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The incidence of diabetes mellitus and the associated complications are growing worldwide, affecting the pa-
tients’ quality of life and exerting a considerable burden on health systems. Yet, the increase in fracture risk in
type 1 diabetes (T1D) patients is not fully captured by bone mineral density (BMD), leading to the hypothesis that
alterations in bone quality are responsible for the increased risk. Material/compositional properties are impor-
tant aspects of bone quality, yet information on human bone material/compositional properties in T1D is rather
sparse. The purpose of the present study is to measure both the intrinsic material behaviour by nanoindentation,
and material compositional properties by Raman spectroscopy as a function of tissue age and microanatomical
location (cement lines) in bone tissue from iliac crest biopsies from postmenopausal women diagnosed with long-
term T1D (N = 8), and appropriate sex-, age-, BMD- and clinically-matched controls (postmenopausal women; N
= 5). The results suggest elevation of advanced glycation endproducts (AGE) content in the T1D and show
significant differences in mineral maturity / crystallinity (MMC) and glycosaminoglycan (GAG) content between
the T1D and control groups. Furthermore, both hardness and modulus by nanoindentation are greater in T1D.
These data suggest a significant deterioration of material strength properties (toughness) and compositional
properties in T1D compared with controls.

1. Introduction balance, reduced muscle strength, and vision problems among others),

and compromised bone quality [1], the latter including the structural

In the clinic, bone mineral density (BMD) by dual X-ray absorpti-
ometry (DXA) measurements, complemented by algorithms such as
Fracture Risk Assessment Tool (FRAX) are the mainstay in the estima-
tion of fracture risk. The incidence of diabetes mellitus and the associ-
ated complications are growing worldwide, affecting the patients’
quality of life and exerting a considerable burden on health systems
[1,2]. Yet, the increase in fracture risk in type 1 diabetes (T1D) patients
is not fully captured by bone mineral density (BMD) [1,3]. This increase
in fracture risk occurs at all ages and in both genders and worsens with
age [1]. Higher rate of fractures in T1D have also been attributed to
increased risk of falls due to diabetes-related complications (diminished

and material/compositional properties of bone [4].

Quantitative computed tomography investigations indicate that T1D
affects mostly the cortical bone structure, while alterations in the
cancellous compartment (thinner, wider spaced trabeculae) are affected
to a lesser extent [5]. Studies in patients with T1D have also indicated an
association between microvascular complications (associated with
increased oxidative stress) and bone structural deficits [5], with reports
suggesting that microangiopathy may have a more pronounced adverse
effect on hip structure [6,7].

Information on human bone material and compositional properties
in T1D is rather sparse [5]. In a study involving iliac crest biopsies from
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age- and sex-matched non-fracturing T1D patients as well as healthy
age- and sex-matched controls, it was shown that trabecular bone from
fracturing T1D had higher levels of pentosidine compared to healthy
controls, and was more mineralized compared to either nonfracturing
T1D patients or healthy controls [3]. On the other hand, no differences
were evident between these three groups by either micro- or nano-
indentation [3].

In the present study, we used quasi-static nanoindentation to quan-
tify local/intrinsic material properties of modulus (GPa) and hardness
(GPa) in the interstitial region and the cement lines of iliac crest biopsies
obtained from postmenopausal women diagnosed with T1D (N = 8,
T1D; duration of disease >10 years), and age- and BMD-matched post-
menopausal women controls (N = 5, Control). Following this, the bi-
opsies were analysed for compositional / material properties by Raman
spectroscopy. The monitored properties are greatly dependent on tissue
age [8], such that the measurements were performed at precisely known
tissue ages and interstitial bone in both cancellous and cortical com-
partments, as well as cortical cement lines with prior nanoindentations.

2. Materials & methods
2.1. Patients

The Control group (N = 5) consisted of postmenopausal patients,
while the T1D group (N = 8) of age- and BMD-matched postmenopausal,
non-fracturing type 1 diabetics. All participants were Caucasian, >50
years old and 5 years past the onset of menopause and had diabetes for
10-50 years (mean duration of diabetic disease 34 + 13 yrs., Table-1).
All the subjects, T1D and Control, were free of diagnoses (fractures)
other than diabetes, and had DXA T-scores at the total hip and lumbar
spine between —1.0 and — 2.5. Each Control subject was matched to the
T1D with the following criteria:1. DXA measures (BMD, gm/cm) was
within +/— 10 % in the spine and hip, 2. Body mass index (BMI) was
within +/— 10 %, and 3. Age within +/— 5 years. The clinical charac-
teristics are summarized in Table 1.

Prior to undergoing biopsies, each subject received in vivo double
tetracycline labelling. The oral tetracycline HCl schedule was 250 mg
four times daily, three days on, 14 days off, three more days on and then
biopsy 5-14 days later [9-11]. All analysed biopsies in the present
report were embedded in low viscosity quick setting EpoThin plastic
material (Buehler, IL, USA) as described elsewhere [12].

2.2. Nanoindentation

The localized mechanical properties (modulus and hardness) were
measured using a Hysitron TI 950 Triboindenter. Through quasi-static
nanoindentation, we quantified local/intrinsic material properties of

Table 1
Clinical characteristics of the two patient groups analysed. Mean + SD values
are shown, along with the p-values of the statistical comparisons.

Control T1D p-Value

Age (yrs) 59+29 60.6 + 4.5 0.73

BMD 0.853 + 0.033 0.794 + 0.062 0.295
Hip T-score —-0.7 £0.3 -1.2+05 0.354
Height (cm) 165.24 + 3.3 165.13 £ 7.17 0.231
Weight (kg) 68.92 + 6.97 68.66 + 5.89 0.517
BMI 25.24 + 2.43 25.38 + 3.79 0.546
HgAlc 5.45 £+ 0.40 7.41 £ 0.81 0.001

All participants were postmenopausal (at least 5 years) Caucasian women with
no history of skeletal fractures. The T1D participant had diabetes for at least at
10 years (34 + 13 yrs. duration of disease). There are no differences between the
two groups in all the clinical data collected (age, BMD, BMI) except hemoglobin-
HgAlc, which is greater in T1D group. The comprehensive metabolic panel-CMP
and bone-turnover markers were in the normal range for both the T1D and
Controls.
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modulus (GPa) and hardness (GPa) in interstitial regions (Supplemen-
tary Fig. 1-A), and the cement lines (CL, Supplementary Fig. 1-B) of the
iliac crest bone biopsies (cortical). Several indentations (with ~10 pm
spacing) were made with a Berkovich tip and a targeted maximum force
of 6 mN (milliNewtons) at a constant loading rate of 400 uN/s (micro-
Newtons per second). The indentation procedure included a linear
loading ramp of 15 s, a holding period of 10s at the maximum load and a
linear unloading ramp of 15 s. A Poisson’s ratio of 0.3 was assumed for
bone tissue in calculations for the analysis [12].

2.3. Raman analysis

Raman spectra were obtained with a confocal Raman spectrometer
(Renishaw InVia Qontor, www.renishaw.de). These spectra were
collected at the interstitial (Fig. 1A), cement lines (Fig. 1B), and actively
bone forming osteons with evident fluorescent labels (Fig. 1C). A
continuous laser beam with an excitation of 785 nm and power of 10
mW was focused through a Raman microscope (Leica DM2700M), using
the 50x objective, down to a micrometer-sized spot on the sample. The
instrument was operated in a temperature-controlled room (constant
temperature of 20° C), to minimize any potential performance vari-
ability due to ambient temperature fluctuations. All Raman spectra were
obtained in confocal mode (1 pm below the biopsy surface). The inte-
gration time was 10s and co-additions were 10 to improve the signal-to-
noise ratio (SNR; minimum SNR for a peak to be considered acceptable
was 3 [13]). Spectra of pure embedding material from every biopsy
block were also obtained to check the consistency of the instrument
between the different biopsies. Spectra were cut (350-1800 cm ™) and
baseline corrected (5-point rubber band) to account for fluorescence
background. No further spectra manipulation was performed. If cosmic
spikes were evident in any of the collected spectra, these were rejected
from further consideration rather than applying smoothing or spike
removal algorithms. The following parameters were calculated (Wire5.4
software Renishaw and Opus 8.5 software Bruker) as described else-
where [14]:

i) Mineral/matrix ratio (MM). The mineral/matrix ratio (MM) from
the integrated areas of the voPO4 (410-460 cm™!) and the amide
IIT (1215-1300 cm™ 1) bands, which, is independent of tissue or-
ganization / orientation [15], takes into account the amount of
organic matrix content in the microvolume analysed.

ii) Mineral maturity/crystallinity (MMC). The mineral maturity/
crystallinity (MMC) of the bone mineral apatite crystallites,
approximated from the inverse of the full width at half height
(FWHH) of the v;PO, (930-980 cm™!) band

iii) Tissue water content. Sub-micron pore tissue water content (TW;
nanoporosity), approximated by the ratio of the integrated areas
of the spectral slice 494-509 em ! (embedding material) to
Amide III band.

iv) Relative lipid content. The relative lipid content was expressed as

the ratio of the integrated area of the lipids band ~1298 em~l/

amide III.

Glycosaminoglycan. The glycosaminoglycan (GAG) content

expressed as the GAG / matrix ratio (the ratio of the integrated

areas of the proteoglycan/CHj; [1365-1390 cm '] band [repre-

sentative of mucopolysaccharides] to the Amide III [1215-1300

em 1] band).

vi) Pyridinoline. The pyridinoline (Pyd; enzymatic trivalent collagen
cross-link) content was calculated as the absorbance height at
1660 cm™ / area of the amide I (1620-1700 cm™).

vii) Advanced glycation endproducts. The content of two advanced
glycation endproducts (AGEs), namely CML (e-N-Carboxymethyl-
1-lysine) and PEN (Pentosidine) from the integrated area ratio of
bands at 1150 (representative of NHy groups present in CML)
cm ! or 1495 (PEN) cm ! / 1450 cm ™! (methylene side chains
(CH2)).

v

—
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Fig. 1. Results of nanoindentation experiments at cement lines (top row) and in interstitial bone (bottom row). At both anatomical locations, long-term T1D
postmenopausal patients had significantly higher modulus and hardness values compared to age-matched controls (* p < 0.05).

viii) Glucose (Glu) content. The tissue preparation and embedding
protocols utilized in the present study allowed for the determi-
nation of glucose content based on the ratio of the integrated
areas of a peak ~1345 cm ! [18,19], to Amide III.

2.4. Raman area of analysis selection criteria

The following microanatomical areas were analysed: i) osteoid: a
surface with evident tetracycline labels, 1 pm distance from the miner-
alizing front, and for which the Raman spectra showed the presence of
organic matrix but not mineral [20], ii) TAl: mid-distance between the
second fluorescent label and the mineralizing front, iii) TA2: mid-
distance between the two fluorescent labels, iv) 1 ym behind the first
fluorescent label, v) Interstitial bone: geometrical centers in cortical and
cancellous compartment, away from surfaces with evident fluorescent
labels, and vi) Cement lines that were previously indented. In these
areas, we obtained Raman spectra on the cement line, 2 pm away from
the indents, as well as 2 pm from the indents of both inside (towards the
Haversian canal) and outside of the cement line. Typical pictures of the
areas of analysis are shown in Supplementary Fig. 1. For each iliac crest
biopsy considered, three areas were considered, the average value
calculated at equivalent ones and treated as a single statistical unit.

2.5. Statistics

Osteoid data between groups were compared with either unpaired t-
tests or Mann-Whitney test depending on whether the values were
normally distributed or not (Kolmogorov Smirnov test).

Data obtained in anatomical areas ii — v were compared by 2-way
ANOVA with patient group and tissue age as the two factors, followed
by Tukey’s multiple comparison test.

Data obtained at cement lines were compared by 2-way ANOVA with
patient group and location with respect to the cement line as the two
factors, followed by Tukey’s multiple comparison test. Nanoindentation
variables (modulus and hardness) were compared using one-way

ANOVA. Correlations between nanoindentation and Raman outcomes
in the anatomical area of cement lines were explored by Pearson or
Spearman test (depending on whether data were normally distributed or
not, by Kolmogorov-Smirnov test). In all instances, significance was
assigned to p < 0.05.

3. Results

Nanoindentation experiments indicated that T1D at both cement
lines (Fig. 1, top row) and in interstitial bone (Fig. 1, bottom row) had
significantly (p < 0.05) higher modulus (Fig. 1A and C, respectively) and
hardness (Fig. 1B and D, respectively).

No differences were evident in interlabel distance (IrLD) between
T1D and Controls (data not shown), indicating similar rates of new bone
formation at actively forming intracortical and trabecular (cancellous)
surfaces.

Raman analysis indicated differences in the osteoid composition
between the two groups. Specifically, T1D had significantly lower GAG
content (p < 0.05) in the osteoid of both intracortical (Fig. 2A) and
trabecular (Fig. C) surfaces, and reduced TW (p < 0.05) at the trabecular
forming surfaces (Fig. 2B).

MM was similar between the two patient groups in both anatomical
compartments (data not shown). While MMC between the two groups
was similar in the cortical compartment (data not shown), T1D had
significantly higher values in the cancellous bone (p < 0.0001), while
Tukey’s post-hoc tests showed that T1D had higher MMC compared to
Controls at TA1 (p < 0.0001) (Fig. 3B). T1D had significantly lower
tissue water content compared to Controls in both anatomical com-
partments considered (p = 0.03 for cortical, and 0.002 for trabecular)
(Fig. 3A and C, respectively). There were no differences in lipids content
in either intracortical or cancellous compartments (data not shown).
Finally, T1D had significantly lower (p = 0.0004) GAG content in
trabecular bone (Fig. 3D), but not in the intracortical (data not shown).

Pyd enzymatic collagen cross-links were similar between the two
patient groups in both anatomical compartments (data not shown). On

Descargado para Lucia Angulo (lu.maru26@gmail.com) en National Library of Health and Social Security de ClinicalKey.es por Elsevier en septiembre 18,
2023. Para uso personal exclusivamente. No se permiten otros usos sin autorizacion. Copyright ©2023. Elsevier Inc. Todos los derechos reservados.



W. Qian et al.

7))
2
o
Wl
[
(7
o
-
<
O
-
(a'd
o
o
0.10-
€ o
2 0.084 o
g - 0084 | %
= g -
o
tj = 0.04- -
e} o . -ié?—
< 2
m 2 0.02" -
- =
0.00 '

1
B Control T1D

Bone 174 (2023) 116832

0.15-
E *
@ 0.10 .
<+
c
[}
o i a
(0] o
< 0.05- ° -
o e
a
a
0.00 ’ ’
Control T1D
0.08-
N *
o0
‘E 0.06" - o
3 [>) a
c
S 0.04- §E
o a®
<
O 0.02-
0.00 Y

T
¢ Control T1D

Fig. 2. Raman analysis of the osteoid composition at intracortical (osteons; top row) and trabecular (bottom row) forming surfaces. Long-term T1D postmenopausal
patients had lower glycosaminoglycan (GAG) content at both surfaces and reduced sub-micron pores tissue water content at trabecular surfaces, compared to age-

matched controls (* p < 0.05).

the other hand, significant differences were evident between the two
groups when non-enzymatic collagen cross-links were considered. Spe-
cifically, T1D had significantly elevated CML values in the trabecular
(cancellous) bone (p = 0.0003) (Fig. 4C) but not in the intracortical
region (data not shown), and PEN content greater in both cortical (p =
0.048) and trabecular bone (p < 0.0001) (Fig. 4 A and D, respectively).
Finally, T1D had lower glucose content compared to Controls in both
cortical and trabecular bone (p = 0.019, and < 0.0001, respectively)
(Fig. 4 B and E, respectively).

Comparisons in the area of indented cement lines (Fig. 5) revealed
that T1D had different MMC (Fig. 5A), as well as elevated CML and PEN
content (Fig. 5 D and E, respectively), and reduced Pyd (Fig. 5C) and
glucose (Fig. 5B) content compared to Controls.

There were no significant correlations between nanoindentation and
Raman outcomes right on the cement lines. On the other hand, when the
slopes of the lines defined by the three-point Raman analysis were
performed, significant correlations existed (Table 2). In particular, sig-
nificant direct correlations were evident between both Controls’ and
T1D’s MMC and Hardness, and negative ones between TW and T1D
patients Hardness values.

4. Discussion

The present study analysed iliac crest bone biopsies from post-
menopausal women with long term T1D, and age- and BMD-matched
controls, using nanoindentation and Raman microspectroscopy. The
results indicate that T1D had higher modulus and hardness suggesting
that T1D bone tissue is more brittle and prone to fracture, along with
altered MMC, and non-enzymatic cross-links and glucose and GAG
content compared to Controls. Moreover, the results indicate significant

differences in mechanical and compositional/quality indices at cement
lines.

Bone’s resistance to fracture is determined by three mechanical at-
tributes: stiffness (often measured by elastic modulus), strength and
toughness (Wagermaier, Klaushofer et al. 2015) [26]. While stiffness is
determined by the mineral content as well as collagen fiber orientation
and size and shape of mineral crystallites, the toughness is dependent on
imperfections within the bone material, especially at interfaces, and
incorporates properties of the organic matrix [26]. Fragility fractures
are mostly due to compromised toughness [25,26], whose role may not
be fully captured by BMD considerations alone. In the present work we
measured localized modulus and hardness, both of which positively
correlate with mineral content [68]. However, there is a 7 % (non-sig-
nificant) difference in BMD between the two groups which could be
clinically meaningful.

The findings of increased modulus and hardness in T1D despite
similar BMD values with Controls, strongly advocate differences in bone
quality, and are congruent with stiffening of collagen resulting from
higher AGEs content. In addition, the lower GAG contents in the osteoid
suggest a lower water content of bone tissue [24], and therefore, further
stiffening or hardness in T1D (Fig. 2). Additional, research and data will
help to confirm the cause of stiffness increase and toughness decline in
T1D bone tissue. Differences in bone compositional/material properties
between T1D and Controls were also observed. It has been previously
reported that activation frequency is decreased in T1D patients [6]. In
the present study, Raman analysis was performed in bone areas of
similar tissue age, thus any differences are in addition to potential dif-
ferences due to altered activation frequency. This is supported by the
observation that there were no significant differences in interlabel
(IrLD) distance at either osteonal or trabecular (cancellous) surfaces
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Fig. 5. Summary of significant differences between long term T1D postmenopausal patients and age-matched controls in the area of cement lines. T1D patients had altered mineral crystallinity (MMC) values compared
to controls. Moreover, cement lines of T1D patients had elevated CML (e-N-Carboxymethyl-1-lysine) and PEN (Pentosidine) content, and reduced pyridinoline (Pyd) and glucose content compared to age-matched
controls.

p-values shown are of the 2-way ANOVA, while asterisks denote significance based on the post-hoc tests (** p < 0.01, Controls vs. T1D at equivalent anatomical locations per Tukey’s post hoc test).
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Table 2
Correlations between nanoindentation and Raman outcomes.

Control hardness T1D hardness (GPa)

(GPa)
MMC 0.8794 (1) 0.9614 (1)
0.0494 (p) 0.0006 (p)
—0.8683 (1)
™ - 0.0112 (p)
—0.8691 (1)
PEN - 0.0111 (p)

between the two patient groups, indicating that although the number of
BMUs (basic multicellular units or bone remodelling period) may be
different between T1D and Controls, the rate of organic matrix deposi-
tion is similar in both groups.

The GAG content was reduced in T1D in both osteoid (freshly
deposited, unmineralized tissue) as well as trabecular mineralized tis-
sue. The decrease in osteoid, may be due to a decrease in proteoglycan
synthesis coupled with an increase in destruction due to upregulation of
enzymes degrading GAGs or destruction by reactive oxygen species
[21]. T1D had also lower GAG content in mineralized trabecular bone
but not in cortical. Based on the experimental design of the present
study, no definite explanation may be offered for the lack of differences
in the cortical bone. One of the many roles proteoglycans play in bone
homeostasis, is keeping osteocyte canaliculi free of mineral [16]. Thus,
the lower GAG content in the mineralized bone tissue of the T1D may
signify an altered canalicular network in these patients compared to
controls, a hypothesis that would be in agreement with the findings in an
animal model of T1D [22]. The difference between Controls and T1D
may be further attributed to the fact that in an ovariectomized animal
model, it was shown that estrogen depletion resulted in the enlargement
of canalicular size [23]; in the present study, the Control group consists
of postmenopausal women. Finally, it has been shown that there is a
direct correlation between tissue GAG content and bone toughness [24].
Thus, the decrease in GAGs in T1D is expected to decrease toughness,
causing an increase in modulus and hardness (as reported here) as these
metrics are inversely related to toughness.

T1D had reduced TW content in the trabecular osteoid, in agreement
with the lower osteoid GAG content, as most of the tissue water is
adsorbed onto the GAGs of the proteoglycans [27]. The lack of any
differences in this metric in the cortical (osteons) osteoid may be due to
differences in osteoblastic output due to different surface curvature
[28-33]. TW was also significantly reduced in T1D compared to Con-
trols in both the cortical and trabecular bone’s compartments. Bone
tissue water is an important modulator of bone’s mechanical attributes
[34-39], while it has been suggested that water-generated tensile forces
may play a pivotal role in the mechanical properties of collagen-based
materials such as bone [40,41]. Thus, it is plausible that the reduced
content in T1D compared to Controls contributes to the increase in
fracture risk inherent with these patients. Unfortunately, the analysed
bone tissue was embedded rather than fresh, it was impossible to
determine other types of tissue water [42-45].

Among the various non-enzymatic collagen cross-links (AGEs),
carboxymethyl-lysine (CML) and pentosidine (PEN) are the most
extensively studied to date. In mineralized tissues, AGEs formation and
accumulation associates with more brittle bone, and is believed to be a
major culprit in the increased fracture incidence evident in diabetes
[46,47]. In an animal model of T1D, they have been shown to correlate
inversely with macroscopic bone toughness [48]. In the present study,
PEN was significantly elevated in T1D in both cortical and trabecular
bone tissue, while CML content was elevated in trabecular (cancellous)
bone compared to Controls, in agreement with what has been reported
for diabetes. The elevated AGEs content in T1D patients would be
consistent with the observed increased modulus and hardness since both
are inversely related to toughness. On the other hand, we are uncertain
how this translates to fragility fracture occurrence as a recent review
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article pointed out, that we cannot be certain whether AGEs are causing
or are just associated with fragility fractures [49], while another
concluded that increases in AGE content (induced through ribose incu-
bation) may not be sufficient to affect the fracture toughness of human
cortical bone [50].

Glucose (Glu) content within mineralized bone tissue decreased in
T1D compared to control. The important role of vascular supply for bone
formation, remodelling, and fracture repair is well documented [51,52].
A common complication of Type 1 diabetic patients is microvascular
disease resulting in reduced blood flow [5]. Thus, bone tissue’s lower
glucose levels observed in the present study may be attributable to
reduced blood flow in T1D. The decreased glucose content may seem
counterintuitive in view of the increased AGEs (CML and PEN), unless
one considers that AGEs do not form on collagen exclusively, but rather
on oxidized proteins and lipids [17,53]. One plausible scenario consis-
tent with these two observations would be that although the glucose
content is decreased, the available substrata for AGEs formation are
increased.

Using our recruitment criteria, no fracturing TD1 or Controls were
selected. There were no differences in Pyd enzymatic collagen cross-
links content between the two groups in either the osteoid or the
mineralized tissue. This organic matrix quality index has previously
been shown to correlate with fragility fracture occurrence, independent
of clinical indicators of fracture risk such as BMD by DXA [54-60]. Thus,
the lack of differences in Pyd between the two groups analysed in the
present study is encouraging. The results of the present study suggest
that enzymatic collagen cross-links may be the real culprit in diabetes
fragility fractures, a hypothesis we plan to test in future experiments.

Fragility fractures are mostly attributed to compromised toughness
[25] which depends on interfaces within the bone material [26]. Thus,
in the present work we focused on the transition (inside the osteon,
through the cement line, out to interstitial bone) at cement lines, a major
bone interface. Right on the cement lines, T1D patients were found to
have greater modulus and hardness values by nanoindentation, coupled
with higher MMC, CML, and PEN, and lower Pyd and Glu values
compared to controls. Raman imaging experiments also confirmed the
presence of elevated CML and PEN in the vicinity of cement lines in T1D
patients compared to Controls (Appendix I). The elevated MMC, CML,
and PEN values would be consistent with compromised mechanical
properties. It is plausible then to hypothesize that the elevated values
contribute to the increased modulus and hardness values measured in
these patients, while the lower Pyd content may contribute to the lack of
fragility fractures in the analysed patients, as elevated Pyd content has
been reported to result in collagen fibers with more brittle-like behav-
iour [61]. Interestingly, there were no correlations between any of the
nanoindentation and Raman outcome values obtained right on the
cement lines. On the other hand, when the slopes of the lines defined by
the three Raman measurements through the cement lines were consid-
ered, significant positive correlations were evident between both Con-
trols’ and T1D’s MMC and hardness, and negative ones between TW and
PEN, and T1D patients hardness values. These data highlight the
potentially pivotal role that the rate of change in compositional prop-
erties across cement lines may play in local mechanical properties. Of
interest is also the observation that although PEN content significantly
and inversely correlated with T1D hardness, CML did not. This result
may be due to the fact that unlike PEN, the CML is a non-cross-linking
AGE. Interestingly, it has been reported that although PEN signifi-
cantly associates with prevalent vertebral fractures, CML does not.

A previous publication has examined whether bone matrix from
fracturing and nonfracturing T1DM contains elevated AGEs than bone
from healthy patients (CTL) and compared the degree of mineralization
of bone and hardness between fracturing and nonfracturing T1DM
versus CTL [3]. There are differences between the published and the
present study; while in the present study we compared postmenopausal
women against postmenopausal women diagnosed with long term T1D,
the already published one included both male and female subjects, while
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the female ones were premenopausal. As menopause induces changes in
material / compositional properties of bone [62], comparing the two
studies inappropriate. Additionally, material/compositional properties
are greatly dependent on tissue age [8,63], and in the present study we
utilized double fluorescence labels to adjust for it. Moreover, in the
present study nanoindentation was performed in interstitial bone at
random, as well as specific anatomical locations (cement lines).

Another recent study using multimodal analysis of cadaveric bone
from male donors that were diagnosed with either Type 1 Diabetes or
Type 2 Diabetes, and appropriate controls, reported similar mineral and
matrix maturity as well as collagen enzymatic collagen cross-links be-
tween the diabetic groups and controls, coupled with elevated non-
enzymatic cross-links in the diabetic group [64]. Again, the results of
the published study are not directly comparable with the present ones,
as they did not normalize for tissue age.

Limitations of this study include the low number of patients in each
group, which has a potential of type-II error. Although the numbers are
comparable to recently published studies [3,65-67] and we do plan to
analyse more bone biopsies as they become available. On the other
hand, the clinical characteristics of the two patient groups are similar,
further supporting the notion that the observed differences are due to
diabetes. Another limitation is that there is no age- and BMD-matched
fracture-sustaining T1D group. Furthermore, the bone tissue in the bi-
opsy site (iliac bone) may not be reflective of a fracture- and loading-site
compared to femoral neck and tibia. Nonetheless, the bone biopsy tissue
provides a window into the intrinsic properties and composition of
skeletal health with regards to T1D and Controls.

5. Conclusion

The results of the present study comparing bone intrinsic material
and compositional properties between postmenopausal women and
postmenopausal women diagnosed with long-duration T1D, confirm the
widely reported elevation of AGE content in the latter, and highlight the
differences in MMC and GAG content between the two patient groups,
thus potentially offering two targets for the management of the disease.
Moreover, the differences at the interface of cement lines, especially
regarding CML, PEN, and MMC may result in compromised toughness,
thus increase of the fracture risk inherent in T1D that is not captured by
BMD outcomes. Additionally, the correlation between nanoindentation
and rate of change in compositional outcomes rather than absolute
values at the cement lines, highlight the importance of considering ki-
netics rather than absolute values given the compositional heterogeneity
of bone as a function of tissue age. Finally, because the analysis was
performed at equivalent tissue ages and/or anatomical micro-locations,
the observed differences may not be attributed to the decreased bone
turnover rates widely reported in T1D patients. Nevertheless, the sug-
gestions formulated based on the presented results should be considered
in light of the small number of biopsies available for analysis. Moreover,
the fact that these patients did not suffer from fragility fractures, in-
dicates that they may represent a negative control group in the effort to
understand what results in the fragility fractures in T1D patients. These
data suggest that the enzymatic collagen cross-links maybe the real
culprit in diabetes fragility fractures, a hypothesis we plan to test in
future experiments to understand the cause of stiffness increase and
toughness decline in T1D bone tissue.
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