-2 diabetes

replacement. Mechanical testing was carried out on isolated trabecular cores using monotonic and cyclic
compression loading and nanoindentation experiments, with bone microdamage analysed using micro-computed
tomography (CT) imaging. Bone composition was evaluated using Raman spectroscopy, high-performance liquid
chromatography, and fluorometric spectroscopy. It was found that human type 2 diabetic bone had altered
mechanical, compositional, and morphological properties compared to non-type 2 diabetic bone. High-resolution
micro-CT imaging showed that cores taken from the central trabecular region of the femoral head had higher
bone mineral density (BMD), bone volume, trabecular thickness, and reduced trabecular separation. Type 2
diabetic bone also had enhanced macro-mechanical compressive properties under mechanical loading compared
to non-diabetic controls, with significantly higher apparent modulus, yield stress, and pre-yield toughness
evident, even when properties were normalised against the bone volume. Using nanoindentation, there were no
significant differences in the tissue-level mechanical properties of cortical or trabecular bone in type 2 diabetic
samples compared to controls. Through compositional analysis, higher levels of furosine were found in type 2
diabetic trabecular bone, and an increase in both furosine and carboxymethyl-lysine (an advanced glycation end-
product) was found in cortical bone. Raman spectroscopy showed that type 2 diabetic bone had a higher mineral-
to-matrix ratio, carbonate substitution, and reduced crystallinity compared to the controls. Together, this study
shows that type 2 diabetes leads to distinct changes in both organic and mineral phases of the bone tissue matrix,
but these changes did not coincide with any reduction in the micro- or macro-mechanical properties of the tissue
under monotonic or cyclic loading.

1. Introduction normal, or even higher than non-diabetic controls [8]. This implies that

type 2 diabetes (T2D) impairs the quality of the bone matrix itself,

Type 2 diabetic patients have up to a 3-fold increase in bone fracture whereby the intrinsic properties of bone tissue matrix are deteriorated.

risk [1-7] when compared to non-type 2 diabetic patients. However, Yet, the precise factors that contribute to sub-tissue alterations in the

there are clinical challenges associated with predicting fracture risk in bone matrix and their effect on whole-bone fragility remain poorly
this cohort as measures of bone mineral density (BMD) tend to be understood.
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Fig. 1. Study design showing bone cores removed from the femoral head, and the characterisation methods used to evaluate the bone cores morphologically,

mechanically, and compositionally.

It is thought that the hyperglycaemic state in T2D impairs tissue
properties by forming non-enzymatic cross-links and adducts known as
advanced glycation end products (AGEs) in the collagenous proteins of
the bone matrix. The accumulation of AGEs is known to lead to a
disruption of bone homeostasis [9] and affect the bone cells, leading to
decreased osteoblast activity [10,11], decreased osteoblast attachment
to the collagen matrix [12], and decreased osteoclastogenesis [13].
Consequently, these alterations have repercussions on the mineral and
collagen components of bone with lower levels, of bone formation and
resorption markers found in T2D leading to the implication that bone
turnover in T2D is lower [14,15]. Furthermore, the presence of AGEs
causes a decline in the solubility of collagen [13]. The mineralisation of
the tissue is also affected due to T2D with hyperglycaemia disrupting the
mineralisation phase of osteoblasts [16]. Additionally, the mineralisa-
tion quality is thought to possibly be altered due to secondary miner-
alisation not developing as it should [17].

The accumulation of AGEs in the bone matrix is thought to lead to
more brittle behaviour. Despite this common assertion [18-20], there is
a lack of experimental data that quantitatively demonstrates any
mechanistic relationship between AGE accumulation and mechanical
properties in human type 2 diabetic bone [21]. Much of the current
understanding of the mechanics of bone fragility in T2D has been
generated using in vitro models [22-27], whereby animal or human
tissue has been immersed in a ribose solution to promote non-enzymatic
glycation of the protein network. However, previously we demonstrated
that in vitro glycation models are severely limited by the fact that they
induce AGE levels that are much higher than what occurs physiologi-
cally [28]. In contrast, many human studies [29,30] have reported no
significant differences in fluorescent AGEs in the femoral neck and head
of T2D trabecular bone tissue compared to non-diabetic controls. Only a
limited number of human studies have actually reported elevations in
either bulk fluorescent AGEs [31] or pentosidine [29] in trabecular bone
tissue from the femoral head and neck, respectively. It should be noted
that the Sihota et al. [31] study involved patients who had experienced
their first fragility fracture, whereas other studies involved patients with
osteoarthritis, which may explain the increased levels of AGEs found in
the bulk fluorescent measurement by Sihota et al. [31] as osteoporosis is
also associated with an increase in levels of AGEs [32]. Furthermore,
there is a poor understanding of the relationship between AGE accu-
mulation and bone tissue mechanics in T2D due to the complicated hi-
erarchical structural organisation of bone tissue and the related damage
accumulation process. Uniaxial compression testing of trabecular cores
from femoral heads has revealed no discernible differences in the

mechanical properties of human type 2 diabetic bone [30,33], compared
to non-diabetic controls, with Hunt et al. [29] showing that male type 2
diabetic bone had higher Young's modulus, yield stress, and ultimate
stress in femoral neck trabecular cores than non-diabetic controls [29].
Only one study [31] has found impaired mechanical properties in dia-
betic trabecular bone. Additionally, one study [30] observed an increase
in indentation distance in diabetic cortical bone using reference point
indentation testing. Still, the mechanical properties were not correlated
to AGE accumulation in this study. These are the only results in the
literature that have shown impaired tissue-level properties in T2D. This
highlights that, rather than AGE accumulation, other mechanisms must
be responsible for fragility in T2D. These mechanisms are yet to be
elucidated.

During their lifetime, bones are subjected to repeated cyclic loading
that leads to the accumulation of microdamage in the tissue. Micro-
damage is thought to be a biomechanically significant component of
bone quality [34], which more frequently develops in vivo in older
people [35-38]. Microdamage is generally repaired through the process
of bone remodelling. Osteoblast and osteoclast cells actively maintain a
healthy bone tissue matrix [39-41]. However, the onset of T2D leads to
complex pathophysiological changes that ultimately disrupt normal
bone homeostasis [9] and alters the bone remodelling process [14,15].
The altered remodelling process in T2D has been hypothesised to lead to
an increase in microdamage accumulation in bone [42], possibly leading
to impaired properties. However, there have been limited experimental
investigations on the accumulation of microdamage in diabetic bone.
While Tang and Vashishth [43] showed using an in vitro glycation
model of human bone that higher levels of microdamage accumulated in
glycated samples compared to control bones, only one study has char-
acterised microdamage in actual type 2 diabetic tissue, to date. Here,
Sacher et al. [42] used uniaxial compression testing to show that, while
there was an altered distribution of microdamage in type 2 diabetic
bone, there was no difference in the total accumulation of microdamage
compared to non-diabetic controls following uniaxial compression.
However, this study used monotonic loading, which does not replicate
the repeated cyclic loading that bone experiences in vivo due to daily
activities. Many early studies on non-diabetic bone [44-46] have used
cyclic loading to establish relationships between the proportion of fa-
tigue life, mechanical properties, and microdamage accumulation. In
particular, Lambers et al. (2013) showed that even small amounts of
microdamage accumulation in human vertebral cancellous bone
following cyclic loading may have substantial effects on biomechanical
performance. Such mechanisms could play a role in diabetic bone
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Fig. 2. A) Stress-strain curve schematic of monotonic compression to 10 % strain applied to the core one cohort, B) strain versus cycle number schematic of cyclic

compression to 3 % strain applied to the core two cohort.

fragility, however, the relationship between microdamage accumulation
and the biomechanical performance of human type 2 diabetic bone has
not yet been investigated.

The objective of this study is to investigate the roles of bone
composition and microdamage accumulation on the mechanical prop-
erties of type 2 diabetic femoral head trabecular bone tissue under both
monotonic and cyclic loading. Cylindrical cores from human femoral
heads were extracted and mechanically tested using monotonic, cyclic
compression, and nanoindentation testing. Morphological analysis was
conducted using micro-computed tomography (micro-CT) imaging,
while microdamage accumulation was quantified through barium sul-
fate staining. The collagen content, AGE concentration, and minerali-
sation of the bone were compositionally analysed using fluorometric
analysis, LC-MS/MS, and Raman spectroscopy.

2. Materials and methods
2.1. Bone samples

Fig. 1 shows a schematic that describes the study design. Femoral
heads were obtained from age and sex-matched patients, with T2D (74
+ 9 years) and without T2D (74 + 9 years). These patients underwent
total hip replacement for clinically diagnosed osteoarthritis (OA) and
osteoporosis (OP) at two Galway hospital sites, Merlin Park University
Hospital and University Hospital Galway. All research procedures were
approved by the Clinical Research Ethics Committee, Galway University
Hospitals, Galway, Ireland. The research was performed following the
relevant guidelines and regulations of the University of Galway. The
groups were categorised as follows; T2D (n = 17) and non-T2D (n = 17).
None of the patients examined had any recorded comorbidities apart
from osteoarthritis or osteoporosis, nor were they on medications known
to affect bone metabolism (e.g. glucocorticoids, antiretroviral medica-
tions, bisphosphonates, teriparatide, or denosumab). HbA;. levels for n
=10 of the type 2 diabetic group were collected prior to surgery (57.6 +
14.2 mmol/mol or 7.4 + 1.3 %), and the HbA for the remaining type 2
diabetic and non-type 2 diabetic samples were unavailable. Three cy-
lindrical cores of trabecular bone were removed from the femoral head,
along the main trabecular direction, with one of these cores undergoing
monotonic compression, another undergoing cyclic compression, and
the third core being used as a control. Microdamage was measured by
staining the samples with barium sulfate and using micro-CT imaging to
measure the accumulation of damage. Sections from the femoral head
were also tested using nanoindentation to measure tissue-level me-
chanical properties. Compositional analysis using fluorometric assays,

LC-MS/MS, and Raman spectroscopy was carried out on both trabecular
and cortical tissue to measure the accumulation of AGEs.

2.1.1. Sample preparation

Upon removal from the patient, femoral heads were wrapped in PBS-
soaked gauze and stored in a sterile container. Samples were then frozen
at —20 °C before processing. Samples were defrosted and scanned using
a micro-CT scanner (pCT100, Scanco Medical AG, Bassersdorf,
Switzerland) (see Section 2.1.2). The bone was then cut in a plane
orthogonal to the main trabecular direction (MTD), using a low-speed
saw (ISOMET™ Low Speed Saw, Buehler, IL, USA) under constant
water irrigation. A second cut parallel to the first cut was performed to
obtain a ~21 mm thick bone slice. Fig. 1 shows a schematic of the three
cylindrical samples that were extracted from the central trabecular re-
gion of the femoral head using a diamond-tipped coring tool with an
inner diameter of 8 mm. Bone marrow was removed from the sample
using a water jet while the sample was underwater to reduce any
additional microdamage. The cores were then scanned at a 10 pm res-
olution to measure the morphological properties. The samples to un-
dergo mechanical testing were glued using cyanoacrylate (Prism 401,
Loctite, Newington, CT, USA) into brass endcaps, to limit end-artefacts
and allowed to cure at 4 °C overnight while the sample remained
wrapped in PBS-soaked gauze.

2.1.2. Micro CT scanning

Micro-CT images of the full femoral heads were obtained at a voxel
size of 36.8 x 36.8 x 36.8 pm® using a high-resolution micro-CT scanner
(uCT100, Scanco Medical AG, Bassersdorf, Switzerland) with settings of
70 kVp, 114 mA and 300 ms [47]. Samples were placed in a sample
holder to allow for the anatomical positions to be aligned with the axis of
the micro-CT machine. The sample holder was then filled with PBS to
cover the femoral head. The bone morphology evaluation script was
used to determine the main trabecular direction (MTD). Cores one and
two from each of the femoral heads were also scanned at 10 pm reso-
lution to determine the morphological properties: bone volume fraction
(BV/TV), connectivity density (Conn.D, 1/mm?), bone mineral density
(mg HA/cmS), tissue mineral density (mg HA/cmS), trabecular number
(Tb.N, 1/mm), trabecular thickness (Tb.Th, mm) and trabecular sepa-
ration (Tb.Sp, mm). Bone mineral density is the mean attenuation value
of the volume of interest including marrow spaces, and tissue mineral
density measures only the mean attenuation value of the segmented
region or the bone tissue only. Images were segmented using a threshold
of 617 mg HA/cm® and a Gaussian filter of sigma 1.2 and support 2 was
used on the raw images to remove noise.
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Fig. 3. (A) Schematic for nanoindentation loading profile. (B) Embedded trabecular bone that shows indented regions.

2.1.3. Mechanical analysis

2.1.3.1. Uniaxial monotonic compression. All monotonic mechanical
testing was carried out on a uniaxial testing machine (Zwick/Roell, Ulm,
Germany) with a 2.5 kN load cell. The cores were wrapped in PBS-
soaked gauze to maintain hydration during the test and all tests were
carried out at a strain rate of 0.5 % s~ '. Ten preconditioning cycles
between 0 and 0.3 % strain were carried out as is standard in the liter-
ature [48]. Core one from each femoral head underwent monotonic
compression until a strain of 10 %. A schematic of the monotonic
compression stress-strain curve is shown in Fig. 2A. The apparent
modulus was determined from the linear best fit to the steepest 0.2 % of
the linear portion of the curve. The yield point was determined using the
0.2 % offset method. The pre-yield toughness was evaluated as the total
area under the curve before the yield point and the toughness was
calculated as the total area under the curve. The post-yield toughness
was evaluated as the total area under the curve after the yield point.

2.1.3.2. Cyclic compression. All cyclic mechanical testing was carried
out on a uniaxial testing machine (Zwick/Roell, Ulm, Germany) with a
2.5 kN load cell. The cores were wrapped in PBS-soaked gauze to
maintain hydration during the test and all tests were carried out at a
strain rate of 0.5 % s~ *. Ten preconditioning cycles between 0 and 0.4 %
strain were carried out. Core two from each femoral head underwent
cyclic compression testing [46,49]. To ensure loading was beyond the
initial toe region of the stress-strain curve, the applied forces were
measured at a strain cycle of 0.0035 mm/mm to 0.016 mm/mm from the
initial cycles across each sample. These forces were then applied to
enable cyclic loading of each sample. These are equivalent to the nor-
malised relationship ¢/E; where ¢ is the stress and E; is the tangent
modulus at the applied strains. The cyclic compression was carried out
until a predefined failure threshold of 3 % strain was reached, which was
chosen based on preliminary testing that was found to capture the three
phases of cyclic behaviour. Fig. 2 illustrates these three phases where (i)
in the primary phase, the strain accumulation per cycle falls, (ii) in the
secondary phase, the strain accumulation per cycle is constant and (iii)
in the tertiary phase, the strain accumulation per cycle increases. The
initial apparent modulus was determined from the linear best fit to the
steepest 0.2 % of the first loading cycle of the cyclic fatigue curve, while
the final apparent modulus was determined from the steepest 0.2 % of
the final loading cycle. Across the tests carried out, the mechanical
properties that were evaluated will be the number of cycles to failure
(Np), initial apparent modulus (Ey;iar), final apparent modulus (Efna),
the percentage reduction in modulus, and energy dissipation as the area
of the cyclic loading curves.

2.1.3.3. Nanoindentation testing. The tissue-level material properties
were determined using nanoindentation. The samples were dehydrated
in a series of ascending ethanol baths to prepare for embedding,
whereby the cores were embedded in an epoxy resin (EpoThin2™,
Buehler, IL, USA) and placed under vacuum to allow the epoxy to fill all
large porous spaces. Dehydration of the sample does influence the
nanoindentation results by leading to a higher modulus and hardness of
bone [50]. Silicon carbide paper was used to remove epoxy to expose the
test surface, which was then polished using a series of descending dia-
mond suspension pastes (9 pm, 3 pm, 1.5 pm, and 0.05 pm) with pol-
ishing cloths on a polishing machine (MetaServ® 250 Grinder-Polisher
with Vector® LC Power Head, Buehler, IL, USA). Using an ultrasonic
bath and deionized water, the samples were washed between each
polishing phase. The nanoindentation was carried out on a Nano-
Indenter G200 (Keysight Technologies, CA, USA) with a Berkovich
diamond indenter tip, with calibration of the machine performed using
fused silica. Ten indents were made on the trabecular bone and cortical
interstitial bone of each sample, with all indents positioned at least 10
pm away from the edge of the sample and 15 pm from neighbouring
indents within the array. Fig. 3 shows a schematic of the loading profile
used, which consisted of two conditioning steps that reached loads of 25
% max load and 50 % max load, followed by a third step that reached the
max load of 20 mN. A hold period of 120 s was included after each
loading peak was reached, which together with the multiple loading
cycles, reduced the effects of time-dependent plasticity [51-54]. Upon
unloading, the rate of thermal expansion was measured by holding the
indenter at 10 % of the max load for 120 s to calibrate the thermal drift
correction factor ahead of further data analysis.

The data obtained from the indentation tests were analysed to
determine the Young's modulus and hardness of the samples, assuming a
Poisson's ratio of 0.3, using the in-built Oliver and Pharr method (Key-
sight NanoSuite Software).

2.1.3.4. Microdamage analysis. After core one and two had undergone
monotonic and cyclic tests, the microdamage was quantified by barium
sulfide staining and micro-CT analysis in both the type 2 diabetic and
non-diabetic groups. From each femoral head, core three, which had not
undergone any mechanical testing, was used as a control to measure the
pre-existing microdamage. To quantify microdamage accumulation, the
damaged specimens, and the control specimen were stained with a
barium sulfate solution [55] by soaking in an aqueous solution of equal
parts 0.5 M BaCly, acetone, and PBS for 72 h followed by 0.5 M NaSOy,
acetone, and PBS for 72 h, all under vacuum. Finally, the specimens
were agitated in buffered saline solution to remove excess BaSO4 pre-
cipitates for 1 h. All specimens were scanned at 10 pm resolution, 70 kVp
voltage, and 114 pA current with 200 ms integration time. A Gaussian
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filter of sigma 1 and support 2 was used on the raw images to remove
noise [56]. Different thresholds were used to determine the volume of
bone and the volume of BaSO4. Voxels with intensities greater than
native 9000, corresponding to 631.1 mg HA/cm®, and less than native
23,500, corresponding to 1965.6 mg HA/cm?>, were taken to be bone and
voxels with intensities greater than native 23,500 were taken to be
BaSO4.The damaged volume was defined as the volume of BaSO4
divided by the total volume of bone.

2.1.4. Bone compositional analysis

2.1.4.1. Raman micro-spectroscopy and spectral analysis. Raman micro-
spectroscopy was used to evaluate the compositional properties of
type 2 diabetic, and non-diabetic bone tissue. The properties measured
were the mineral-to-matrix ratio, carbonate substitution, crystallinity,
matrix maturity, helical status, hydroxyproline-to-proline ratio, and
amide I-to-amide III ratio. This work was carried out using a similar
methodology to Van Gulick et al. [57]. A HE-785 Raman spectrometer
(Jobin-Yvon-Horiba, Longjumeau, France) was used to record the
Raman spectra. This system included a high efficiency (HE) spectrom-
eter with a fixed 950 g/mm grating coupled to a matrix charge coupled
device (CCD) detector that was cooled by the Peltier effect at 200 K
(Andor Technologies, Belfast, Northern Ireland). The excitation source
and the detecting system were connected with a fibre probe (InPho-
tonics, MA, USA). The probe head included a bandpass filter, a beam
splitter, a lens, a mirror, and a long pass filter. The 5 mm-focal-distance
fibre probe was mounted on a z-adjustable holder to ensure optimum
acquisition repeatability and enhance focus on the sample. The excita-
tion wavelength of the laser source for illumination was set at 785 nm
and was provided by an OEM diode laser (Process Instruments Inc., UT,
USA) This device offers high throughput, sensitivity, and wavelength
stability even when the temperature fluctuates. Each spectrum was
measured with a 10-s integration time, with 10 measurements made per
sample. Data acquisition was performed using the Labspec 5.0 software
(Jobin-Yvon-Horiba).

Raman data were processed using Matlab (Mathworks, MA, USA).
The raw spectra required multiple data processing steps, which con-
sisted of instrument response correction, wave number calibration,
fluorescence background subtraction, cosmic ray removal, and baseline
corrected using a fifth polynomial fit. The data was smoothed using a
seven-point Savitzky-Golay technique. A Standard Normal Variate
(SNV) technique was used to normalise the resultant spectra. The second
derivative spectra were calculated and used to identify the frequencies
of underlying sub-bands. From this analysis, A minimum in the second
derivative of a spectrum corresponds to local frequencies of collagen
bands in the original spectrum. The full width at half-maximum of these
sub-bands was manually selected as the starting conditions. The curve
fitting procedure was then applied using a mixed Gaussian and Lor-
entzian to estimate quantitatively the area of each Raman band in-
tensities of collagen. Comparisons of the y? values and the residuals of
the fits were used as the criteria for assessing the quality of fit.

2.1.4.2. Liquid chromatography coupled to tandem mass spectrometry (LC-
MS/MS). As the glycation reaction is a complex process involving early
and late steps, two different glycation products have been quantified to
evaluate each phase of the process. Firstly, furosine concentrations were
evaluated to provide information about the formation of Amadori
products during the early phase of glycation. Furosine is an analytical
surrogate for the adduct Ne-1-deoxyfructosyl (FL) and is a by-product
formed during acid hydrolysis of FL [58,59]. Secondly, Carboxymethyl
Lysate (CML) was evaluated to provide information about the later
phase of glycation that involved oxidative reactions (e.g. formation of
AGEs).

All samples were subjected to acid hydrolysis with 6 M hydrochloric
acid for 18 h at 110 °C. Hydrolysates were evaporated to dryness twice
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under a nitrogen stream. Furosine and CML were then quantified by
liquid chromatography coupled to tandem mass spectrometry (LC-MS/
MS). Briefly, dried hydrolysates were resuspended in 100 pl of 125 mM
ammonium formate containing 1 pM of dp-CML and 1 pM dy4-furosine,
used as internal standards, and filtered using Uptidisc PTFE filters (4
mm, 0.45 pm, Interchim, France) prior to LC-MS/MS analysis.

Furosine quantification was performed using a LC20 chromato-
graphic system (Shimadzu, Kyoto, Japan) equipped with a Kinetex XB-
C18 column (100 x 3.0 mm, 2.6 pm — Phenomenex, CA, USA) with a
gradient program composed of 5 mM ammonium formate (pH 2.9) as
mobile phase A and 100 % acetonitrile as mobile phase B. 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. The injection volume was 3 pl and the oven temperature was set at
40 °C. Detection was performed using an API4000 system (AB Sciex,
France) in positive-ion mode with an electrospray ionization (ESI)
source. Multiple reaction monitoring (MRM) transitions used for quan-
tification were as follows: 255.1 > 84.2 for furosine and 259.0 > 88.2 for
dy4-furosine.

CML quantification was performed using a LC20 chromatographic
system (Shimadzu) equipped with a Kinetex HILIC column (100 x 4.6
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. 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. The injection volume was 10 pl and the oven temperature was set at
25 °C. Detection was performed using an API4000 system (AB Sciex,
France) in positive-ion mode with an electrospray ionization (ESI)
source. Multiple reaction monitoring (MRM) transitions used for quan-
tification were as follows: 205.1 > 130.1 for CML and 207.1 > 84.1 for
dy-CML. Calibration curves were performed by preparing diluted serum
solutions spiked with increased amounts of CML (ranging from 2.5 pM to
80 pM), which have been submitted to the same preanalytical treat-
ments as patient samples. In addition, the lysine content in the hydro-
lysate was quantified by LC-MS/MS to normalise the expression of
results.

2.1.4.3. Fluorescent AGE quantification. To quantify fluorescent AGEs
present in the collagen of the bone, a fluorometric assay [30] was per-
formed, using a similar approach to our previous study [28]. After the
specimens had been mechanically tested, approximately 100 mg of each
bone was demineralised in 45 % formic acid with a 1 mM sodium citrate
buffer. Once the samples were demineralised, all that remained were the
organic components from each sample. The collagen was digested in a
papain digest solution of 3.88 units of papain in 0.1 mM sodium acetate
buffer at 65 °C in an oven for 16 h. The samples were then centrifuged to
separate the supernatant from any non-digested material. The papain
digested samples were then hydrolysed by placing equal parts of the
supernatant and HCL ~38 % into an Eppendorf and incubating at 100 °C
for 18 h. The samples were then allowed to dry out and be rehydrated.
To determine the fluorescent AGEs, the rehydrated samples were
compared against a quinine standard of 0, 0.5, 1, 2, 3.5,5,10, and 20 pg/
ml, which were made using a stock solution of 50 pg/ml quinine per 0.1
N sulfuric acid. 200 pl of each sample was carefully pipetted into a 96-
well plate and a Biotek plate reader was used at 360/460 nm excitation/
emission. A hydroxyproline assay was also carried out to determine the
amount of collagen in each sample so that the nanograms of quinine per
milligram of collagen could be calculated.

2.1.5. Statistical analyses
All statistical analyses were performed using GraphPad statistical
software. Normality was tested using the Kolmogorov- Smirnov
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Fig. 4. Micro-CT results A) BV/TV, B) connectivity density, C) structural model index, D) bone mineral density, E) tissue mineral density, F) trabecular number, G)
trabecular thickness, and H) trabecular separation. *(p < 0.05), **(p < 0.01), ***(p < 0.001).
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Fig. 5. Monotonic compression mechanical properties A) representative stress-
strain curve, B) apparent modulus, C) yield stress, D) yield strain, E) max stress,
F) pre-yield toughness, G) post-yield toughness, and H) toughness. *(p < 0.05).

normality test. Two-sample t-tests were used to evaluate normally
distributed data. A nonparametric Mann-Whitney was used to evaluate
non-normally distributed data. In these analyses, the type 2 diabetic
group was compared to the non-diabetic group. For all tests, p < 0.05,
was considered statistically significant. Boxplots were prepared using
GraphPad. The distribution of mechanical properties was analysed to
detect potential outliers. Data from samples that were two standard
deviations from the mean being removed. This resulted in a total of five
samples being removed in the analysis (non-T2D (n = 2), and T2D (n =

3)). Additionally, insufficient cortical bone was present in some femoral
heads from the femoral neck, leading to the following sample numbers
for cortical bone analysis: T2D (n = 14) and non-T2D (n = 14) for
nanoindentation and T2D (n = 15) and non-T2D (n = 11) for fluorescent
AGE analysis, Raman, and LC-MS/MS results.

3. Results
3.1. Bone morphology

Fig. 4 shows the morphological properties determined through
micro-CT scanning, with significant differences observed between the
type 2 diabetic and non-diabetic samples for several parameters. Type 2
diabetic bone had significantly higher BV/TV (+22 %, p = 0.008),
trabecular thickness (+7 %, p = 0.026) trabecular number (+13 %, p =
0.016), and bone mineral density (+18 %, p = 0.027) compared to non-
diabetic controls. Type 2 diabetic bone had significantly lower tissue
mineral density (—2 %, p < 0.001) and trabecular separation (—17 %, p
= 0.002) compared to the non-diabetic controls. Type 2 diabetic bone
had a significantly lower structural model index compared to non-
diabetic. Here, the type 2 diabetic bone had a negative mean, which is
indicative of a concave surface, while the non-diabetic bone had a
positive mean, which is indicative of a convex surface. The SMI was also
closer to zero for the type 2 diabetic group, meaning the structure was
more plate-like compared to the non-diabetic group. There were no
differences in connectivity density or trabecular thickness between
groups.

3.2. Mechanical results

3.2.1. Monotonic loading

Type 2 diabetic and non-diabetic trabecular bone cores were tested
under monotonic compression. A representative stress-strain curve is
shown in Fig. 5A. Fig. 5B-H show boxplots of the mechanical properties
that were evaluated across both groups. It was found that the type 2
diabetic samples had a significantly higher apparent modulus (+26 %, p
= 0.021), yield stress (+39 %, p = 0.026), max stress (+47 %, p =
0.012), pre-yield toughness (+33 %, p = 0.029), post-yield toughness
(+59 %, p = 0.018) and toughness (+56 %, p = 0.016) compared to the
non-diabetic group, see Table 2. The results were normalised by BV/TV
(as it is the best morphological determinant of bone stiffness [60,61]).
When normalised against BV/TV (by dividing by BV/TV), all the
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previously significant properties remained significantly higher in the
type 2 diabetic group compared to the non-diabetic. The data was also
normalised using both a generalised linear model (GLM) and a power
law model (PLM), which involved fitting a linear and power law
trendline, respectively, to the data. These are both common ways to
normalise mechanical properties when dealing with bone, to separate
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the effect of the porous structure. The equations of each trendline were
then used to normalise the data using the GLM and PLM methods,
respectively, resulting in the normalised GLM and PLM data, which are
summarised in Table 3. After GLM and PLM normalisation, none of the
properties remained significantly higher in the type 2 diabetic group.

3.2.1.1. Cyclic loading. Fig. 6A shows the creep-fatigue curve consisting
of the primary, secondary, and tertiary phases of the creep response.
Fig. 6B shows the cyclic mechanical properties. It was found that the
type 2 diabetic group had higher initial modulus (420 %, p = 0.025) and
final modulus (+24 %, p = 0.032) compared to the non-diabetic group.
There were no significant differences in the initial energy dissipation,
final energy dissipation, or the number of cycles to failure when
comparing the type 2 diabetic samples with the non-diabetic samples.

3.2.1.2. Microdamage accumulation. The microdamage accumulation
volume across each group was labelled with barium sulfate precipitate
to calculate the damage volume/bone volume (Fig. 7). There was no
significant difference in the level of microdamage accumulation be-
tween type 2 diabetic and non-diabetic samples. However, there was a
significant difference in the microdamage accumulation across the me-
chanical tests carried out. In the type 2 diabetic group, the monotonic
compression sample had a significantly higher level of microdamage
compared to the cyclic sample and the non-mechanically tested control
sample. The same significant differences were present for the non-
diabetic group, with the monotonic samples having a significantly
higher level of microdamage accumulation than the cyclic and control
samples. One non-diabetic sample was incorrectly stained during this
process and was removed from the analysis.

3.2.1.3. Nanoindentation testing. Nanoindentation testing was per-
formed on trabecular and cortical tissue (Fig. 8). No significant differ-
ences were found in either elastic modulus or hardness between the non-
diabetic and type 2 diabetic groups in any of the cortical or trabecular
regions examined.
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Fig. 9. Compositional analysis of bone A) trabecular fluorescent AGEs, B) trabecular furosine, C) trabecular CML, D) cortical fluorescent AGEs, E) cortical furosine,

and cortical CML. *(p < 0.05), **(p < 0.01), ***(p < 0.001).
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Fig. 10. Mean Raman spectra of non-diabetic and type 2 diabetic cortical and trabecular bone.

Table 1
Demographics of non-diabetic and type 2 diabetic patients enrolled in the study,
where OP is osteoporosis and OA is osteoarthritis.

Table 2
Trabecular bone monotonic compression and cyclic compression measured
mechanical properties.

Demographics Non-T2D T2D
Sex Female: 8 (7 OP, 1 OA) Female: 8 (7 OP, 1 OA)
Male: 9 (1 OP, 8 OA) Male: 9 (1 OP, 8 OA)
Age 74 + 9 years 74 £+ 9 years
Disease (OP/OA) 8 OP, 9 OA 8 OP, 9 OA
hBAlc Not available 57.6 + 14.2 mmol/mol (n = 10)

3.2.2. Compositional results

3.2.2.1. Fluorescent AGE analysis and LC-MS/MS. The results from the
compositional analysis of bone are shown in Fig. 9 and Table 4. The
results of the fluorescent AGE analysis are shown in Fig. 9A-C for
cortical bone and Fig. 9D-F for trabecular bone. No differences were
found in the levels of fluorescent AGE in cortical or trabecular bone of
non-T2D compared to T2D. Levels of glycation were significantly higher
in the type 2 diabetic compared to the non-diabetic group, with higher
measurements of trabecular furosine (+40 %, p < 0.001), cortical
furosine (+65 %, p = 0.001) and cortical CML (+97 %, p = 0.004), as
shown in Fig. 9B, C and E respectively. Trabecular CML (410 %, p =
0.604) was not significantly different.

3.2.2.2. Raman spectroscopy. The chemical composition of type 2 dia-
betic and non-diabetic cortical and trabecular bone was analysed using
Raman spectroscopy. The spectra for both diabetic and non-diabetic
bone exhibited characteristic Raman bands corresponding to the min-
eral and organic constituents of bone, see Fig. 10. The observed bands
included a strong phosphate (PO4) bands at 524, 567, and 957 em L,
and carbonate (COs) bands at 1044 and 1065 ¢cm™!. Other bands were
associated with the collagen matrix, including proline and hydroxy-
proline amino acid rings at 853 and 875 cm ™, the amide ITI band (N—H
bending and G—N stretching) at 1243 and 1267 cm ™!, CHz deformation
bands of proteins at 1440 cm ™!, and the Amide I band dominated by
carbonyl stretching vibration.

To investigate conformational changes in the secondary structure of
collagen between type 2 diabetic and non-diabetic cortical and trabec-
ular bone, the Amide I band was decomposed using curve-fitting anal-
ysis. This analysis revealed four sub-bands centered at 1624, 1653,
1674, and 1698 cm ' assigned respectively to p-sheets, a-helices,
random coil, and B-turns secondary structures of collagen. Statistical

Non-T2D (n = 15) T2D (n = p-
14) Value
Monotonic compression
Apparent modulus (MPa) 605 + 175 763 + 171 0.021
Yield stress (MPa) 10.21 + 4.7 14.19 + 0.026
4.4
Yield strain (%) 1.87 +0.32 2.09 + 0.075
0.32
Max stress (MPa) 10.98 + 5.08 16.11 + 0.012
5.15
Post-yield strain (%) 7.55 + 0.54 7.31 + 0.241
0.55
Pre-yield toughness (mJ/ 0.12 + 0.07 0.16 + 0.029
mm?) 0.07
Post-yield toughness (mJ/ 0.51 + 0.25 0.81 + 0.018
mm®) 0.32
Toughness (mJ/mm®) 0.63 £+ 0.32 0.98 + 0.016
0.39
Mean intercept length 189+ 124 129 + 0.111
tensor (°) 6.71
Cyclic compression
Initial apparent modulus 676 + 188 814 + 166 0.025
(MPa)
Final apparent modulus 561 + 187 695 + 151 0.042
(MPa)
% Reduction in modulus 16.8 +17.6 15 +11.3 0.738
Initial energy dissipation 0.005 + 0.003  0.005 + 0.881
(mJ/mm?) 0.003
Final energy dissipation 0.016 + 0.007  0.016 + 0.885
(mJ/mm?) 0.007
% Increase in energy 262 £ 205 241 + 206 0.791
dissipation
Number of cycles to failure 484 + 553 2952 + 0.131
(N 3988

analysis, using analysis of variance ANOVA followed by pairwise Tukey
test, was performed on the intensity ratios of Raman bands to identify
significant changes between non-diabetic and type 2 diabetic cortical
and trabecular bone. Statistical significance is represented with asterisks
(*p < 0.05, **p < 0.01, ***p < 0.001).

From these spectra, we calculated several parameters: mineral/ma-
trix ratios such as POs/Amide I subbands (1624, 1653, 1674, and 1698
em 1), PO«/Amide 11T (1243 and 1267 cm™!), PO4/Proline (853 cm ™),
and PO4/CH2,(1440 cm ) to quantify the relative content of mineral
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Table 3
Monotonic results normalised three ways, firstly by dividing by BV/TV, secondly
by using a general linear model, and finally by using a power law model.

Normalised Non-T2D (n = 15) T2D (n = 14) p-

Value

Monotonic
compression
divided by BV/TV
Apparent modulus
(MPa/(BV/TV))
Yield stress (MPa/
(BV/TV))

Max stress (MPa/
(BV/TV))
Pre-yield
toughness (mJ/
mm?®)/(BV/TV)
Post-yield
toughness (mJ/
mm®/(BV/TV))
Toughness (mJ/
mm>/(BV/TV))

General linear model
Apparent modulus
(MPa)

Yield stress (MPa)
Max stress (MPa)
Pre-yield
toughness (mJ/
mm®)

Post-yield
toughness (mJ/
mm®)

Toughness (mJ/
mm3)

Power law model
Apparent modulus
(MPa)

Yield stress (MPa)
Max stress (MPa)
Pre-yield
toughness (mJ/
mm®)

Post-yield
toughness (mJ/
mm3)

Toughness (mJ/
mm3)

2633 + 760 3320 £ 746 0.021

44.4 + 20.4 61.8 +£19.2 0.026

47.8 + 22.1 70.1 +22.4 0.012

0.50 + 0.29 0.73+£0.30 0.042

2.21 +£1.09 3.52+1.41 0.011

2.71 £1.37 4.25+1.68 0.013

0.93 + 0.20 1.07 £0.23  0.078
0.91 + 0.25
0.88 + 0.23

0.90 + 0.30

1.09 + 0.32
1.11 £0.36
1.09 + 0.42

0.110
0.073
0.166

0.85 + 0.21 1.13+£0.49 0.063

0.86 + 0.21 1.13+£0.47  0.067

0.97 + 0.20 1.08 £0.24 0.181
0.97 + 0.26
0.95 + 0.25

0.98 + 0.33

1.12 +£ 0.36
1.15 £ 0.41
1.17 £ 0.46

0.198
0.128
0.211

0.93 + 0.23 1.19+0.55 0.116

0.93 + 0.23 1.18 £0.52  0.118

Table 4
Compositional analysis of bone with results from LC-MS/MS and fluorometric
analysis. fAGE = fluorescent AGE.

Non-T2D T2D p-Value
Trabecular furosine (mmol/mol 1.12 + 0.10 1.57 £ 0.33 <0.001
Lys)
Trabecular CML (mmol/mol Lys) 1.78 + 0.88 1.95 + 0.80 0.604
Cortical furosine (mmol/mol Lys) 0.86 + 0.16 1.42 + 0.44 0.001
Cortical CML (mmol/mol Lys) 1.05 + 0.66 2.07 £ 0.80 0.004
Trabecular fAGE ng quinine/mg 255.0 +£127.0  226.6 + 58.6 0.444
collagen
Cortical fAGE ng quinine/mg 128.5 + 39.6 135.3 +29.7 0.665
collagen

(phosphate or carbonate) to organic (collagen) components within bone,
carbonate substitution (COs/POs) to provide information on the changes
in the bone mineral composition, mineral crystallinity using the full
width at half maximum (FWHM) of the phosphate (PO.) band at 957
em™ . Collagen quality was evaluated using the matrix maturity ratio
(1674/1698), helical status (1674/1653), Hyp/Proline ratio, and Amide
I subbands/Amide III bands ratio. The results are presented in Table 5.

The mineral/matrix ratios showed significant differences between
type 2 diabetic and non-diabetic groups in both trabecular and cortical
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bone. Type 2 diabetic trabecular bone exhibited significantly higher
mineral/matrix ratios compared to non-diabetic trabecular bone. In
addition, POs/amide I sub-band ratios were on average higher in both
non-diabetic and type 2 diabetic trabecular bone compared to cortical
bone. Type 2 diabetic trabecular bone exhibited significantly higher
mineral/matrix ratios compared to non-diabetic: PO+/1653 and PO./
1698 (+63 % and 43 % respectively, p < 0.001), PO4/1267 (+27 %, p <
0.001), PO4/853 (+53 %, P < 0.001), and PO4/1440 (+19 %, p < 0.001).
Additionally, from carbonate/amide I sub-bands, CO3/1653 was the
only ratio significantly higher in type 2 diabetic compared to non-
diabetic trabecular bone (+24 %, p > 0.001), while CO3/1674 was
lower in the type 2 diabetic compared to non-diabetic trabecular bone
(=11 %, p < 0.05). In cortical bone, the only significant change observed
was a lower 957/1624 ratio when comparing the type 2 diabetic to the
non-diabetic group (—19 %, p < 0.001). The carbonate/amide I sub-
bands ratios did not show any significant differences between non-
diabetic and type 2 diabetic cortical bone. These ratios provide in-
sights into bone mineralisation and collagen content, which are
important for understanding bone quality and mechanical properties. In
cortical bone, the carbonate substitution PO4/COj3 ratio was higher by
14 % (p < 0.001) in the type 2 diabetic group, indicating a higher car-
bonate content into the bone mineral. Conversely, in trabecular bone,
the carbonate substitution ratio was lower by 15 % (p < 0.001) in the
type 2 diabetic group, suggesting a reduced carbonate content within
the mineral phase. We also compared mineral crystallinity non-diabetic
and type 2 diabetic groups for both cortical and trabecular bone. Our
results revealed that T2D affected bone crystallinity differently in
cortical and trabecular bone. In fact, there were no significant differ-
ences in the FWHM of the band at 957 cm ™! between non-diabetic and
type 2 diabetic in either the cortical or trabecular bone. However, the
intensity of this band was significantly lower in the type 2 diabetic
compared to non-diabetic trabecular bone while cortical bone did not
show any significant differences between the groups.

The matrix maturity and helical status ratios were calculated using
the intensity ratios 1674,/1698 and 1674/1698 respectively. Trabecular
bone showed higher matrix maturity and helical status on average
compared to cortical bone, with no significant differences observed
between non-diabetic and type 2 diabetic groups. The Hyp/Proline ratio
was used to evaluate the quality and stability of the collagen matrix in
bone. A significantly higher Hyp/Proline ratio was observed in type 2
diabetic compared to non-diabetic cortical bone (+26 %, p < 0.001).
This ratio did not show significant differences between groups in
trabecular bone. The Amide I/Amide III ratios were used to investigate
the organisation of the collagen matrix between non-diabetic and type 2
diabetic groups in cortical and trabecular bone. The amide I/amide III
ratios of both non-diabetic and type 2 diabetic cortical bone were on
average higher in than the corresponding trabecular bone. In addition,
this ratio did not show significant differences when comparing non-
diabetic and type 2 diabetic cortical bone. However, for trabecular
bone, we observed significantly higher ratios of 1624,/1267 cm™! and
1674/1267 cm ™ (9 % and 23 %, respectively, p < 0.001). Overall, these
results highlight the effect of T2D on the bone mineral and matrix
properties in both cortical and trabecular bone.

4. Discussion

Previous population-level studies have found that type 2 diabetic
patients have an increased fracture risk when compared to non-diabetic
patients. The present study evaluated bone composition, mechanical
properties, and microdamage accumulation of type 2 diabetic femoral
head trabecular bone tissue under monotonic and cyclic loading and has
added more information to the limited experimental data on human type
2 diabetic bone. It was found that T2D does not have a detrimental effect
on the mechanical properties of trabecular bone from the femoral head
of T2D patients. In fact, type 2 diabetic bone had higher strength, and
resistance to deformation, with higher apparent modulus, yield stress,
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Table 5
Cortical and trabecular bone compositional properties determined by Raman spectroscopy. Hyp is hydroxyproline (*p < 0.05, **p < 0.01, ***p < 0.001).
Cortical Trabecular
Phase Bands Non-T2D T2D Non-T2D Non-T2D T2D Non-T2D
(cm’l) vs T2D vs T2D
Mineral phase/ Mineral/matrix PO4/Amide I 957/1624 0.21 £+ 0.06 0.17 + 0.04 119 %) 0.25 + 0.07 0.29 £ 0.07 NS
organic phase ratio e
957/1653 0.49 £ 0.14 0.42 + 0009 NS 0.81 + 0.28 1.32 + 0.35 (163 %)
957/1674 0.26 £ 0.07 0.26 + 0.06 NS 0.35 £ 0.10 0.32 £ 0.09 NS
957/1698 0.31 £ 0.09 0.33 £ 0.08 NS 0.51 £ 0.15 0.73 £ 0.19 (143 %)
PO4/Amide III 957/1243 0.72 £0.15 0.74 £ 0.02 NS 0.67 £ 0.14 0.72 £ 0.14 NS
957/1267 0.22 £ 0.05 0.21 + 0.04 NS 0.30 £+ 0.08 0.44 £ 0.10 (127 %)
Fekk
PO,4/Proline 957/853 1.77 £ 0.44 2.18 £0.58 (123 %)** 1.5+ 0.35 2.14 £ 0.55 (153 %)
ok
PO4/CHy 957/1440 0.28 £ 0.07 0.36 + 0.08 (129 %) 0.31 £+ 0.08 0.37 £ 0.09 (119 %)
CO3/Amide I 1065/1624 0.65 £+ 0.08 0.60 + 0.07 NS 0.74 £ 0.09 0.69 £ 0.10 NS
1065/1653 1.89 + 0.27 1.84 +0.31 NS 2.63 £ 0.44 3.27 £ 0.62 (124 %)
1065/1674 1.03 +£0.14 0.94 +0.14 NS 1.10 £ 0.15 0.97 £ 0.16 (111 %)**
1065/1698 1.14 £ 0.17 1.25+0.18 NS 1.77 £ 0.33 1.60 + 0.25 NS
Mineral phase Carbonate CO3/PO4 1065/957 2.95 £ 0.67 3.36 £ 0.68 (114 %) 2.74 £ 0.56 2.32 £ 0.46 (115 %)
substitution ik bkl
Crystallinity PO, 957 32.76 £ 11.0 33,01 +1.00 NS 29.99 + 1.14 28.40 + 1.06 (15 %)***
(intensity)
957 24.99 + 0.43 25.00 + 0.4 NS 25.45 + 0.42 25.67 +£0.45 NS
(FWHM)
Organic phase Matrix maturity Amide sub 1674/1698 1.13 £0.21 1.09 £ 0.21 NS 1.31 £0.31 1.40 £0.31 NS
Helical status band ratios 1674/1653 1.75 £ 0.29 1.68 + 0.32 NS 2.49 +0.63 2.62 +0.58 NS
Hyp to proline 875/853 7.33 £1.84 9.24 + 2.31 (126 %) 4.37 £ 0.92 4.78 £ 1.00 NS
ek
Amide I/Amide 1624/1243 2.69 £+ 0.61 3.21 +£1.04 NS 1.82 +0.38 1.84 + 0.41 NS
il 1653/1243 1.01 £0.33 1.10 £ 0.38 NS 0.41 +£0.14 0.44 £ 0.13 NS
1674/1243 1.84 £0.48 1.94 £ 0.67 NS 1.43 £0.37 1.30 £ 0.33 NS
1698/1243 1.33 £ 0.37 1.61 + 0.55 NS 0.82 +£ 0.25 0.80 £+ 0.22 NS
1624/1267 1.38 £ 0.10 1.41 +£0.13 NS 1.38 £0.13 1.50 +1.18 (19 %)***
1653/1267 0.45 £+ 0.05 0.46 + 0.06 NS 0.32 £ 0.07 0.30 £ 0.06 NS
1674/1267 0.84 £ 0.09 0.82 +£0.12 NS 0.81 +£0.13 1.00 + 0.17 (123 %)
1698/1267 0.66 £ 0.11 0.66 + 0.08 NS 0.55 £ 0.10 0.56 £ 0.11 NS

max stress, pre- and post-yield toughness, and toughness. These findings
are similar to the majority of other recent studies that have found no
reduction in mechanical properties of type 2 diabetic trabecular bone
[29,30,33] compared to non-diabetic controls. Furthermore, under cy-
clic loading, there were no significant differences in the number of
cycles-to-failure, compared to controls. While elevated levels of AGEs
were found in type 2 diabetic bone, along with distinct changes in the
mineral-to-matrix ratio, mineral phase, and organic phase, it was found
that T2D does not impair the mechanical properties of trabecular bone
from the femoral heads of T2D patients. This suggests that other
mechanisms may be responsible for the increased fracture risk seen in
T2D patients.

These results are broadly in line with earlier research showing that
T2D patients have either a denser or preserved trabecular micro-
architecture compared to non-diabetic controls [29,42,62-64]. Struc-
tural analysis revealed a greater bone volume, trabecular thickness, and
trabecular number in the type 2 diabetic samples compared to non-
diabetic samples, although lower tissue mineral density and trabecular
separation were found in the type 2 diabetic samples, while connectivity
density was not significantly different. Other studies have found denser
or maintained trabecular microarchitecture in populations with pre-
dominantly well-controlled or early-stage T2D [42,62]. However, longer
disease duration or the presence of comorbidities can result in impaired
microarchitecture, with reductions in bone volume fraction reported in
T2D patients who have undergone a fragility fracture with a mean
duration of disease of 7.5 years [31]. The preserved trabecular micro-
architecture in T2D could be a result of an anabolic reaction brought on
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by hyperinsulinemia [65], remodelling adjustment to higher BMI, or the
altered remodelling process seen in T2D. In the current study, the BMI of
the T2D patients was unfortunately not available. However, generally,
patients with T2D tend to have higher BMI compared to people in good
health [64].

Raman spectroscopy indicated that the composition of the bone
matrix was altered in the type 2 diabetic group compared to the non-
diabetic bone. The type 2 diabetic trabecular bone had a higher
mineral-to-matrix ratio, a lower carbonate substitution, and crystallinity
compared to the non-diabetic trabecular bone. These compositional
changes could be, in part, linked to the altered mechanical properties in
type 2 diabetic trabecular bone found in this study. Higher mineral-to-
matrix ratio has been linked to higher strength in cortical bone
[66,67] so this could contribute to the higher effective strength of the
trabecular samples obtained here under monotonic loading. However, it
should be noted that if the bone becomes too mineralised, it can become
brittle and be more likely to fracture. The precise role of both carbonate
substitution and crystallinity and their effect on the mechanical prop-
erties of bone remains poorly understood [67]. Some studies have found
that higher carbonate substitution was linked to reduced strength [67]
and fragility [68], while others have found that lower carbonate sub-
stitution was linked to fragility [69]. Higher crystallinity has also been
linked with increased strength [67] and stiffness and decreased ductility
[70], suggesting lower crystallinity would lead to the opposite. How-
ever, despite the type 2 diabetic group having lower crystallinity there
was no reduction in mechanical properties. Additionally, the differences
in mineral-to-matrix ratio, carbonate substitution, and crystallinity
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suggest an altered remodelling process is occurring in T2D compared to
non-T2D. Studies that investigated the bone tissue composition of T2D
patients using different methods found varying results, with several
studies finding no difference in compositional features [71,72] Other
studies have observed different matrix composition. Sihota et al. [31]
used FTIR and found a lower mineral-to-matrix ratio and enzymatic
crosslink ratio, and a higher non-enzymatic crosslink ratio in T2D pa-
tients. Rokidi et al. [73] also used Raman and found no difference in the
mineral-to-matrix ratio but an increase in mineral crystallinity in T2D
patients compared to non-T2D controls. Rodic et al. [74] used Raman
and found a higher carbonate substitution in the cortical bone of the
buccal cortex of T2D patients but no difference in the mineral-to-matrix
ratio. Further research is needed to elucidate the precise compositional
characteristics of type 2 diabetic bone.

Bulk measurement of total fluorescent AGEs revealed no significant
differences between T2D and non-T2D, which is similar to findings
across several recent studies that have also measured bulk fluorescent
AGEs [29,30]. However, other studies have found differences in bulk
fluorescent AGE accumulation [31,62,75]. In the current study, there
were significant changes in non-fluorescent AGEs in type 2 diabetic
bone, reporting for the first time higher levels of furosine present in
cortical and trabecular bone, while also observing higher levels of CML
in cortical bone, which has been shown previously [73,76]. Recently,
Arakawa and colleagues found that, of the AGEs that are currently
quantifiable, adducts are considerably more abundant than crosslinks by
at least an order of magnitude [77]. This highlights the importance of
measuring not only the bulk fluorescent AGEs but also specific non-
fluorescent and adduct AGEs such as CML.

Under monotonic loading, it was found that the apparent modulus,
yield stress, maximum stress, pre-yield toughness, post-yield toughness,
and toughness were significantly greater for the type 2 diabetic
trabecular samples compared to the non-diabetic samples. In the present
study, multiple normalisation methods were used to provide a
comprehensive analysis and to highlight how different approaches can
influence the interpretation of the data. When normalised by dividing by
the respective bone volume fraction, the max stress, pre-yield toughness,
post-yield toughness, and toughness remained significantly higher.
These results suggest that the type 2 diabetic samples had improved
tissue-level properties, with higher strength and resistance to deforma-
tion. However, it should be noted these significant differences were no
longer evident when normalised using GLM and PLM. This indicates that
the variation in bone density is a major contributing factor to the
observed mechanical differences. These findings are similar to those of
Hunt et al. [29] who found a higher modulus, yield stress, and ultimate
stress in type 2 diabetic samples at the apparent level that remained
higher when normalised by bone volume fraction, although the post-
yield properties did not differ across groups. Several other studies
[30,75] have found no differences in the apparent mechanical properties
of type 2 diabetic bone. Another study [31] found impaired apparent
level properties along with a lower bone volume fraction in the type 2
diabetic group. Similarly, the results from cyclic testing of the bone
revealed that the initial apparent modulus and the final modulus were
higher for the type 2 diabetic samples. There was no difference in the
percentage reduction in modulus between the first and final cycles, nor
were there differences between the initial or final energy dissipation or
strain energies. Interestingly, this current study found that the number
of cycles to failure for type 2 diabetic samples were not significantly
different compared to non-diabetic samples this is despite the greater
toughness found in the type 2 diabetic monotonic samples. However,
reconciling the cyclic and monotonic loading results requires consid-
ering the differences in these tests and what they measure. The cyclic
test measures how many repeated loads the material can withstand
before failure. It focuses on fatigue properties and microstructural
damage accumulation. The monotonic test, on the other hand, measures
how much energy the material can absorb under a single, continuously
increasing load. This reflects overall toughness and the material's
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resistance to crack initiation and propagation. The overall microdamage
accumulation volume between groups was similar for all loading sce-
narios. Sacher et al. [42] also found that total damage accumulation did
not differ in type 2 diabetic samples compared to non-diabetic samples
following monotonic testing. Nanoindentation results fell within the
range reported for human trabecular and cortical bone at the femoral
neck [78], but no differences in tissue-level properties were observed.
This finding is in line with a recent study [79] that also found no dif-
ferences between type 2 diabetic and non-diabetic cortical bone using
nanoindentation. Other studies have found impaired tissue-level me-
chanical properties through nanoindentation [31] and cyclic reference
point indentation [30]. This may be explained by the fact that the cohort
used in Sihota and colleagues' study consisted of first fragility fracture
patients and the different test method used by Karim and colleagues.
While AGE accumulation is hypothesised to cause increased fracture risk
in T2D patients, no supporting evidence of this was found, with no
significant difference in microdamage accumulation between groups.
These changes coincided with higher mechanical properties under both
monotonic and cyclic loading. Currently, there is a lack of in vivo and ex
vivo human experimental evidence that quantitatively links AGE accu-
mulation to increased bone fragility in T2D. Given these findings, there
is still much to be understood about AGEs and their effects on bone, and,
in particular, the impact that AGE adducts have on the mechanical
properties of bone needs to be better understood [18]. This under-
standing needs to apply to both cortical and trabecular bone as they both
play an important role in resisting fracture [80,81], particularly as it has
been suggested that cortical bone may be primarily responsible for hip
fractures that occur in the femoral neck [82].

There are some limitations associated with this study. The primary
limitation of the study was the patient data information, which had
limited information on factors such as BMI, HbA1C, disease duration,
and long-term disease management. Fracture risk is influenced by T2D
disease control and duration and therefore the results cannot be related
to control or duration. While the results of this study are not controlled
for disease control or duration, the samples came from sex, age, and
disease-matched individuals with (clinically diagnosed osteoporosis)
and without fractures (clinically diagnosed osteoarthritis), for details
see Table 1. While the samples were disease-matched, the disease
severity of the osteoporosis and osteoarthritis was not a metric that was
captured. Another limitation is that bone from the femoral head was
used instead of the femoral neck, which is a more common fracture site.
This was done to ensure the results were comparable as not all explants
had sufficient tissue in the femoral neck to extract samples. Finally, the
applied cyclic strain was higher than physiological strain [83], however
they are still below levels of uniaxial yield strain [84]. By using the
selected strain range it was possible to induce detectable microdamage
while preventing excessive degradation of the material caused by
external environmental factors. This is the first study to report an in-
crease in the early AGE marker furosine in type 2 diabetic bone. This
study is also the first to characterise the cyclic behaviour and subsequent
microdamage accumulation of type 2 diabetic bone.

5. Conclusions

This study complements the increasing body of recent research on
the biomechanics of type 2 diabetic trabecular bone. It was found that
the mechanical properties of trabecular bone from the femoral head of
T2D patients were not impaired by the condition. In fact, type 2 diabetic
bone had higher yield and maximum strength and greater resistance to
deformation compared to controls, despite significantly greater levels
for some AGEs. Distinct changes were observed in both the organic and
mineral phases of the bone tissue matrix through compositional analysis,
including a higher mineral-to-matrix ratio, a lower carbonate substitu-
tion, and crystallinity. These changes were found to correspond with
higher mechanical properties under monotonic loading. These results
are consistent with earlier investigations that also found no significant
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reduction in mechanical properties of trabecular bone from patients
with T2D. According to this study, T2D does not impair the mechanical
properties of trabecular bone in the femoral head, suggesting that other
processes may be responsible for the increased risk of fractures in T2D.
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