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Abstract

Type 2 diabetes mellitus (T2DM) increases fracture risk for a given bone mineral density (BMD),
which suggests that T2DM changes bone tissue properties independently of bone mass. In this
study, we assessed the effects of hyperglycemia on bone tissue compositional properties,
enzymatic collagen crosslinks, and advanced glycation end-products (AGES) in the KK-Ay murine
model of T2DM using Fourier transform infrared (FTIR) imaging and high-performance liquid
chromatography (HPLC). Compared to KK-aa littermate controls (/7= 8), proximal femoral bone
tissue of KK-Ay mice (7= 14) exhibited increased collagen maturity, increased mineral content,
and less heterogeneous mineral properties. AGE accumulation assessed by the concentration of
pentosidine, as well as the concentrations of the nonenzymatic crosslinks
hydroxylysylpyridinoline (HP) and lysyl pyridinoline (LP), did not differ in the proximal femurs
of KK-Ay mice compared to controls. The observed differences in tissue-level compositional
properties in the KK-Ay mice are consistent with bone that is older and echo observations of
reduced remodeling in T2DM.
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Introduction

Type 2 diabetes mellitus (T2DM) increases fracture risk for a given bone mineral density
(BMD),(1:2) and the greater fracture risk for patients with T2DM persists after adjustment for
age, body mass index (BMI), and physical activity.(®) Additionally, T2DM-related fractures
are underpredicted by current clinical fracture risk assessment tools that rely heavily on
BMD, such as the Fracture Risk Assessment Tool (FRAX).( Taken together, these findings
suggest T2DM degrades bone quality independently of BMD, which motivates further
assessment of bone tissue properties from patients with T2DM.

The precise mechanisms responsible for the putative alterations in bone quality that increase
T2DM-related fractures are unknown; however, changes in the posttranslational
modifications of collagen due to hyperglycemia have been suggested as a contributing factor.
Posttranslational modifications of collagen include (i) crosslinking through enzymatically-
mediated processes; and (ii) the formation of a heterogeneous group of reaction products
collectively known as advanced glycation end-products (AGEs) through non—-enzymatically-
induced processes. Enzymatic crosslinking is controlled by the action of lysyl oxidase and
results in the formation of trivalent crosslinks such as hydroxylysylpyridinoline (HP, also
referred to as pyridinoline) and lysylpyridinoline (LP, also referred to as deoxypyridinoline).
4) Non-enzymatically-induced AGEs, on the other hand, form through the reaction of
extracellular reducing sugars (eg, glucose, ribose, fructose) with free amino groups in
proteins and can result in nonenzymatic crosslinks, as well as other non-crosslinking AGEs
(eg, carboxymethyl-lysine).(®

Whereas enzymatic crosslinks strengthen and stabilize the collagen matrix,(®) AGEs
decrease energy absorption and embrittle bone tissue in animal models,() and in glycated/
ribosylated human(® and bovine tissue in vitro.(®) Rodent models supply direct evidence that
T2DM impairs whole-bone fracture resistance, and the skeletal phenotypes of rodents with
T2DM are typically characterized by substantial reductions in maximum load and
inconsistently by reductions in energy to failure and BMD (summarized in Nyman and
colleagues(10)). For example, spontaneously diabetic WBN/Kob rats exhibited reduced
maximum load and work-to-fracture with no change in BMD compared to controls, and
these weakening and embrittlement processes were accompanied by concomitant decreases
in enzymatic collagen crosslinks and increases in nonenzymatic collagen crosslinks.(1)

Additionally, AGEs impair bone remodeling processes. In AGE-modified collagen,
osteoblastic growth and differentiation were disrupted,12:13) and apoptosis increased.(14)
Observations of reduced bone formation in T2DM patients compared to non—diabetes
mellitus (non-DM) controls are also supported by analysis of histomorphometric data®®) and
biochemical markers of bone formation.(16-18)

A promising model to study T2DM is the KK-Ay mouse, and to date, compositional skeletal
characteristics of the KK-Ay mice have not been evaluated.(9) Mice from the KK strain
exhibit insulin insensitivity and glucose intolerance,(20:21) yet they are neither glucosuric nor
hyperglycemic.(20.22.23) The addition of the .A¥ mutation to the KK mouse induces obesity
and a distinguishing yellow coat, and KK-Ay mice exhibit overt glucosuria and
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hyperglycemia around 8 weeks of age.(?223) When tested in three-point bending, the tibias
of KK-Ay mice had a lower ultimate load compared to controls,(?4) which may parallel the
impaired structural integrity observed in humans.

Prior studies of the skeletal properties of KK-Ay mice compared to controls consistently
report reduced trabecular BMD,(24-26) whereas the findings for cortical volumetric BMD
(vBMD), total areal bone mineral density (aBMD), and bone formation/resorption markers
are less consistent. In two studies comparing KK-Ay mice to C57BL/6 controls, one study
reported a decrease in cortical area, thickness, and vBMD with a concomitant decrease in
osteoblastogenesis and osteoclastogenesis,(?4) and in contrast, the other study reported an
increase in cortical thickness and vBMD with an upregulation of osteoblast-related and
osteoclast-related gene expression.(2®) Although skeletal morphology(?4-27) and collagen
crosslinks(1:27-29) have been characterized in T2DM bone, compositional data beyond ash
weight(39-32) and mineral:matrix ratio (using Raman spectroscopy)(@732) are limited. These
results underscore the need for compartment-specific (ie, trabecular, cortical) and whole-
bone compositional assays of T2DM bone tissue.

Therefore, the objective of this work was to compare the spatially-resolved compositional
properties and collagen crosslinks of bone tissue from KK-Ay mice with overt T2DM (A4Y/a)
to their non-overt T2DM siblings (a/a). We hypothesized that hyperglycemia would increase
tissue-level nonenzymatic crosslinking (due to AGE accumulation) and would increase
tissue mineral content and collagen maturity (due to reduced bone turnover) in the 4Y/a mice
compared to the a/a controls.

Materials and Methods

Obese mouse model of T2DM

Male KK.Cg-AY/J mice were purchased from The Jackson Laboratory (Bar Harbor, ME,
USA,; 002468) at 8 weeks of age, raised in ventilated cages at 20°C to 22°C with a 14-hour
light-dark cycle, and given free access to standard irradiated chow (2920x; Harlan
Laboratories, Inc., Indianapolis, IN, USA). The yellow heterozygous A”/a mice were used to
model T2DM and their black homozygous a/a littermates were used as controls.

The femurs used here were the nonoperative controls from a study of the effects of T2DM
on osteoarthritis progression.(33) At 12 weeks of age, mice within each group (4%/a: n= 14;
a/a: n= 8) were anesthetized and chosen at random to undergo either a destabilization
medial meniscus (DMM) or sham procedure on the left distal femur.(34) The right femurs
used in the current study were not operated or otherwise treated. Body masses at the time of
surgery were recorded. A minimum of three blood glucose measurements were performed
via tail nick test (Precision Xtra Blood Glucose Test Strips; Abbott Diabetes Care Inc.,
Alameda, CA, USA), with three of the measurement time points at 8 weeks of age (at
purchase from Jackson Laboratory), 12 weeks of age (at DMM surgery), and 20 weeks of
age (at euthanasia). A lifetime-average blood glucose level (average of all blood glucose
measurements for each mouse) greater than 300 mg/dL confirmed hyperglycemic status of
the AY/a mice and euglycemic status of the a/a mice.(19 For a subset of the mice (4Y/a: n=
4; a/a: n= 4), fasting blood glucose measurements were taken. Because fasting blood
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glucose in mice may not be representative of steady-state conditions,®® the blood glucose
measurements of these mice were excluded from mean blood glucose calculations for each
group. No other treatments were applied to these mice throughout the study. Mice were
euthanized with carbon dioxide at 20 weeks of age, and the femurs were dissected. The stifle
joints (including the distal half of each femur) were allocated to osteoarthritis analyses, 33
and the proximal halves of the femurs were allocated to bone tissue compositional analyses
for the current study. The proximal femurs were wrapped in saline-soaked gauze and frozen
at —20°C. All animal care and procedures were performed at the University of Colorado
School of Medicine with the approval of the Institutional Animal Care and Use Committee.

Fourier transform infrared imaging

Fourier transform infrared (FTIR) imaging was used to evaluate bone tissue compositional
properties in a spatially resolved fashion. The proximal femurs were thawed, dehydrated in
graded organic solvents, and embedded in poly(methyl methacrylate) (PMMA). For each of
the femurs, three nonconsecutive, 1-um-thick longitudinal sections spaced a minimum of 10
um apart were cut near the mid-plane of the femur with a microtome (SM2500; Leica
Biosystems, Nussloch, Germany) and placed on BaF, windows (Spectral Systems, Hopewell
Junction, N, USA).

FTIR images were collected at two levels of structural hierarchy: (i) a whole-proximal-
femur image was generated at 25 pm spatial resolution; and (ii) tissue-specific cortical and
trabecular regions of interest (ROIS) (size: 400 um x 500 pm) were generated at 6.25 pm
spatial resolution. For each section, a single whole-proximal-femur image, in addition to
three cortical and three trabecular ROIs (Supporting Fig. 1), were collected over the spectral
range 800 to 2000 cm™1 at a spectral resolution of 4 cm™1 using an infrared imaging system
(Spotlight 400; Perkin-Elmer Instruments, Waltham, MA, USA). Subsequently, chemical
imaging software (ISys; Malvern Instruments, Worcestershire, UK) was used to remove the
background, baseline, and subtract the PMMA spectral contribution from the bone spectra.
(36) For five proximal femurs, soft tissue on the femoral head was present at the time of
PMMA embedding. This soft tissue was excluded from FTIR image analysis with a spectral
mask.

For each image, the infrared spectrum at each pixel was analyzed to determine the following
parameters: mineral:matrix ratio; carbonate:phosphate ratio; collagen maturity; and mineral
crystallinity.(3”) The mineral:matrix ratio (area ratio of the phosphate v;—v3 and amide |
peaks) characterizes tissue mineral content(38:39): the carbonate:phosphate ratio (area ratio of
the carbonate v, and phosphate vi—v3 peaks) characterizes the extent to which carbonate
substitutes into the mineral lattice(9); collagen maturity (the intensity ratio of 1660 cm™1
and 1690 cm™1) is related to the ratio of mature, nonreducible collagen crosslinks to
immature, reducible collagen crosslinks®Y): and the mineral crystallinity (intensity ratio of
1030 cm~1 and 1020 cm™1) is related to crystal size and perfection assessed by X-ray
diffraction.(42) Two outcome measurements were obtained for each FTIR parameter from
each image: the mean value of all pixels and the distribution width (calculated as the full-
width at half-maximum [FWHM)] of the Gaussian curve fit to the distribution of pixels; Fig.
2) to assess compositional heterogeneity. Thus, eight outcomes were assessed separately for
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cortical, trabecular, and whole-proximal-femur ROIs: (i) mean mineral:matrix ratio; (ii)
mean carbonate:phosphate ratio; (iii) mean collagen maturity; (iv) mean crystallinity; (v)
mineral:matrix ratio FWHM; (vi) carbonate:phosphate ratio FWHM; (vii) collagen maturity
FWHM; and (viii) crystallinity FWHM.

High-performance liquid chromatography

High-performance liquid chromatography (HPLC) was used to quantify the AGE
pentosidine in the whole proximal femur. The enzymatic crosslinks HP and LP were
quantified as secondary outcomes.

Following completion of FTIR imaging, the proximal femurs were de-embedded from
PMMA through agitation in methyl acetate for 3 days, with a solution change every 24
hours. After de-embedding, the femurs were agitated in 100% acetone (24 hours), 100%
ethanol (24 hours), and isopropy! ether (3%, 15 min). After rinsing with deionized (DI)
water, the femurs were lyophilized then hydrolyzed in 6N HCI at 110°C for 18 hours. The
hydrolysates were dried in a vacuum centrifuge (Speed Vac SC110A; Savant, Farmingdale,
NY, USA) then resuspended in an internal standard solution containing 10nM pyridoxine
and 2.4uM homoarginine; 30 pL of internal standard solution was added for every mg of
dried bone. The resuspended samples were filtered, then diluted 1:5 with 10% acetonitrile
(vol/vol) and 0.5% heptafluorobutyric acid (vol/vol).

Samples were injected into the column and separated using two isocratic steps.(2943) A
calibrator containing all three crosslinks (pentosidine, HP, LP) was serially diluted 1:2 five
times to create a linear calibration curve. The pentosidine standard was purchased from Case
Western Reserve University (Cleveland, OH, USA), and the HP and LP standards were
purchased from Quidel (8004; Quidel, Athens, OH, USA). Separations were performed with
a Gemini-NX C-18 column (Phenomenex, Torrance, CA, USA) connected to a
programmable HPLC system (Model 126; Beckman Coulter, Inc., Fullerton, CA, USA). 32
Karat Workstation software (version 5.0; Beckman Coulter, Inc., Brea, CA, USA) was used
to control the autosampler, pump, and fluorimeter (Model FP1520; Jasco, Easton, MD,
USA). Data analysis was performed using 32 Karat Workstation software and MATLAB
(2012a, The MathWorks, Inc., Natick, MA, USA).

Pentosidine, HP, and LP concentrations were normalized by collagen concentration as
determined by hydroxyproline concentration. For the hydroxyproline measurements, an
aliquot of the diluted sample from the crosslink analysis was further diluted 1:50 with 6uM
homoarginine in 0.1M borate buffer (pH 11.4), derivatized using 6mM 9-fluorenylmethyl
chloroformate for 40 min, and extracted using pentane. Pentane extraction removes excess
fluorenylmethyloxycarbonyl chloride (FMOC-CI) reagent, FMOC-OH reaction product, and
acetone. Three extractions were performed, then 25% (vol/vol) acetonitrile in 0.25M boric
acid (pH 5.5) was added. The separation of amino acids was run using the same column and
system as the crosslink separations using the injection sequence described by Bank and
colleagues.(*® Five serial 1:2 dilutions of purified hydroxyproline (Sigma-Aldrich, St.
Louis, MO, USA) and 6uM homoarginine in 0.1M borate buffer (pH 11.4) were used to
make a linear calibration curve for hydroxyproline. Collagen concentration was determined
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from the constant ratio of hydroxyproline in fibrillar collagen (300 mol hydroxyproline per
mol collagen).

The final outcomes for HPLC included concentrations for pentosidine, HP, and LP. The ratio
of HP to LP (HP:LP), the total concentration of mature enzymatic crosslinks (HP+LP), and
the ratio of pentosidine to mature enzymatic crosslinks (Pentosidine:HP+LP) were also
examined.

Statistical analysis

Results

Mouse characteristics (body mass, lifetime-average nonfasting blood glucose) and collagen
crosslinks (pentosidine, HP, LP) were assessed for normality and homogeneity of variances,
and a two-tailed Student’s #test was performed to assess differences between groups. A
significance level of 0.05 was used for all analyses.

For the eight FTIR outcome variables, cortical, trabecular, and whole-proximal-femur
regions were analyzed separately. For each region, a linear mixed model was used to assess
the relationship between genotype (AY/a, a/a) while accounting for the multiple sections
analyzed per mouse (three sections/femur) and for repeated measurements made within each
section (three trabecular ROIs and three cortical ROIs). To test if the increased mass of the
AY/a mice versus controls had an effect on the FTIR outcome variables, subsequent linear
mixed models that included the fixed effect of body mass were analyzed. Pairwise
differences between groups were assessed with Tukey post hoc tests. The reported percent
differences for FTIR parameters were calculated from the raw data, while the pvalues were
determined by the linear mixed models.

The relationships of lifetime-average blood glucose with all FTIR imaging and HPLC
outcomes were analyzed to elucidate the effects of hyperglycemia on tissue material
properties. Cortical, trabecular, and whole-proximal-femur FTIR ROIs were regressed
separately with lifetime-average blood glucose to highlight potential region-specific effects
of hyperglycemia. Because AGE accumulation may also affect bone turnover, the
relationships of pentosidine and the proximal femur FTIR outcomes were also investigated.
The HPLC measurements of collagen crosslinks were performed on the homogenized whole
proximal femur, so region-specific (ie, cortical, trabecular) correlations were not assessed
between pentosidine and the FTIR imaging outcomes. For all regressions, AY/aand a/a data
were pooled because the relationships did not differ between groups (o> 0.05).

Mouse characteristics

The AY/a mice experienced hyperglycemia for a minimum duration of 12 weeks and were
heavier than their a/z littermate controls. In AY/a mice relative to controls, the lifetime-
average nonfasting blood glucose was 83% higher (mean + SD; AY/a 426.5 £ 49.2 mg/dL
versus &/a. 234.5 £ 5.1 mg/dL; p « 0.001), and body mass at time of DMM surgery was
16% higher (AY/a: 36.7 + 3.8 g versus a/a. 31.5 + 2.6 g; p=0.0024). Furthermore,
hyperglycemia in the A¥/a mice was confirmed over the 12-week study period. The
nonfasting blood glucose of the AY/a mice was 67% greater than the a/a mice at 8 weeks of
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age (AY/a 346.2 + 130.6 mg/dL versus a/a: 207.6 + 18.5 mg/dL; p< 0.001), 114% greater at
12 weeks of age (at DMM surgery): (A%/a 413.3 + 93.2 mg/dL versus &/ 193.0 £ 11.8
mg/dL; p< 0.001), and 76% greater at 20 weeks of age (at euthanasia): (A"/a. 456.8 + 76.3
mg/dL versus &/ 258.5 £ 41.7 mg/dL; p < 0.001).

FTIR imaging: parameter distribution means and widths

Bone tissue from the A4Y/a mice exhibited greater mean collagen maturity and mineral
content, and narrower distribution widths of carbonate:phosphate ratio and crystallinity
compared to the aa mice.

Compared to a/a controls, mean collagen maturity was greater in the A"/a mice in cortical
bone (+12%, p= 0.0285; Figs. 1A, 2A), trabecular bone (+8%, p=0.0399; Figs. 1A, 20),
and in the whole proximal femur (+7%, p= 0.0499; Figs. 1A, 2B). In the whole proximal
femur, the mean mineral:matrix ratio was greater in AY/a mice compared to controls (+12%,
p=0.0233; Figs. 1A, 2D) and trended toward being greater in cortical bone (+8%, p=
0.0790; Fig. 1A4). Body mass had a significant positive effect on the mean mineral:matrix
ratio in cortical bone (p < 0.001); however, no observed effect of body mass on mean
mineral:matrix ratio was observed in the trabecular or whole proximal femur regions or in
the mean collagen maturity of cortical, trabecular, and whole proximal femur regions. The
mean carbonate:phosphate ratio and mean crystallinity were similar between A/aand a/a
mice across all regions. Distributions were narrower in the 4Y/a mice compared to controls
for carbonate:phosphate ratio (=19%, p = 0.0078; Figs. 158, 3A) and crystallinity (-24%, p=
0.0099; Figs. 1B, 3B) in the whole proximal femurs. The distribution widths were similar
for all other parameters.

HPLC collagen crosslinks

Association

The concentrations of pentosidine, HP, and LP and the parameters HP:LP, HP+LP, and
Pentosidine:HP+LP in the whole proximal femur were similar between groups (Table 1).

of blood glucose with collagen crosslinks and tissue material properties

When relationships between lifetime-average blood glucose and FTIR imaging parameters
were examined, these parameters were correlated in trabecular and whole-proximal-femur
ROIs, but not in cortical ROIs. In the trabecular ROls, lifetime-average blood glucose
correlated with (i) carbonate:phosphate ratio FWHM and (ii) collagen maturity FWHM, and
(iii) trended toward a correlation with mean collagen maturity (Table 2). In the whole-
proximal-femur ROIs, lifetime-average blood glucose correlated with (i) mean collagen
maturity, (ii) carbonate:phosphate ratio FWHM, and (iii) crystallinity FWHM, and (iv)
trended toward a correlation with mineral:matrix ratio FWHM (Table 2).

Lifetime-average blood glucose did not correlate with the concentrations of pentosidine, HP,
and LP assessed by HPLC, or with HP:LP, HP+LP, or Pentosidine:HP+LP (Table 2). The
concentration of pentosidine did not correlate with any whole-proximal-femur FTIR
imaging parameters; however, pentosidine correlated with (i) HP, (ii) LP, and (iii) HP+LP
(Table 2).
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Discussion

In this study, we assessed the effects of hyperglycemia on bone tissue AGEs and material
properties in the KK-Ay murine model of T2DM. The blood glucose levels and body masses
of the KK-Ay mice in this study are comparable to previously reported values,(?1.23) and
confirm the KK-Ay mice to be hyperglycemic and obese. The control mice were euglycemic
and overweight.

Our data reveal that bone tissue from A4Y/amice has (i) increased collagen maturity, (ii)
increased mineral content, and (iii) less heterogeneous mineral properties compared to
control a/a mice. Specifically, the greater mean collagen maturity, assessed with FTIR
imaging observed in AY/a versus a/a bone tissue, demonstrates a higher ratio of mature
enzymatic crosslinks to immature crosslinks, which is consistent with older, more mature
tissue.(41) The greater mean mineral:matrix ratio observed in AY/a versus a/a bone tissue
similarly points to an increased tissue age (ie, time since tissue formation), because older
tissue will have a greater mineral content.(%) The narrower distribution widths of the
carbonate:phosphate ratio and crystallinity of AY/aversus a/awhole proximal femoral bone
tissue suggest the .A¥/amice had less bone turnover.(46)

Several key mechanisms can modulate tissue properties in murine bone, even at cortical sites
that lack a robust intracortical remodeling process. The observed alterations in mean mineral
content may arise from (i) differing rates of periosteal expansion and endosteal resorption(4”)
or (ii) direct osteocytic regulation.(4®) In healthy tissue, changes in collagen maturity
typically reflect turnover; however, the alterations in this parameter observed in the KK-Ay
mice could alternatively arise from an accelerated rate of conversion from divalent to
trivalent enzymatic crosslinks. In the absence of double-labels for new bone formation, the
current study design precludes discernment of the precise mechanism(s) responsible for the
observed changes in tissue properties. Furthermore, prior findings regarding the balance of
formation and resorption markers in KK-Ay mice are in conflict; some studies report
decreased bone turnover markers,(24) whereas others report upregulation of bone turnover-
related gene expression.(?) Together, these findings indicate complex, compartment-
dependent effects of hyperglycemia in the KK-Ay mouse model.

Previous studies of the KK-Ay mouse(?5:26) and other rodent models of T2DM(27:32) point to
a larger effect of T2DM on BMD in trabecular bone compared to cortical bone and the
whole bone. In this study, a greater mean collagen maturity was observed in the bone tissue
of AY/a mice versus the a2 mice in all compartments examined (trabecular, cortical, and
whole proximal femur), but no differences in mineral properties were observed in the
trabecular compartment. It is likely that two key factors affected our ability to detect subtle
differences in mineral properties in trabecular bone: (i) the small analysis area of trabecular
compartments (ie, the number of bone pixels versus non-bone pixels per ROI) and (ii) the
inherent variability of the distribution width, particularly in the carbonate:phosphate ratio.

The regressions of FTIR imaging parameters with mean blood glucose support the
interpretation that the AY/atissue is older with less turnover and that the reduced turnover is
in part due to hyperglycemia. Mean collagen maturity in trabecular bone and the whole
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proximal femur increased with worsening hyperglycemia (/2 = 0.253, p = 0.0669; /2 =
0.600, p=0.0300, respectively), and the carbonate:phosphate ratio and crystallinity
distribution widths in the whole proximal femur narrowed with increasing hyperglycemia
(R%2=0.430, p=0.0150; /%2 =0.600, p=0.0300, respectively) (Table 2). Together, these
results indicate that the AY/a bone tissue is older, consistent with the observations of
disrupted and/or reduced remodeling processes in T2DM.(15-18)

One potential explanation for the greater mineral content observed in the AY/a versus a/a
mice is body mass. Because the AY/a mice were heavier than the a/a controls, the greater
tissue mineral content observed in the A”/a mice may reflect an adaptive response. When
body mass was added as a factor in the linear mixed models for the mean mineral:matrix
ratio and collagen maturity parameters, body mass had a significant positive effect on mean
mineral:matrix ratio in the cortical compartment (0 < 0.001). Thus, it is likely that body
mass is a contributing factor for the increased mineral content in the AY/a versus a/a mice;
however, the lack of an effect of body mass with respect to the collagen maturity indicates
body mass alone does not describe the observed changes to the collagen in the A"/a mice.

AGE accumulation in the whole proximal femur assessed by pentosidine concentration did
not increase with hyperglycemia in AY/a mice, as shown by the lack of correlation between
lifetime-average blood glucose and pentosidine concentration in the whole proximal femur
(Table 2). Although bone tissue ribosylated and glycated at supraphysiological
concentrations in vitro is characterized by increased total AGEs and pentosidine, (8:9.49.50)
evidence of AGE accumulation due to T2DM in vivo is currently inconclusive. Specifically,
bone tissue pentosidine concentration increased in T2DM rats compared to non-DM
controls1); however, no difference in pentosidine concentration was found in a study of
human bone from T2DM and non-DM patients.(28)

There are several factors that may explain the similar levels of pentosidine between AY/zand
a/amice. First, pentosidine is just one of hundreds of AGE species, and although HPLC
measurement of pentosidine concentration is accepted as a sensitive assay of this crosslink,
it has not yet known if tissue pentosidine concentration is a representative measurement of
all tissue AGE species.(®1) Second, cortical and trabecular bone differentially accumulate
AGEs, but the differences show inconsistent trends. Human trabecular bone accumulated
more fluorescent AGEs than cortical bone during in vitro glycation and ribosylation,“9:50)
but cortical bone accumulated more pentosidine than trabecular bone in in vivo studies of
type 1 diabetic(>2) and nondiabetic women and men.(®3) In the current study of the proximal
femur, the masses of the murine trabecular and cortical diaphyseal tissue alone were too
small to generate detectable signals for HPLC. Consequently, the whole proximal femurs
were homogenized for HPLC analyses, thereby preventing analysis of compartment-specific
pentosidine accumulation. Because of this limitation, a difference in pentosidine
concentration between genotypes in trabecular or cortical bone, which may have been
detected in a compartment-specific assay, could have been masked in the homogenized assay
by equal (or opposite) concentrations across genotypes in the other compartment. Third, the
formation of AGEs like pentosidine can take weeks to form in vivo.(54) It is possible that the
20-week lifespan of these mice was not long enough to accumulate more pentosidine in the
AY/a mice compared to &2 mice, even in hyperglycemic conditions. To our knowledge, no
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study monitoring the progression of AGE accumulation with aging in mice has been
performed; however, pentosidine concentrations in T2DM rats did not differ from non-DM
rats until 12 months of age.(1)

The concentrations of the enzymatic crosslinks HP and LP were similar between groups
which indicates that the concentration of mature pyridinoline crosslinks in the whole
proximal femur remained constant with hyperglycemia. These results are consistent with
data from a T2DM rodent model) and T2DM human tissue.(28:29) Although
concentrations of immature crosslinks were not assessed directly, the effects of
hyperglycemia on their concentrations can be inferred. Because collagen maturity (as
measured with FTIR) increased, and HP and LP (as measured with HPLC) did not change in
the AY/aversus a/a mice, the observed increase in collagen maturity may be due to a
decrease in enzymatic crosslinking. This effect is consistent with a decrease in immature
enzymatic crosslinking observed in T2DM rats.(1)

There are several limitations and strengths to note for interpreting our findings. First,
nonfasting blood glucose measurements were only available for approximately two-thirds of
the mice use in this study (AY/a. n= 10/14; a/a. n= 4/8). Due to the yellow coat color of the
mice with the A4 allele, we can be confident in the mouse genotype; however, directly
evaluating the glycemic control to the extent of tissue material changes was not possible for
every mouse. Second, the lack of double-labels for bone formation prevented identification
of the mechanism responsible for the changes in the observed tissue properties. In particular,
because onset of T2DM in the AY/a mice occurred prior to attainment of skeletal maturity,
the contribution of any differences in periosteal expansion and endosteal resorption between
groups to the observed compositional differences could not be assessed. Third, the small
masses of metaphyseal trabecular tissue and diaphyseal cortical tissue in these specimens
precluded separate HPLC analyses of trabecular and cortical bone, and the whole proximal
femurs were homogenized. Thus, the crosslinks measured by HPLC are a mixture of both
cortical and trabecular crosslinks. Because the proximal femurs were mostly cortical bone
by mass (exemplified in Figs. 1B, 1D, 2A, and 2B8), it is likely that the measured pentosidine
concentration was dominated by pentosidine from cortical tissue. On the other hand, a
negligible contribution of pentosidine from trabecular tissue cannot be guaranteed. The
inability to differentiate pentosidine concentrations in the trabecular and cortical
compartments is a major limitation of this assay because AGEs differentially accumulate in
a compartment-dependent manner.(49.50.52.53) However, the HPLC analysis of the
homogenized tissue provides insight into collagen crosslinking at the level of the whole
proximal femur, and the results of these analyses can be directly compared to the whole-
proximal-femur region FTIR parameters. Last, we note that the concentrations of HP and LP
found in our study are slightly higher than previously reported values®>); however, our ratio
of HP to LP is well within established ranges.(®®) Although the femurs were carefully
cleaned of soft tissue prior to hydrolysis for HPLC analysis, it is possible that small
contributions of soft tissue were included in the HPLC collagen crosslink assessments,
which could increase HP and LP concentrations.(>®) Nevertheless, the data presented here
contribute to the understanding of bone material property changes in T2DM due to
hyperglycemia.
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This work is the first to characterize the compositional characteristics of bone in the KK-Ay
mouse. Our study showed spatially-resolved changes in tissue-level material properties due
to hyperglycemia in the KK-Ay mouse, and the findings of increased mean collagen maturity
and mineral content in the KK-Ay mice compared to controls is consistent with previous
documentation of reduced bone turnover with T2DM. Overt T2DM manifests in KK-Ay
mice around 8 weeks of age as a result of insulin resistance, thus the KK-Ay mouse exhibits
an essential feature of T2DM in humans. In summary, the observed changes in the tissue
material properties of KK-Ay mice contribute to an evolving understanding of alterations in
bone quality with T2DM.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.

F'IE'JIR parameter distribution means (A) and widths (B) for cortical, trabecular, and whole-
proximal-femur regions by group. Bar heights indicate the parameter means, and error bars
denote the 95% confidence interval. *p < 0.05, #p < 0.10 after adjustment for repeated
measures in the linear mixed models.
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Fig. 2.
Representative images of selected FTIR parameters in a/aand AY/a mouse bone for (A)

cortical collagen maturity, (B) whole proximal femur collagen maturity, (C) trabecular
collagen maturity, and (D) whole proximal femur mineral:matrix ratio. Scale bars indicate
50 um in cortical and trabecular images and 500 pm in whole-proximal-femur images.
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Fig. 3.

Rgpresentative images of selected FTIR parameters and corresponding pixel histograms in
a/aand AY/a specimens for (A) whole proximal femur carbonate:phosphate ratio, and (5)
whole proximal femur crystallinity. Scale bars on FTIR images indicate 500 um. The red
curve on each pixel histograms indicates the Gaussian distribution fit, and the white
horizontal bar with arrows indicates the FWHM. FWHM = full-width at half-maximum.

J Bone Miner Res. Author manuscript; available in PMC 2019 May 01.



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Hunt et al.

Concentrations of Collagen Crosslinks Determined With HPLC and Selected Collagen Crosslink Ratios

Table 1

Outcome a/a(mean + SD) AY/a(mean + SD) p?

Pentosidine (mmol/mol collagen) 212+1.04 2.48 +1.48 0.6300
HP (mol/mol collagen) 0.59 +0.30 0.68 +£0.28 0.5586
LP (mol/mol collagen) 0.24 +0.09 0.24+0.13 0.5380
HP:LP 250+0.79 2.95+0.83 0.8788
HP+LP 0.82 +0.36 242 +1.48 0.7055
Pentosidine:HP+LP 2.68 +1.00 2.75+1.04 0.5597

HP = hydroxylysyl pyridinoline; LP = lysyl pyridinoline.

a\/alue of prepresents Student’s ¢test between AY/aand a/a groups.
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