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Abstract

Poor bone quality is associated with Type 2 Diabetes (T2D), with patients having a higher risk of
fracture despite normal to high bone mineral density (BMD). Diabetes contributes to modifications
of the mineral and organic matrix of bone. Hyperglycemia has been linked to the formation of
advanced glycation end-products (AGEs) which increase the risk for skeletal fragility fractures.

To this end, we investigated diabetes-induced skeletal fragility using a high-fat diet (HFD) mouse
model and evaluated the efficacy of phenacyl thiazolium chloride (PTC) for /n vitro removal of
glycation products to rescue bone toughness. Ten-week-old C57BL/6J male mice (n=6/group)
were fed a HFD or low-fat diet (LFD) for 22 weeks. Mice given a HFD developed T2D and
increased body mass compared to LFD-fed mice. MicroCT results showed that diabetic mice

had altered microarchitecture and increased mineralization as determined by volumetric BMD

and increased mineral crystal size as determined by X-ray Diffraction (XRD). Diabetic mice
demonstrated loss of initiation and maximum toughness, which represent estimates of the stress
intensity factor at a notch tip using yield force and ultimate force, respectively. Diabetic mice

also showed higher accumulation of AGEs measured by biochemical assay (total fAGES) and
confocal Raman spectroscopy (Pentosidine (PEN), Carboxymethyl-lysine (CML)). Regression
analyses confirmed the association between increased glycoxidation (CML, PEN) and loss of
fracture toughness. Within the diabetic group, CML was the most significant predictor of initiation
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toughness while PEN predicted maximum toughness as determined by stepwise linear regression
(i.e., stepAIC). Contralateral femora from HFD group were harvested and treated with PTC in
vitro. PTC-treated samples showed total fAGEs decreased by 41.2%. PTC treatment partially
restored bone toughness as, compared to T2D controls, maximum toughness increased by 35%.
Collectively, our results demonstrate that matrix modifications in diet-induced T2D, particularly
AGEs, induce bone fragility and their removal from bone matrix partially rescues T2D associated
bone fragility.
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1. Introduction

Type 2 diabetes (T2D) is a worldwide epidemic that is characterized by a decline in p-cell
function and worsening of insulin resistance progressing into hyperglycemia [1]. Patients
diagnosed with T2D have a 3-fold increase in the risk for fragility fractures [2-7] despite
observed normal to elevated bone mineral density (BMD) [8]. Therefore, the weakened state
of diabetic bones cannot be explained by the sheer quantity of bone requiring investigation
of bone quality [9].

Most of the damage that diabetic bone undergoes begins with the state of hyperglycemia, the
hallmark of T2D. With the elevated blood glucose levels seen with hyperglycemia, there is
an increase in oxidative stress which produces reactive oxygen species (ROS) [10]. Elevated
levels of ROS can damage type 1 collagen, a structural protein which makes up 90% of

the total proteins found in bone [11]. Additionally, hyperglycemia causes an increase of
circulating glucose molecules to be free to react with amino acid residues of proteins, a
process known as a Maillard reaction that non-enzymatically produces advanced glycation
end-products (AGEs) [12,13].

Accumulation of AGEs can reduce bone turnover and bone’s resistance to fracture [13-15].
In particular, the increased presence of AGEs has been found to stiffen the organic matrix
[12], disrupt collagen organization, [15] and alter fibrillar sliding [16] leading to reduced
energy dissipation in bone. Furthermore, AGEs can reduce the amount of collagen bound
water [17] which is associated with a loss of fracture properties in bone such as toughness
[18].
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AGE products, including pentosidine (PEN) and carboxymethyl-lysine (CML), have been
found to accumulate in bone [18, 19]. Traditionally, AGE content in bone has been
measured by quantifying the levels of fluorescent AGEs (FAGES) “in bulk,” including

PEN. Interestingly, another type of AGE, a non-fluorescent glycation product, CML, is
present in bone in amounts up to a hundred times higher as compared to PEN [19].
Accumulation of PEN and CML have both been associated with the loss of bone quality
[19,20]. While PEN has been mainly correlated to the stiffening of the organic matrix

[21], CML can disrupt signaling of the receptor for AGEs (RAGE) and directly introduce
pro-inflammatory effects [22] as well as interfere with healthy mineralization [23, 24].
CML has a negatively charged carboxyl group that can potentially attract positively charged
calcium ions, link the organic and inorganic matrix, and promote mineralization [23, 24].
Furthermore, glycoxidation products (e.g., PEN, CML) can lead to metabolic changes,

as they up-regulate pro-inflammatory cytokines which have been found to affect lipid
metabolism and increase risk for development of hyperlipidemia [25, 26]. Furthermore,
elevation of glycation processes depends upon an increase in glucose levels, a direct casualty
of hyperglycemia [26]. Both glycation and glycoxidative processes can therefore alter bone
quality in T2D.

Due to detrimental effects of AGEs on bone health [11-15], there is a need to develop
rescue treatments. Interestingly, several precursors of AGEs (e.g., Glyoxal, Methylglyoxal,
3-Deoxyglycosone) contain a dicarbonyl group that is functionally asymmetrical allowing
the carbon-carbon bond of a-diketones to be selectively cleaved in reactions with certain
thiazolium salts [27, 28]. Moreover, phenacy! thiazolium bromide (PTB), 3-(2-Oxo-2-
phenylethyl)-1,3-thiazol-3-ium bromide, has been tested as an AGE cross-link breaker
specifically in bone tissue [29]. /n vitro PTB was shown to remove “in bulk” fAGEs, and
their removal restored the material-level post-yield properties of the trabecular architecture
in aging bone [29]. Such an /n vitro approach is useful in removal of AGEs for bone

grafts obtained from diabetic and aging population. [30] However, PTB is known to be
unstable, and long-term use may cause side effects due to its toxicity [31]. Recent work
(see below) has shifted towards 4,5-dimethyl-3-(2-oxo-2-phenylethyl) thiazolium chloride,
or phenacyl thiazolium chloride (PTC), which is an analog compound of PTB. While the
primary mechanism of action remains the same as with PTB, the PTC compound contains
chloride that makes PTC a safer alternative to the long-term toxicity problems associated
with bromide derivatives.

Several animal and human studies have tested the efficacy and toxicity of PTC, also
commonly known as ALT-711 or Alagebrium, and have demonstrated its safety [32-37].
Clinical studies have tested the effect of PTC on vascular function, lipoproteins and liver
function, collagen turnover, and inflammation [32-34]. Early studies have shown that PTC
reduces collagen turnover and the levels of several inflammatory markers, while showing
no harmful /n vivo effects [34]. /n vivo daily injections of PTC to Cy/+ rats as well as to

a murine model for chronic kidney disease-mineral bone disorder demonstrated significant
reduction of fAGE accumulation in bone, but not in PEN [35]. Furthermore, /n vivoPTC
treatment on the diabetic BKS.Cg-m+/+ Leprd® mice showed increased serum CML levels
after 15t week of treatment [36]. Interestingly, by the 3" week of treatment, PTC had
significantly reduced serum CML [36]. These results suggest that PTC may have several
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mechanisms of action. While the primary mechanism of the PTC action involves the
cleavage of AGEs by targeting a-dicarbonyl carbon-carbon bonds formed in cross-linked
structures [37], it has been reported that PTC could also act as a methylglyoxal inhibitor
through metal chelation [37].

We previously demonstrated PTC to be safe /n vivo while achieving high removal of
fAGEs glycation cross-links in aging bone [38]. In contrast to aging bone, T2D bone may
accumulate an expanded variety of AGEs including PEN and CML which are linked to
the process of glycoxidation. However, little is known about their accumulation in bone
during diet-induced T2D. Furthermore, efficacy of PTC in removing the variety of AGEs
and rescuing bone fragility has not yet been established.

Therefore, the goal of this study was to investigate the impact of diabetes-induced bone
fragility using a high fat diet (HFD) mouse model and to evaluate the efficacy of phenacyl
thiazolium chloride (PTC) for removal of AGEs to rescue bone toughness in a T2D mouse
model through a combination of /in vivoand in vitro approaches. We hypothesized that
diabetic mice would show increased levels of glycation and /n vivo bone fragility, both of
which could be restored /n vitro using PTC treatment.

2. Materials and methods

2.1. Study design

This study and all procedures within were approved and carried out according to the rules
and regulations of the Rensselaer Polytechnic Institutes’ Institutional Animal Care and Use
Committee. Twelve male C57BL/6J mice (8 weeks of age) were obtained from Taconic
Biosciences (Rensselaer, NY) and transferred to our BioResearch Core animal facility. After
2 weeks of acclimation, the animals were randomly divided into two groups of 6 animals.
One group was fed a low-fat diet (LFD), and the other fed a high-fat diet (HFD). Food was
purchased from TestDiets (St. Louis, MO) and can be found under catalog #58Y2 (LFD),
and #58V8 (HFD). Energy (kcal/g)? from fat, protein and carbohydrates was altered between
LFD (10% fat, 72% carbs, 18% proteins) and HFD (46% fat, 36% carbs, 18% proteins).

For this formulation, fat-soluble vitamins and the needed polyunsaturated acids (PUFAS) for
solubilization were altered between LFD (3.8 IU/g Vitamin A, 0.9 IU/g Vitamin D-3, 49.3
IU/kg Vitamin E, 0.48 ppm Vitamin K; 1.59% PUFAs) and HFD (4.7 IU/g Vitamin A, 1.2
IU/g Vitamin D-3, 60.6 1U/kg Vitamin E, 0.59 ppm Vitamin K; 3.83% PUFASs). The dietary
intervention started at 10 weeks of age for 22 weeks until 32 weeks of age. All animals were
fed ad-libitum and given unrestricted access to filtered water while kept on a regular 12-hour
light/dark cycle.

2.2. Body mass and glucose measurements

Body mass measurements were taken every 7 weeks to measure weight changes associated
with the diet intervention. These timepoints also coincided with oral glucose tolerance tests
(OGTTs) for the mice as a measure of impact from the dietary intervention on glycemic
control. Fasting period prior to the start of each OGTT was 6 hours. Mice were given an oral
glucose dose (2 grams/kg body mass) by feeding needle. Blood glucose measurements were
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collected at five intervals corresponding to 0, 15, 30, 60, and 120-minute time points [39].
Baseline measurements at timepoint 0 represent the fasting blood glucose (also after 6 hours
of fasting), which was used to categorize the animal’s glycemic control as normal (< 199
mg/dL), pre-diabetic (200-249 mg/dL), or diabetic (> 250 mg/dL) [40].

2.3. Tissue collection and harvest

At 32 weeks of age, all animals were euthanized by isoflurane overdose and cervical
dislocation as secondary method of confirmation. Soft tissues were completely removed,
and hind limbs were separated. For the LFD group (n=6), one femur was randomly selected
for harvesting from each mouse. Notably, we ensured a balance between left and right
femur selection. For the HFD group, left and right femora were harvested (n=12) from each
mouse and randomly divided between groups (6 samples per group). With the HFD cohort,
a control group received saline as treatment, and an experimental group received the in vitro
PTC treatment. Again, we ensured that each group contained equal number of left and right
femur specimens. All femora samples (N=18, includes one femur from each mouse fed with
LFD (N=6) and both femurs from mice fed with HFD (N=12)) were stored in Eppendorf
tubes submerged with saline and frozen at a temperature of —80°C until further use.

2.4. Micro-computed tomography analysis

Whole-bone femora were scanned by micro-computed tomography (microCT) (Scanco,
vivaCT40, Swizterland), following guidelines by Bouxsein et al. [41]. Cortical and
trabecular regions of femora were assessed by high resolution scans (70 kVp, 21.5 mm FOV,
10.5 mm voxel size, 301 integration time). Scans utilized a hydroxyapatite (HA) phantom
for calibration, thus here we are reporting BMD in units of milligrams of HA per cubic
centimeter [41]. Global threshold was set for 656 mg HA/cm? for segmentation along with
a gaussian filtration (o = 0.8, support = 1). Cortical morphology was evaluated from 30
slices morphed from a ~0.3 mm region at the midshaft. Given that we scanned whole-bone
specimens, we were able to consistently locate the mid-point of the diaphysis (i.e., the
region of interest). Location of the mid-point was achieved by subtracting the number of
the final slice, where the specimen appeared, from the number of the first slice, where the
specimen appeared, and dividing the difference by two (i.e., [final slice # - first slice #]/2).
The following variables were also collected: periosteal diameter, endosteal diameter, cortical
thickness (Ct.Th), moment of inertia in the medio-lateral plane (I,,(), cortical bone area
fraction (Ct. Ar/Tt.Ar), and cortical tissue mineral density (cTMD). Reconstruction images
(2D, 3D) were collected and recorded. To perform trabecular analysis, the most distal slice
in which the condyles meet was identified and used as a point of reference. The VOI for
trabecular analysis was defined by first locating the growth plate in the distal end of the
femora. Contouring was started 5 slices from it for a ~0.5mm region with contours every
10 slices and a 5% reduction to ensure no cortical bone was included in the analyses.
Variables of interest were: bone volume fraction (BV/TV), trabecular volumetric BMD
(tBMD), trabecular thickness (Th.Th), trabecular number (Th.N), and trabecular separation
(Th.Sp). Reconstruction images (2D, 3D) were collected and recorded.
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2.5 Invitro PTC treatment

The femora samples from mice given a HFD received either the /n vitro PTC treatment or
were kept in saline as a control. All femora samples (n=6/group) had the head and condyle
cut off using a slow speed (150 rpm) diamond saw blade (Buehler Isomet 100, Lake Bluff,
IL). This allowed for complete removal of the bone marrow using a saline-filled needle to
wash it out. Samples were cleaned as follows. Each specimen was washed in 100 pL of
saline, followed by three washes in 100 pL of 1 x PBS (pH = 7.0). The same PBS buffer
was also used to solubilize PTC to the final 50 mM concentration. PTC was purchased
from TimTec, LLC (New Castle, DE) and can be found under CAS Number 341028-37-3.
Samples were incubated for 7 days at 37°C, with solutions changed at the mid-point of the
incubation time. Afterwards, samples were washed again three times in 100 uL of 1 x PBS
(pH = 7.0) and then stored in saline at —80°C until used.

2.6. Mechanical characterization

Femora samples were cut using a slow speed (150 rpm) diamond saw blade (Buehler Isomet
100, Lake Bluff, IL) to obtain a specimen with approximate cylindrical morphology by
removing both ends. Further, a razorblade was used to create a sharp and controlled notched
at the mid-diaphysis. This notched was created to measure bone’s resistance to fracture.

To analyze the angle of the created notch, we rescanned the mid-shaft using microCT

and created 3D reconstruction images that were then analyzed by ImageJ software. All
samples were then tested under wet conditions using an electromechanical testing system
(EnduraTEC 3200, TA Instruments, Delaware) at a ramp speed of 0.001 mm/s and span
length of 5 mm in a three-point bending set-up. Left and right femora specimens (equal
number, i.e., 50% of left femora and 50% of right ones) were loaded on the posterior
surface, as the notched region corresponded to the anterior surface, with the medial side
facing forward. Load and displacement curves were recorded and initiation toughness (Kc,
in), and maximum toughness (Kc, max) were calculated for all samples [42, 43]. Toughness
values were calculated from the loads corresponding to the intercept of a 5% secant line [42]
(Kc, in) or the maximum load recorded (Kc, max).

2.7. Measurement of fluorescent advanced glycation end-products (fAGEs) “in bulk”

The protocol used to clean bone tissue and measure fAGEs “in bulk” in bone samples

has been described in detail elsewhere [11-13]. Briefly, following fracture toughness, a ~2
mm section from the midshaft of each femora sample was cut for measurement of fAGEs.
This represented approximately 10 mg of cortical bone. These sections were de-fatted in

a solution of 100% isopropyl ether. Specimens were then lyophilized overnight (i.e., for
approx. 16 hours). Each dry specimen was placed in a glass vial and submerged with 6N
HCI solution (50 pL per 1 mg of bone). All vials were incubated at 110°C. After cooling,
two hydrolysates out of each sample were made by dilution with nanopure water (i.e., for
two separate assays).

For the first assay, the quinine sulphate was used to prepare solutions for a standard curve (1
ug Quinine/mL 0.1 M H,S0O,4), which was diluted with sulfuric acid. Using a 96-microtiter
plate, triplicates of each sample hydrolysate and the standards were dispensed into the wells
of a microtiter-plate (MT-plate). The fluorescence of the standards and the samples was
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measured using a spectrophotometer (Infinite 200, Tecan Trading AG, Switzerland) at 360
nm excitation and 460 nm emission.

For the second assay, the hydroxyproline content of each sample was measured. A standard
curve was made from a hydroxyproline stock (2000 pg L-hydroxyproline / mL 0.001 M
HCI). Different concentrations of hydroxyproline standards were made by diluting the
stock with nano-pure water. A solution of chloramine-T was added to each standard

and sample hydrolysate and then incubated at room temperature. Following, a 3.15

M perchloric acid solution was added and incubated at room temperature. Finally, a p-
dimethylaminobenzaldehyde solution was added and incubated at 60°C. Triplicates of each
standard and sample hydrolysate were placed in a 96-well plate. The absorbance of each
sample was measured at 570 nm using the spectrophotometer (Infinite 200, Tecan Trading
AG, Switzerland). The fAGEs content for each sample was then calculated and expressed as
ng of quinine per mg of collagen (i.e., quinine/collagen [ng/mg]) [13].

2.8 Confocal Raman spectroscopy

Femora were sectioned from the mid-diaphysis using a slow speed diamond saw. After
drying, specimens were embedded in epoxy (EpoHeat CLR Resin & Hardener, Buehler,
Lake Bluff, IL). Embedded specimens were transversely cut to produce ~500 um sections
that were polished with carbide and diamond papers to achieve a smooth finish. Raman
analysis was performed using a confocal Raman spectroscopy system (WITec Alpha 300R;
WITec, Ulm, Germany) equipped with a 532 nm green laser. Confocal spectroscopy was
selected as it allows for the magnification to be adjusted and the signal can reach beyond
the surface level of the epoxy resin into the bone tissue. An objective lens of 20x was first
used to differentiate the bone tissue from epoxy resin (see Supplementary Figure 2). Spectra
were then obtained using an objective lens of 100X, grating set to 600 g/cm, BLZ at 500 nm,
and at spectral resolution of 2 Acm~1 with a spectral center at 2302 cm™~1 shift. A single line
spectrum was acquired over 10 pm with 20 accumulations at an integration time of 1s along
the longitudinal axis of the sample. Single point spectra with an integration time of 4s and
10 accumulations were also acquired to verify the spectra obtained from the line spectrum.
WITec software was used for baseline correction which was performed from the spectra of
the epoxy resin (see Supplementary Figure 2) prior to peak analysis. Acquisitions from the
line spectrum were averaged and convoluted by a second-order Savitzky-Golay digital filter
(window size 21) for analysis.

The full-width half-maximum (FWHM) of several peak intensities of interest were
calculated using a custom script in MATLAB (R2018b, MathWorks, Natick, MA), following
published methods [44-53]. Peak intensity of phosphate (v1PO43", 961.4 cm™; voPOy,
430-450 cm™1), carbonate (v{CO32~, 1070 cm™1), Amide | (1667 cm™1), Amide 111

(1242 cm™1), methylene wag (CH,-wag, 1453 cm™1), pentosidine (PEN, 1345 cm™1),
carboxymethyl-lysine (CML, 1150 cm™1), OH-band at (2950 cm™1) and bound water (3220
cm~1) were measured and then used to analyze intensities of bone matrix composites. Peak
visibility was confirmed by the average peak intensity over standard deviation. Mineral-to-
matrix ratio was calculated using polarization-dependent and - independent peaks, as the
relative ratio between the v1PO4 and Amide | and v,PO,4 and Amide 111 intensity peaks,
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respectively. Level of Type-B carbonate substitution was measured as the ratio between

the 1060 cm™1 carbonate subpeak and (1) phosphate peaks. Glycation cross-links and
non-crosslinked, in form of PEN and CML, respectively, were normalized to methylene [46,
47]. CML standard was purchased from Neta Scientific (MFCD04114278) and analyzed by
confocal Raman spectroscopy to confirm the Raman marker band for CML (~1150 cm™1) in
bone (Supplementary Figure 1).

2.9. X-ray Diffraction

Humeri were dissected from the LFD mouse group (n=6) and HFD mouse group (n=6).
Equal number of left or right humeri was randomly selected for each group (n=6: left
humeri=3 and right humeri=3). Soft tissues were removed, and all specimens were cleaned.
Humeri were cut at the ends using a slow speed (150 rpm) diamond saw blade (Buehler
Isomet 100, Lake BIluff, IL) and the shaft was washed free of blood. Dry specimens

were then powdered using a mortar and pestle. X-ray diffraction (XRD) patterns were
obtained using the Panalytical X’Pert Diffractometer (Malvern Panalytical, Malvern, United
Kingdom) operated at 45 kV and 40 mA with Copper (Cu) Ka with wavelength A =
1.5405980 A. Diffractograms were taken from 20 to 55° in a 26 scale with a 0.01°

step size and 499 s step count. Diffractograms were then analyzed using the HighScore
software (Malvern Panalytical, Malvern, United Kingdom), where background subtraction
and smoothing was done prior to peak fitting. The diffraction peak of 002, related to the
length of the c-axis, was analyzed. The d-spacing and full width half-maximum (FWHM) of
the 002 peak was calculated, and the mineral crystal size was determined using the Scherrer
equation, B = kA/Lcos6, as previously reported [54-57].

2.10. Statistical Analyses

All data were tested for normality (Kolmogorov-Smirnov) and equal variances (F-test).
Statistically significant differences were determined by t-tests (unpaired, two-tailed, a =
0.05) or by paired t-tests (two-tailed, a. = 0.05). Longitudinal blood glucose data were
tested with Two-Factor ANOVA with Replication (a < 0.05) to discern diet (e.g., LFD and
HFD), time progression (e.g., 16-, 23-, and 31-week time-points) and interaction effects.
Data are displayed as boxplots (with median and interquartile range) showing all data points.
Tables show mean £ SD. Following literature specific to bone, whole-bone properties were
adjusted for body mass using a Linear Regression Method [58]. Pearson’s R was used to
determined coefficient of correlation between variables. Stepwise linear regression was used
to determine the most significant predictor of fracture properties. Statistical analyses were
done using R Project (https://www.rproject.org) and data presentation was generated using
MATLAB R2020b (The MathWorks, Natick, MA).

3. Results

3.1. C57BL/6J mice given a high-fat diet during growth developed obesity and Type 2

Diabetes

C57BL/6J male mice given a high-fat diet (HFD) had a significantly higher body mass (p =
0.00013, Figure 1A) when compared to mice fed a low-fat diet (LFD). HFD-fed mice also
showed an increase in fasting blood glucose (Figure 1B) compared to LFD-fed mice.
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Two-Factor ANOVA with Replication (a < 0.05) was used to discern diet (e.g., LFD and
HFD), time progression (e.g., 16-, 23-, and 31-week time-points) and interaction effects.
Fasting blood glucose was significantly different between diets (p = 0.000158), time-points
(p = 1.98e-05) and the combination of diet and time progression was also significant (p =
0.003373) emphasizing the negative impact of prolonged poor dietary habits. At 16-weeks
of age, both groups of mice showed similar levels of blood glucose (p = 0.6349, Figure

1B). However, by 23-weeks of age, HFD fed mice showed a significant increase in blood
glucose (p = 0.0181, Figure 1B) that reached and surpassed the diabetic threshold for mice
(> 250 mg/dL) [40]. Within the LFD group, blood glucose was not statistically significantly
different between time points. Within the HFD group, blood glucose was significantly higher
between the 23 and 315t week (p = 0.0007121) and between the 16t and 315t week (p =
0.001254).

Fasting blood glucose measurements taken at the end of the study demonstrated a stark
contrast between LFD and HFD-fed mice with all mice fed a HFD becoming diabetic

(p =0.0011, Figure 1C). Interestingly, LFD-fed mice reached blood glucose levels in the
pre-diabetic by the 315 week (Figure 1C). The OGTT measurements taken at the end of the
study (Figure 1D) showed glucose excursion for HFD-fed mice had a lag-curve typical or
delayed storage.

The area under the OGTT curve (AUC) was calculated and used as an index of glucose
tolerance. In agreement with the fasting blood glucose, AUC results showed that HFD fed
mice experienced significantly greater difficulty in restoring glucose levels back to baseline
(p =0.00189, Figure 1E).

The increase seen in body mass correlated with the increase in blood glucose (R = 0.6429, p
=0.0242, Figure 1F). Thus, it is likely that obesity and diabetic status were interconnected.

3.2. Diabetic mice showed altered microarchitecture and increased BMD

Diabetic mice displayed significantly increased trabecular thickness (p = 0.0138, Figure
2A). However, trabecular number (p = 0.899, Figure 2B) and trabecular spacing (p = 0.165,
Figure 2C) remained unchanged. T2D mice showed significantly increased bone volume
fraction (BV/TV) (p = 0.0397, Figure 2D) and trabecular volumetric bone mineral density
(BMD) (p = 0.00395, Figure 2E).

3.3. Diabetic mouse bones showed changes in geometry and a significant reduction in
marrow expansion

Femoral cortical structure analyzed at the mid-diaphysis showed non-significant increases
in inner and outer surface expansion, cortical thickness, and cortical area fraction (Table 1).
However, there was a significant reduction in the moment of inertia (I,,). Cortical tissue
mineral density did not show significant changes with HFD intervention.

3.4. HFD-fed mice did not show changes in inorganic matrix properties

HFD intervention did not cause significant changes in the surface properties from the
mineral component of femoral cortical sections (Supplementary Table 1). Carbonate
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substitutions, the mineral to matrix ratio, and crystallinity remained unchanged between
HFD-fed mice and LFD-fed mice.

3.5 Diabetic mice showed an increase in glycation and glycoxidative products

Confocal Raman spectroscopy (Supplementary Table 1) and assay for AGEs were used

to measure organic matrix properties of femoral cortical bone sections. HFD-fed mice
showed a significant increase in total fAGEs (p = 0.00047, Figure 3A) when compared to
LFD-fed mice. Diabetic mice also showed a significant increase in glycoxidative products as
determined by the levels of pentosidine (p = 0.00548, Figure 3B) and carboxymethyl-lysine
(p = 0.0113, Figure 3C) which were significantly higher in HFD-fed mice when compared
to LFD-fed mice. Moreover, diabetic mice showed a reduction in collagen bound water
molecules (p = 0.0466, Figure 3D).

3.6. HFD-induced T2D increased mineral crystal size

XRD was used to evaluate the mineral properties of bone. The FWHM of peak 002 was used
to calculate the mean crystal size. HFD-induced T2D led to a significant increase in crystal
size (p = 0.0024, Figure 4A). The interplanar spacing, or simply d-spacing, of the mineral
crystal lattice was also increased in HFD-fed mice when compared to the LFD group (p =
0.01272, Figure 4B). Taken together, T2D group demonstrated the poorer crystalline lattice
(Figure 4C) compared to LFD group.

3.7. Loss of bone toughness in diabetic mice

Fracture toughness from three-point bending testing on femora showed loss of toughness

in diabetic mice. Initiation toughness (p = 4.81e-05, Figure 5A) was significantly lower for
diabetic mice compared to LFD-fed mice. Maximum toughness (p = 0.00081, Figure 5B)
was also significantly lower for diabetic mice compared to LFD-fed mice. Interestingly, the
increase seen in d-spacing correlated with a decrease in initiation toughness (R = -0.62, p =
0.032, Figure 6A). Moreover, the increased in mineral crystal size negatively correlated with
a loss of maximum toughness (R = —0.64, p = 0.025, Figure 6B).

3.8. Hyperglycemia associates with increase of glycation products which negatively
correlate to loss in toughness

Pearson’ R correlation (Figure 5) were used to evaluate the impact of increase in blood
glucose with different AGEs, and in turn, their effect on bone toughness. Increase in blood
glucose significantly correlated with accumulation of fAGEs (R = 0.68, p = 0.014, Figure
7A), CML (R =0.72, p =0.0078, Figure 7B), and PEN (R = 0.76, p = 0.0042, Figure 7C).

Furthermore, loss of initiation toughness negatively correlated with an increase in fAGEs (R
=-0.80, p = 0.0017, Figure 8A), CML (R =-0.71, p = 0.01, Figure 8B), and PEN (R =
-0.73, p = 0.0068, Figure 8C).

Finally, loss of maximum toughness negatively correlated with an increase in fAGEs (R =
-0.84, p = 0.00057, Figure 9A), CML (R = -0.61, p = 0.034, Figure 9B), and PEN (R =
-0.53, p = 0.074, Figure 9C).
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Multivariate stepwise linear regression was used to determine the most significant predictor
of fracture properties by using a model that included all statistically significant variables.
Within the diabetic group, CML was the most significant predictor of initiation toughness
(p-value = 0.00369) on a model that included all three predictors of AGEs (Multiple
R-squared = 0.995, Adjusted R-squared = 0.9876, F-statistic = 133.4). Meanwhile, PEN
predicted maximum toughness (p-value = 0.0564) on a model that included all three
predictors of AGEs (Multiple R-squared = 0.995, Adjusted R-squared = 0.9749, F-statistic
= 49.48). Within the LFD group, no variable significantly predicted initiation or maximum
toughness.

3.9. Invitro PTC treatment did not affect surface level bone matrix properties.

3.10.

After in vitro PTC treatment, surface level bone matrix properties were evaluated with
confocal Raman spectroscopy (N = 6/group) and AGEs assay (N = 6/group) (Table 2). Pre-
and post- treatment properties were compared to determine the effect of PTC treatment.
There were no significant differences in mineral to matrix ratio, carbonate substitution or
in CML and PEN content between the control and /n7 vitro PTC treated HFD samples.

In contrast, in vitroPTC treatment of HFD samples decreased fAGEs, by 41.2% (p =
2.464e-04, Figure 10) compared to saline-treated HFD samples.

Removal of glycation end-products served as an effective in vitro treatment for

rescuing bone toughness

PTC-treated samples demonstrated partial restoration of bone toughness. While the mean
initiation toughness showed no significant changes (p = 0.3359, Figure 11A), the mean
maximum toughness significantly increased by 35% (p = 0.04277, Figure 11B). Loss of
maximum toughness negatively correlated with an increase in fAGEs (R = —0.55, p < 0.066)
when HFD-CTR and HFD-PTC were combined.

4. Discussion

While the detrimental effects of Type 2 Diabetes on bone quality have been well
documented [11-15], this is the first study to demonstrate a partial rescue for HFD-induced
skeletal fragility in a T2D mouse model using a combination of in vivoand in vitro
approaches.

Here, we used a diet-induced T2D mouse model by giving ten-week-old C57BL/6J mice a
high-fat diet during growth until maturity. Consistent with our results, previous studies have
reported on the distinct metabolic effects of HFD [59, 60]. For example, lonova-Martin et
al [60]. reported on the metabolic phenotype of 15-week-old C57BL/6 male mice fed a high-
fat diet (60 kcal% fat, 20 kcal% carbohydrate, 20 kcal% protein) for 16-weeks. HFD-fed
animals showed an obesity phenotype with an increase in body mass, glucose levels, levels
on leptin, and insulin-like growth factor (IGF-1) hormone concentration [60]. Interestingly,
this study reported a 52.7% increase in body mass for HFD-fed mice compared to low-fat
diet fed mice. However, here we report a 23.4% increase in body mass. It is likely that the
changes we observed in mice are likely related to their hyperglycemic state. Paradoxically,
another study by Li et al. [59] reported no differences in body weight between HFD-fed
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mice and standard-chow fed mice. Surprisingly, they still observed an obese phenotype

as HFD-induced hyperinsulinemia also stimulated lipogenesis with levels of low-density
lipoprotein (LDL) cholesterol significantly higher and an increase in liver tissue weight [59].
However, their model used younger mice with 6-week-old C57BL/6 mice fed a high-fat diet
(53% kcal fat) for 10 weeks. Differences between these and our studies could be explained
by considering that we used 10-week-old mice, kept the animals on diet for a longer period
of 22 weeks, and provided the mice with a HFD that was lower in kcal from fat (46% kcal
fat, 36% kcal carbs, 18% kcal protein).

Bones from the HFD and LFD group were harvested for characterization. In line with
previous studies [59-65], our bone microarchitecture findings showed that diabetes caused
an increase in the degree of mineralization, as well as alteration of its microstructure.
Furthermore, similar to ours, a previous study [56] also reports trabecular structure to be
affected. While we did not observe any changes in trabecular number and trabecular spacing,
we saw a significant increase in trabeculae thickness in diabetic bone.

We evaluated the surface level mineral and organic properties using confocal Raman
spectroscopy. Similar to Fourier transform infrared (FTIR) spectroscopy, Raman
spectroscopy uses frequency shifts corresponding to collagen and mineral characteristics

of the bone matrix [66, 67]. However, Raman spectroscopy is a non-invasive technique that
provides a higher spatial resolution while allowing the use of fresh and embedded samples
[68]. A growing number of studies have validated shift peaks in Raman spectroscopy with
FTIR highlighting mineral phosphate, carbonate, and matrix collagen [44-53, 67-69]. We
saw no significant changes in degree of mineralization, or the level of mineral maturity.
However, we saw a significant increase glycoxidation products, measured as pentosidine and
carboxymethyl-lysine, in diabetic mice over LFD-fed mice. Further, diabetic mice showed

a significant reduction in collagen bound water. In addition, we observed a significant
increase in total fAGEs in HFD-fed mice. Interestingly, the increase in blood glucose

levels correlated with an increase in all AGEs including CML, PEN and fAGEs. When
investigating bone toughness, we observed significant loss of initiation and maximum
toughness in diabetic mice. Increase in CML, PEN and total fAGEs and decrease in collagen
bound water all negatively correlated with loss in toughness. Moreover, we used stepwise
linear regression to build a regression model that included all the predictor variables

that were statistically significantly related to the response variable. Within our model,

we included all measures of AGEs collected (FAGEs, PEN, and CML) and tested them
against initiation and maximum toughness. Within the diabetic group we observed that CML
predicted initiation toughness while PEN predicted maximum toughness. The effect of PEN
in the post-yield properties was expected considering that PEN has been correlated to the
stiffening of the organic matrix [21]. CML can impact the mineral phase of bone [19, 23, 24]
and has been correlated with impaired mineralization [20]. While we did not find differences
in the mineral-to-matrix as well as carbonate substitutions levels, we did observe HFD-fed
mice had larger mineral crystals as well an increase in intrafibrillar space. Interestingly,

a recently published study [70] reports a correlation between higher levels of CML and
increased crystallinity, as measured by Raman spectroscopy. In concert, it has recently been
proposed that the presence of a carboxy group on CML can attract positively charged
calcium ions and cause increased mineralization as was observed via microCT and XRD
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in in this study. However, more studies are required to elucidate the mechanistic aspects of
CML’s impact on bone toughness and mineralization [24].

We observed that glycation crosslinks were susceptible to cleavage by phenacyl thiazolium
chloride. Our results showed that /n vitro treatment with PTC caused a reduction in
glycation crosslinks, measured as total fAGES, by 41.2% compared to controls. /n vitro
treatment also partially restored bone toughness as maximum toughness increased by 35%
compared to controls. The effect of PTC treatment in maximum fracture toughness, i.e.,
propagation toughness, furthers confirms that PTC can affect the organic matrix of bone,
mainly collagen, and help restore fracture properties.

Interestingly, we observed no significant differences in the level of pentosidine or
carboxymethyl-lysine. CML does not contain a a-dicarbonyl carbon-carbon bond formed
in cross-linked structures thus it is expected that PTC could not cleave CML [71]. However,
daily /n vivoinjections of PTC have been shown to reduce serum CML levels [36]
suggesting the effect of PTC could be more pronounced in vivo possibly due to a reduction
in the precursors for the formation of AGEs such as CML. Of note, PTC has been reported
to have two mechanisms of action, one by cleavage of glycation/glycoxidation cross-links,
and the second one as a methylglyoxal inhibitor [28]. For example, it was proposed that

in the Lepr-deficient mice, PTC acted as an inhibitor of methylglyoxal [36]. This organic
compound is structurally similar to glyoxal, if hydrogen of an aldehyde group of glyoxal
was replaced by a methyl group. While CML does not contain a a-dicarbonyl carbon-carbon
bond, it is formed from glyoxal [24] suggesting a potential for /n vivo inhibition of CML
formation from glyoxal using PTC, and such inhibition could restrain and eventually lower
CML serum levels. In addition, dietary interventions such as rutin supplementation have
been found to be effective at inhibiting CML formation /in vivo and reducing inflammation
associated with the high-fat diet [71-74].

Similar to a previous study [35], we did not see any reductions of PEN with /in vitroPTC
treatment. However, it is important to consider that PEN is low in abundance therefore
suggesting that other AGEs featuring a dicarbonyl structure may be more relevant markers
of glycation in bone [75, 76]. Nevertheless, PTC was efficient at removal of fAGEs and in
partially restoring bone toughness, thus suggesting that other crosslinked AGEs might be
more susceptible to cleavage by PTC. It is noteworthy that diabetic bone had a significant
increase in glycoxidative products measured here in form of PEN and CML, which are both
correlated to loss of toughness. Thus, it is likely that a strategy involving their removal
and/or prevention could further restore bone toughness by enhancing energy dissipation at
the molecular and higher hierarchical scales in bone [77]. Our results of PTC rescue of T2D
induced bone fragility in vitro provide a conceptual framework with supporting data and
require further investigation for optimal dose and duration of PTC treatment as well as in
vivo confirmation.

We can expect PTC to be markedly more effective /n vivo considering that accumulation
of AGEs can reduce osteoblast differentiation and osteoclastic resorption [13-15]. In turn,
the remodeling process is slowed down which allows more micro-damage to accumulate.
Thus, in vivo removal will undoubtably impact the cellular response in bone by restoring
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the bone turnover ratio [78]. Furthermore, long-term diabetic patient in need of a bone

graft can experience severe deficiencies in healing [30, 79-81]. Diabetic rat models, induced
with streptozotocin (STZ) have shown that diabetic status impairs bone metabolism leading
to poor healing of autogenous bone grafts [80]. Therefore, /n vitro treatment with PTC,
reported here, could be a viable method for bone grafts before implantation to improve its
mechanical properties as well as the cellular response.

It should be taken into consideration that our diet selection (e.g., HFD, LFD) did not include
a regular chow group. Moreover, LFD-fed mice, fed with carbohydrate rich (72%) diet,
reached the pre-diabetic range (blood glucose > 200 mg/dL) towards the end of the study.
This LFD group may therefore contain higher levels of AGEs and other adverse bone quality
changes seen with increased blood sugar compared to a control group. Thus, it is likely

that differences seen here between LFD and HFD groups could be greater in magnitude
when compared between control and HFD groups. It is unclear whether the selected LFD
limited bone development because of the reduced percentage of polyunsaturated fatty acids
needed for the solubilization of fat-soluble vitamins key for bone growth. Moreover, we did
not include running wheels in mice cages to prevent the confounding effects of exercise.
Therefore, it is unclear if either HFD- or LFD-fed mice had higher cage activity that might
have influenced bone development. Due to the high body mass of HFD-fed mice, it is also
important to consider the possible cofounding effects of T2D with obesity. However, studies
using Spontaneously Diabetic Torii (SDT) rats, a non-obese T2D murine model, found

that body weight could not be accounted for the effects seen in bone formation, strength,
and oxidative stress [65]. Furthermore, our mouse model started the diet treatment in their
juvenile stage and ended it as mature adults. There have been reported varying effects of
feeding young versus adult mice a HFD [59], thus it is important to note when interpreting
our results for clinical advancement. In addition, our study only included male mice; thus,
the potential gender effects are unclear.

It will be important to determine the effects of PTC to cleave crosslinked AGEs /n vivo
during continued presence of high blood glucose levels. From the mechanistic perspective,
we can expect PTC to block the formation of new AGEs by attacking the reactive
intermediates and breaking the carbon-carbon bonds between the two carbonyls present

[27, 28]. Moreover, it is still unknown to what extent PTC prevents oxidation through metal
chelation. Therefore, it is not currently possible to state which specific AGEs are being
removed and which AGEs are more likely to cause skeletal fragility. Identification of AGEs
which are modified and/or removed by PTC needs further investigation. Finally, it has been
suggested that PTC can reduce RAGE expression, but again, the mechanistic aspects of PTC
action on the RAGE pathway is not fully understood [37].

Taken together, our results show that non-enzymatic AGE crosslinks formed in T2D bone
affect the material properties of bone and lead to loss of bone toughness. Our findings show
that T2D bone toughness can indeed be partially rescued by removal of AGEs using PTC.
However, the complexity of the /n vivo PTC treatment has to be further evaluated before

it can be applied as an effective medical treatment. Nevertheless, we provide a conceptual
framework for future in vivo studies. Considering the growing epidemic of Type 2 Diabetes,
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particularly in young adults, our results offer both increased understanding and a possible
approach to combat diabetes-induced skeletal fragility.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

C57BL/6J mice, given a high-fat diet during development, developed type 2
diabetes.

Diabetic mice bones showed altered microarchitecture and increased
mineralization.

Accumulation of glycation products correlated to the loss of bone toughness.

Glycation products were cleaved by phenacyl thiazolium chloride (PTC) /in
vitro.

Removal of glycation products correlated to a decrease in bone fragility.
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Figure 1: C57BL/6J mice given a high-fat diet during development developed obesity and type 2
diabetes.

HFD-fed mice showed greater body mass gain compared to LFD-fed mice (A). HFD-fed
mice had higher levels of fasting blood glucose throughout the study (B). After diet
treatment for 22 weeks, HFD-fed mice had fasting blood glucose in the diabetic range (C),
showed a lag-curve in the final OGTT (D) and demonstrated impaired insulin production
assessed by the AUC of final glucose tolerance test (E). The increase in body mass
correlated with the increase in blood glucose showing interconnection between obesity and
diabetic status (F). LFD = low-fat diet; HFD = high-fat diet; AUC = area under curve.
Results are shown as boxplots (with median and interquartile range) showing all data points.
Statistically significant differences were determined by t-tests (unpaired, two-tailed, a=0.05)
or Two-Factor ANOVA with Replication (a < 0.05). Number on top of each boxplot
indicates sample size. Coefficient of correlation determined by Pearson’s R test (a=0.05).
Significant codes: p < 0.05 “*’, p < 0.01 “**’, p < 0.001 “***",
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Figure 2: Diabetic mice showed altered microarchitecture and increased mineralization.
Trabecular structure analyzed at the distal femur showed that diabetic mice had increased

trabecular thickness (A), but no changes in trabecular number (B) or trabecular separation
(C). Diabetic mice demonstrated typical increase in bone volume fraction (D) and trabecular
volumetric BMD (E). LFD = low-fat diet; HFD = high-fat diet; BMD = bone mineral
density. Results are shown as boxplots (with median and interquartile range) showing all
data points. Statistically significant differences were determined by t-tests (unpaired, two-
tailed, a=0.05). Number on top of each boxplot indicates sample size. Significant codes: p <

0.05 “*’, p < 0.01 “**°,
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Figure 3: Diabetic mice showed an increase in AGEs, and a decrease in bound water.
AGEs assay and confocal Raman spectroscopy were used to evaluate organic matrix

properties from femoral cortical sections. Diabetic mice showed a significant increase

in total fAGEs (A), pentosidine (B) and carboxymethyl-lysine (C), and a significant
reduction in collagen bound water (D). LFD = low-fat diet; HFD = high-fat diet, fAGEs

= fluorescent advanced glycation end-products. Results are shown as boxplots (with median
and interquartile range) showing all data points. Statistically significant differences were
determined by t-tests (unpaired, two-tailed, a=0.05). Number on top of each boxplot
indicates sample size. Significant codes: p < 0.05 “*’, p < 0.01 “**’, p < 0.001 “***’,
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Figure 4: HFD-induced T2D increased mineral crystal size.
XRD was used to measure the FWHM of peak 002, which was used to calculate the mineral

crystal size (A) which was significantly increased in diabetic mice. Peak analysis also
revealed an increase in d-spacing for HFD-fed mice compared to the LFD group (B). (C)
Schematic of mineral crystal arrangement in LFD (left) and HFD (right). LFD = low-fat
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diet; HFD = high-fat diet. Results are shown as boxplots (with median and interquartile
range) showing all data points. Statistically significant differences were determined by
t-tests (unpaired, two-tailed, a=0.05). Number on top of each boxplot indicates sample size.
Significant codes: p < 0.05 “*’, p < 0.01 “**’, p < 0.001 “***’,
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Figure 5: Loss of bone toughness in diabetic mice.
Diabetic mice showed loss of bone toughness, seen by a significant decrease in initiation

toughness (A) and maximum toughness (B). LFD = low-fat diet; HFD = high-fat diet.
Results are shown as boxplots (with median and interquartile range) showing all data
points. Statistically significant differences were determined by t-tests (unpaired, two-tailed,
a=0.05). Number on top of each boxplot indicates sample size. Significant codes: p < 0.001
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Figure 6: Loss of bone toughness in diabetic mice could be explained by mineral changes.
Increase in interfibrillar space, determined from XRD diffractions, correlated with a

decrease in initiation toughness (A). Larger mineral crystal size negatively correlated with a
loss of maximum toughness (B). Coefficient of correlation determined by Pearson’s R test
(a=0.05). Significant codes: p < 0.05 “*’, p < 0.01 “**’, p < 0.001 “***’,
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Figure 7: Hyperglycemia associates with increase of glycation products.
Increase in blood glucose levels correlated with an increase in fAGEs (A), CML (B), and

PEN (C). fAGEs = fluorescent advanced glycation end-products; CML = carboxymethyl-
lysine; PEN= pentosidine. Coefficient of correlation determined by Pearson’s R test
(a=0.05). Significant codes: p <0.05 “*’, p < 0.01 “**’, p < 0.001 “***’,
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Figure 8: Increase of glycation products negatively correlate to loss in toughness.
Increase in fAGEs (A), CML (B), and PEN (C) correlated with loss of initiation toughness.

fAGEs = fluorescent advanced glycation end-products; CML = carboxymethyl-lysine; PEN=
pentosidine. Coefficient of correlation determined by Pearson’s R test (a=0.05). Significant
codes: p<0.05 “*’, p<0.01 “**’, p < 0.001 “***’,
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Figure 9: Increase of glycation products negatively correlate to loss in toughness.
Increase in fAGEs (A), CML (B), and PEN (C) correlated with loss of maximum toughness.

fAGEs = fluorescent advanced glycation end-products; CML = carboxymethyl-lysine; PEN=
pentosidine. Coefficient of correlation determined by Pearson’s R test (a=0.05). Significant
codes: p<0.05 “*’, p<0.01 “**’, p < 0.001 “***’,

Bone. Author manuscript; available in PMC 2023 March 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

LLabre et al.

Page 33

p = 0.000246***

1007 5 & :
T 90+ —
(@) (0]
© .

6 80_ Q\\Q -
O

g 70 \\\\ O—@— .
c 60/ o -
= =

- 5 i
S 50 .

g 40 + 8
8 a6 l

2 o L

= 207 :
o

2 107 ~

0 | 1
HFD-CTR HFD-PTC

Figure 10: Removal of glycation end-products.
PTC-treated femoral samples showed a significant reduction in total fAGEs. HFD = high-fat

diet; CTR = control group treated in saline; PTC = phenacyl thiazolium chloride; fAGEs =
fluorescent advanced glycation end-products. Results are shown as boxplots (with median
and interquartile range) showing all data points. Statistically significant differences were
determined by Paired T-test (two tailed, a = 0.05). Number on top of each boxplot indicates
sample size. Significant codes: p < 0.05 **’, p < 0.001 ****’,
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Figure 11: Removal of glycation end-products served as an effective in vitro treatment for
rescuing bone toughness.

PTC-treated femoral samples showed a non-significant increase in initiation toughness (A)
and significant increase in maximum toughness (B). HFD = high-fat diet; CTR = control
group treated in saline; PTC = phenacyl thiazolium chloride. Results are shown as boxplots
(with median and interquartile range) showing all data points. Statistically significant
differences were determined by paired t-test (two tailed, a. = 0.05). Number on top of each
boxplot indicates sample size. Significant codes: p < 0.05 “*’, p < 0.001 “***’,
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Table 1.

Femoral cortical morphology assessed by microCT imaging.

LFD
(n=6)

HFD
(n=6)

Endosteal Dia. (mm) 1.0472 £0.0520 1.0765+0.0569 p=10.3734
Periosteal Dia. (mm)  1.4188 £0.0623 1.4659 £0.0562 p =0.1995

Ct. Th (um) 1858+ 139 1947+72  p=0.194
CLAI/TAr (%) 41.28+0241  4243+01.06 p=03119
It (MMA4) 0.2663+0.0568 0.1943+0.0538 =048 *

cTMD (mg HA/ccm)  1258.77 +14.37  1249.39+10.72 p=0.2288
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Results are presented as mean + STD. Ct.Th = cortical thickness, Ct.Ar/Tt.Ar = cortical area fraction, Im| = moment of inertia in the medio-lateral
plane, cTMD = cortical tissue mineral density. Groups represent ten-week-old C57BL/6J male mice fed a low-fat diet (LFD) or a high-fat diet

(HFD) for 22 weeks. Statistically significant differences were determined by t-tests (unpaired, two-tailed, a=0.05).

Significant codes: p < 0.05 “*’.
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Confocal Raman Spectroscopy after /n vitro PTC treatment.

Table 2.

HFD-CTR  HFD-PTC

(n=6) (n=6) p-value
Carbonate Substitutions (v{CO3/v;PO,)  0.881+0.045 0.932+0.064 0.2246
Mineral:Matrix Ratio (v;PO4/Amide I) 0.971+0.057 1.032+0.152 0.4732
Mineral:Matrix Ratio (v,POs/Amide 1) 0.948 +0.105 0.966 + 0.049 0.6796
Crystallinity (1/v;POy) 0.095+0.004 0.097+0.006 0.4836
CML:CHy.yag (unitless) 1.316 £0.227 1.240+0.089 0.4113
PEN:CHj.yyqq (unitless) 1.285+0.206 1.309+0.089 0.7662
Bound Water (I300/12949) 0.390+0.073 0.438+0.161 0.3528
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Data are presented as mean + STD. CML = carboxymethyl-lysine; PEN = pentosidine; CH2 = methylene; PO4 = phosphate; CO3 = carbonate; v1,
v2 = band mode; fAGEs = fluorescent advanced glycation end-products. Groups represent /in vitro treatment with saline (HFD-CTR) or phenacyl
thiazolium chloride (HFD-PTC) to femora from ten-week-old C57BL/6J male mice fed a high-fat diet (HFD) for 22 weeks, assessed by paired

t-test (two tailed, a = 0.05).
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