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ABSTRACT

Individuals with type 2 diabetes mellitus (T2DM) have a greater risk of bone fracture compared with those with normal glucose
tolerance (NGT). In contrast, individuals with impaired glucose tolerance (IGT) have a lower or similar risk of fracture. Our objective
was to understand how progressive glycemic derangement affects advanced glycation endproduct (AGE) content, composition,
and mechanical properties of iliac bone from postmenopausal women with NGT (n = 35, age = 65 + 7 years, HbAlc = 5.8% +

0.3%), IGT (n =26, age = 64 £ 5 years, HbAlc = 6.0% + 0.4%), and T2DM on insulin (n =25, age = 64 + 6 years,
HbA1c = 9.1% =+ 2.2%). AGEs were assessed in all samples using high-performance liquid chromatography to measure pentosidine
and in NGT/T2DM samples using multiphoton microscopy to spatially resolve the density of fluorescent AGEs (fAGEs). A subset of
samples (n = 14 NGT, n = 14 T2DM) was analyzed with nanoindentation and Raman microscopy. Bone tissue from the T2DM group
had greater concentrations of (i) pentosidine versus IGT (cortical +24%, p = 0.087; trabecular +35%, p = 0.007) and versus NGT (cor-
tical +40%, p = 0.003; trabecular +35%, p = 0.004) and (ii) fAGE cross-link density versus NGT (cortical +71%, p < 0.001; trabecular
+44%, p < 0.001). Bone pentosidine content in the IGT group was lower than in the T2DM group and did not differ from the NGT
group, indicating that the greater AGE content observed in T2DM occurs with progressive diabetes. Individuals with T”2DM on met-
formin had lower cortical bone pentosidine compared with individuals not on metformin (—35%, p = 0.017). Cortical bone from the
T2DM group was stiffer (+9%, p = 0.021) and harder (+8%, p = 0.039) versus the NGT group. Bone tissue AGEs, which embrittle bone,
increased with worsening glycemic control assessed by HbA1c (Pen: R? = 0.28, p < 0.001; fAGE density: R* = 0.30, p < 0.001). These
relationships suggest a potential mechanism by which bone fragility may increase despite greater tissue stiffness and hardness in
individuals with T2DM; our results suggest that it occurs in the transition from IGT to overt T2DM. © 2022 American Society for Bone
and Mineral Research (ASBMR).
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with normal glucose tolerance (NGT).®? This reduced fracture

risk in individuals with IGT may be explained by greater
BMD.®'? However, individuals with T2DM also have higher

Introduction

ndividuals with type 2 diabetes mellitus (T2DM) are at

increased risk of bone fracture despite normal to high bone
mineral density (BMD) compared with those without diabe-
tes."? The increased fracture risk persists even after adjusting
for the greater BMD, body mass index (BMI), and risk of falls typ-
ically observed in individuals with T2DM.®® In contrast, individ-
uals with impaired glucose tolerance (IGT), or prediabetes,”
have a lower or similar risk of fracture compared with individuals

BMD compared with individuals with IGT or NGT® and paradox-
ically have a greater risk of fracture. This observation suggests
that although those with T2DM maintain BMD, the progression
from IGT to T2DM may result in deleterious metabolic or bio-
chemical changes that degrade bone tissue properties.'%"*
T2DM is characterized by peripheral insulin resistance as well
as progressive loss of pancreatic p-cell function, resulting in
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insulin secretion decline over time." Most of the individuals
with T2DM will eventually require exogenous insulin, and the
odds of insulin therapy requirements increase with T2DM dura-
tion.">'® Further, individuals with T2DM on insulin have a
higher fracture risk than individuals with T2DM not on
insulin,“*'” making this cohort important to examine. On the
other hand, metformin, a diabetic medication, improves bone
mass and decreases fracture risk in individuals with T2DM.('89

The mechanisms responsible for increased fracture risk in indi-
viduals with T2DM are not well understood. One hypothesized
mechanism by which bone strength, composition, and material
properties may be altered in individuals with T2DM involves
impaired bone remodeling with subsequent accumulation of
advanced glycation endproducts (AGEs)."""'¥ Reduced bone for-
mation in individuals with T2DM was observed in histomorpho-
metric studies®®?" and corroborated by lower serum levels of
bone formation and resorption markers.?? Similar trends of bone
turnover markers were observed in prediabetic individuals.*

Hyperglycemia in individuals with T2DM can lead to forma-
tion of AGEs via nonenzymatic glycation of amino acid residues
on collagen.*?” These AGEs accumulate in bone with
age®®?? and embrittle (reduced fracture toughness) the tis-
sue.?>3% On the other hand, enzymatic cross-links are formed
in a controlled manner regulated by lysyl oxidase and increase
whole bone strength.®V Pyridinoline, a mature enzymatic
cross-link, was lower in trabecular bone from men with T2DM
compared with non-DM men.? The mechanism for reduced
enzymatic cross-linking and its effect on bone strength in indi-
viduals with T2DM is unknown. Impaired osteoblast function in
individuals with T2DM,®? which regulate lysyl oxidase secretion,
can lead to reduced enzymatic cross-linking. Additionally, exces-
sive nonenzymatic cross-linking may reduce the bonding sites
for the formation of enzymatic cross-links.®® Therefore, a detri-
mental combination of increased AGEs, and consequently
reduced enzymatic cross-linking, is a potential mechanism for
increased fracture risk in individuals with T2DM.

Recent studies of clinical specimens from individuals with
T2DM reported differences in bone compositional and material
properties. Bone from individuals with T2DM had greater
(i) concentrations of total fluorescent AGEs (fAGEs);?%>%3%
(i) concentrations of the specific cross-linking AGE, pentosi-
dine;'*>*”) and (iii) mineral content, all consistent with reduced
remodeling.*>3%>® These compositional changes had both ben-
eficial and detrimental effects on bone mechanical performance.
A few studies reported contrasting results such as lower mineral
content,®* similar total fAGE content,'*>?%3”) and similar pento-
sidine content®® in individuals with T2DM versus non-DM con-
trols. Differences in T2DM duration and severity, as well as
bone compartment analyzed (cortical versus trabecular) may
explain the variability in the observations. Overall, the tissue
from the individuals without the protective effect of higher bone
volume fraction was more brittle because of greater concentra-
tions of AGEs.®”

Numerous gaps remain in our understanding of the factors
that drive bone fragility with progression from IGT to T2DM.
Although there are animal models indicating that total bone
fAGE content is increased even in prediabetic mice compared
with lean controls, this result has yet to be confirmed in human
populations.*? Further, lower microscale resistance of cortical
bone to in vivo impact indentation and ex vivo cyclic reference
point indentation were observed in individuals with
T2DM.2%4143) However, the changes in bone microstructure or
composition responsible for these differences are unknown,

and the outcomes require further validation to associate with tis-
sue material properties. Existing studies have focused primarily
on subjects with T2DM sufficiently well controlled for elective
total hip arthroplasty.*>%*% Cohorts with a wide range of dis-
ease severity are required to understand the progression of the
changes in bone material properties from normal glucose toler-
ance to overt T2DM.

The goal of our study was to understand how progressive gly-
cemic derangement affects the AGE content, composition, and
mechanical properties of bone matrix. We enrolled postmeno-
pausal women with normal glucose tolerance (NGT), impaired glu-
cose tolerance (IGT), and overt T2DM to investigate the
relationships between glucose control and bone strength in tran-
siliac crest bone samples. Our approach included (i) measurement
of the nanomechanical and compositional properties of cortical
and trabecular bone from individuals with and without T2DM
using nanoindentation and Raman spectroscopy, (ii) assessment
of the spatial distribution of AGEs and collagen organization in
the groups using multiphoton microscopy, and (iii) assessment
of the quantity of enzymatic and nonenzymatic collagen cross-
links in all the groups using high-performance liquid chromatog-
raphy (HPLC). We hypothesized that (i) individuals with T2DM
have higher bone mineral content, which results in stiffer and
harder tissue, and (ii) AGE content is higher in individuals
with T2DM.

Materials and Methods

Study cohort

Postmenopausal women were recruited at Johns Hopkins
University as described in a previous study.®® The current study
is an opportunistic secondary extension of an ongoing primary
study of histomorphometry and morphology in bone biopsies
from individuals with varying levels of glycemic derangement.
Using the same biopsies originally collected for histomorpho-
metric analysis, we have extended the primary study (not yet
published) by performing secondary analyses of infrared micro-
scopic properties in prior work'*® and AGE and nanomechanical
properties in the current work.

The size of the study cohort was calculated based on the pri-
mary histomorphometric outcome of interest for the original
study for which biopsies were collected: mineral apposition rate.
Power calculations were based on two-sided tests with a power
of 0.9 and an effect size of 0.42 in unit of standard deviation,
which corresponds to a difference of 0.042 pm/d (physiologically
important), considering p values <0.05 as statistically significant.
There were limited data in the literature on the variability in his-
tomorphometry measurements in women with T2DM and no
data in IGT. We hypothesized that bone microarchitecture and
mineralization would fall between the parameters of NGT and
T2DM. In calculating our sample size, we took all the available
data at the time into consideration; however, we looked primar-
ily at the data published by Krakauer and colleagues in a cohort
with diabetes as well as that in healthy controls.*'4)

Participants were allocated to three groups: (i) NGT (n = 35), if
blood glucose level after 2 hours, 75-g oral glucose tolerance test
(OGTT) was less than 140 mg/dL; (ii) IGT (n = 26), if blood glucose
level after OGTT was between 140 mg/dL and 199 mg/dL; and
(iii) T2DM (n = 23), if diagnosed with T2DM and on insulin ther-
apy =+ oral therapy. Women with T2DM but not on insulin ther-
apy were excluded from the T2DM group to capture the effects
of severe T2DM on bone. Further, women with type 1 diabetes,
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chronic kidney disease/nephropathy (creatinine clearance
<60 mL/min/1.73 m? by Modification of Diet in Renal Disease
[MDRD] equation), a history of fragility fracture, osteoporosis
on dual-energy X-ray absorptiometry (DXA), and other metabolic
bone diseases (Paget's, hyperparathyroidism, vitamin D defi-
ciency) were excluded from this study. No participant had a his-
tory of myocardial infarction or stroke in the last 5 years on
intake assessment. Women using medications known to affect
bone metabolism were also excluded.®® Our exclusion criteria
were designed to isolate the effects of glycemic derangement
on bone composition and material properties with major con-
founders removed.

All participants provided informed consent, and all study pro-
cedures were approved by the Johns Hopkins Medicine Institu-
tional Review Board. The participants completed five visits:
(i) initial screening to assess medical history, BMD assessment
with DXA of the lumbar spine, femoral neck, and hip (Hologic,
Bedford, MA, USA) to rule out osteoporosis, and administer OGTT
to determine glycemic control in those not on insulin;
(i) secondary screening to obtain blood and urine samples to
measure hemoglobin Alc (HbA1c), markers of bone resorption
and formation, 25-hydroxy vitamin D, parathyroid hormone
(PTH), and a complete metabolic panel (Table 2); (iii) baseline
visit to instruct participants how to prepare for bone biopsy
and complete demeclocycline labeling; (iv) visit to obtain iliac
crest bone sample; and (v) final visit to remove sutures and
address follow-up questions. Participants were compensated
for each visit. Participants were instructed to take two courses
of demeclocycline, each course lasting 3 days with a 12-day
gap between the two courses. The biopsy was obtained 5 days
after the second course. The demeclocycline labeling protocol
followed by transiliac bone biopsy was initiated within 1 month
of the participants’ screening and baseline visits, DXA scan, and
blood and urine testing. Biopsies were stored in ethanol before
tissue processing.

Study design

The primary objective of this study is to understand how pro-
gressive glycemic derangement affects bone AGE content.
Therefore, pentosidine concentration in both cortical and trabec-
ular bone from all the samples from all three groups was charac-
terized using HPLC. In addition to overall tissue AGE content,
differences in glycemic control and bone remodeling rate can
alter the spatial distribution of AGEs. We hypothesized that AGEs
preferentially accumulate in older tissue regions,“® which is
exacerbated by impaired ability to remodel damaged tissue in
individuals with T2DM. This preferential distribution of AGEs is
a function of circulating glucose levels®*” and is expected to take
several years in high-glucose environments to be able to be visu-
alized.*®*”) Therefore, spatial distributions of fluorescent AGEs
were compared only in T2DM and NGT samples using multipho-
ton microscopy.

The secondary objective of this study is to understand how
glycemic derangement affects bone material properties at the
nanoscale. The sample size for nanoindentation was determined
from an initial power analysis. For the analysis, we used a power
of 0.8 with an alpha of 0.05 to detect a 10% difference based on
nanoindentation data from studies of clinical bone samples with
other mineralization defects (osteogenesis imperfecta and oste-
oporosis)“®>" because no nanoindentation data were available
at the time from bone from individuals with T2DM. The lower
bone turnover observed in T2DM is expected to allow greater

secondary mineralization of the matrix and result in increased
stiffness and hardness of this older tissue.*?>* Therefore, to
identify samples that reflected the greatest effect of decreased
turnover on material properties, samples with the lowest CTX
were chosen from the NGT and T2DM groups. Because no differ-
ences in BMD and bone turnover markers were observed in the
IGT versus NGT groups, which may reflect similar extent of sec-
ondary mineralization and comparable stiffness, the nanome-
chanical properties of the IGT group were not characterized.
The compositional properties of this cohort were previously
published,®® and the purpose of the Raman spectroscopy was
to facilitate spatially resolved correlations of mechanical and
compositional properties.

Fluorescence microscopy

Demeclocycline labels were visualized in a dark room using a fluo-
rescence microscope (BX43, Olympus, Tokyo, Japan) with a GFP
filter (Ex 482/18, Em 520/28) and two air objectives (20x, 0.7NA;
10x, 0.4 NA; Olympus). In each sample, three labeled trabeculae
that spanned the whole biopsy were identified for further charac-
terization of newly formed bone using nanoindentation and
Raman spectroscopy.

Nanoindentation

From an initial power analysis, 14 samples with lowest
C-telopeptide (CTX) were chosen from each group (NGT and
T2DM) to detect a 10% difference in the modulus. The samples
with lowest CTX were chosen to determine the effects of
reduced remodeling in individuals with T2DM. The biopsies were
dehydrated using organic solvents and embedded in poly
methyl methacrylate (PMMA). The embedded samples were cut
into two halves parallel to the long axis of the cylindrical biopsy
(Fig. 1), and all the experiments were performed on one half of
the block. The longitudinal sections were anhydrously polished
with a series of abrasive grit papers and alumina slurry to achieve
a root mean square (RMS) roughness less than 20 nm,*> as
assessed by atomic force microscopy scans of at least four
5 x 5 pm? areas per sample. Specimens were rehydrated in
Hank’s balanced salt solution (HBSS) for 3 hours before testing.
The extent of rehydration was monitored by periodically weigh-
ing the samples and confirming that the sample weights reached
a plateau. Nanoindentation was performed in 4-hour sessions
during which rehydration was maintained (<5% weight loss).

A nanoindenter (Tribolndenter, Hysitron, Bruker, Billerica, MA,
USA) with a Berkovich diamond tip was used to collect force ver-
sus displacement data. The tip was loaded into the sample at
100 pN/s, held at the maximum load of 1000 pN for 30 seconds,
and unloaded at 100 pN/s, which produced indentations with
contact depths ~200 nm. Indentation modulus and hardness
were calculated from the unloading portion of the force-
displacement curve as previously described.>*®

Both cortical and trabecular bone were characterized with
nanoindentation. At least 30 indents were made in cortical and
trabecular bone to account for the heterogeneity in the tis-
sue.®”*® In cortical bone, two osteonal and two interstitial
regions per sample were characterized. Two osteons were ran-
domly chosen, and 15 equidistant indents were placed across
the total width of each osteon. The indentations that fell on
PMMA in Haversian canals were excluded. Next, two randomly
chosen interstitial regions were characterized with 2 x 2 grids
of indents with 5 pm grid spacing. In trabecular bone, two
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trabeculae with fluorescent labels of bone formation
(Supplemental Fig. S1) were randomly chosen to study the effect
of tissue age on material properties. In each trabecula, three
regions were characterized (Fig. 1B). Five indents, spaced 5 pm
apart, were made along a line perpendicular to the trabecular
edge (i) at the formation label (the “label region”), representing
newly formed bone (<24 days old) and (i) at the opposite trabec-
ular edge without formation labels (the “edge region”), represent-
ing bone >24 days old; another five equidistant indents were
made along the same line in the center of the trabecula from
30% to 70% the width of trabecula (the “center region”) (Fig. 1B).

Raman spectroscopy

Compositional properties of cortical and trabecular bone from
the subset of samples that underwent nanoindentation were
characterized using Raman spectroscopy. Spectra were acquired
using a confocal Raman imaging system (Alpha300R, WITec, Ulm,
Germany) with a ~70 mW 785 nm laser source focused through

eeecetscee

Fig. 1. (A) Stitched optical image of a representative iliac crest biopsy
embedded in PMMA. Regions of interest are highlighted with rectangles:
(B) trabecular bone; (C) osteonal cortical bone; (D) interstitial cortical
bone. Inset images schematically depict locations of indentations: Each
rhombus represents an indentation (not to scale). The trabecular regions
depict indentations on fluorochrome labels, here indicated by a green
line in (B) and shown in a fluorescence image in Supplemental Fig. S1,
in the label (L), center (C), and opposite edge (E) regions.

a 50x%, 0.55 NA objective. Each spectrum was averaged from
10 accumulations each obtained with a 6-second
integration time.

In cortical bone, at least three osteonal and three interstitial
regions were characterized to spatially match the regions charac-
terized by nanoindentation, and the rest of the regions were ran-
domly selected. Three spectra, equidistantly spaced, were
collected along a line spanning the radius of each osteon and
three spectra spaced 10 pm apart were collected in each intersti-
tial region. In trabecular bone, at least three trabeculae were
characterized per sample. Spectra were collected along lines par-
allel to the surface of each trabecula, at three points spaced
10 um apart in each of three regions: (i) label: the edge of the tra-
becula with the bone formation label; (ii) edge: the edge of tra-
becula without formation label, and (iii) center: the center of
the trabecula.

The background fluorescence was subtracted from the spectra
using a chemical imaging software (Project FIVE 5.2, WiTec, Ulm,
Germany). The PMMA contribution to the bone spectra was sub-
tracted. The mineral to matrix ratio (M:M), mineral maturity/
crystallinity (MMC), the carbonate to phosphate ratio (C:P), and
glycosaminoglycan (GAG) content (Table 1) were determined by
direct integration using a custom code (MATLAB, MathWorks,
Natick, MA, USA). The GAG content, which has not yet been exten-
sively validated by gold-standard techniques in bone, is presented
in Supplemental Fig. 55.°9%9 Pyridinoline content was calculated
by peak fitting the Amide | region using a spectroscopy software
(GRAMS/AI, Thermo Fisher Scientific, Pittsburgh, PA, USA). The
Amide | region was resolved into four Gaussian sub-bands cen-
tered at 1610, 1630, 1660, and 1690.°"

Confocal/multiphoton microscopy (MPM)

All the samples from the NGT and T2DM groups were imaged
with confocal/multiphoton microscopy to collect spatially
resolved images of fluorescent AGEs and collagen alignment in
cortical and trabecular bone. Three cortical and trabecular
regions each 425 x 425 pym? previously characterized by
nanoindentation and Raman spectroscopy were also character-
ized with multiphoton microscopy.

The confocal/MPM system (LSM 880, Zeiss, Thornwood, NY,
USA) comprises an upright microscope (Axio Examiner.Z1, Zeiss)
and multiple laser lines, including the Diode 405-30 unit used for
confocal imaging and fully spectrally resolvable emission chan-
nels. The system also has a fully integrated Ti:Sapphire (Mai Tai,
Spectra Physics, Milpitas, CA, USA) multiphoton excitation source
with automated tuning and pulse dispersion control from 700 to
1000 nm. Second harmonic generation (SHG) imaging was per-
formed with a non-descanned filter-based unit. Incident light
was focused on the samples using either a 20x/1.0 W Plan-
Apochromat dipping lens or a 40x/1.1 LD C-Aporchromat lens
adjusted for a 0.17-mm-thick coverslip on the sample surface.

Table 1. Raman Outcomes and Their Corresponding Peak Area or Intensity Ratio Along With the Integration Ranges

Raman outcome Peak area or intensity ratio Integration ranges (cm ') References
Mineral to matrix ratio (M:M) v, PO,/Amide lll (410-460)/(1215-1300) ©2
Mineral maturity/crystallinity (MMC) 1/FWHM of v; PO, (~960 cm ™) N/A ©3)
Carbonate to phosphate ratio (C:P) v, COs/v, PO, (1050-1100)/(410-460) ©4
Glycosaminoglycan (GAG) CHs/Amide Ill (1365-1390)/(1215-1300) 59
Pyridinoline to amide | ratio (Pyd) Pyridinoline/Amide | 1660/(1616-1720) ©9)

Abbreviation: FWHM = Full width at half maximum.
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Chi-square test of independence

IGT versus
T2DM

NGT versus
NGT versus IGT T2DM

T2DM
0.22 £ 0.11
229.95 £+ 101.36

IGT
0.31 +£0.22
22450 + 68.44

NGT
032 £0.18
238.34 + 98.96

Table 2. Continued

Characteristics

p = 0.043
p = 0027

2.66 £ 2.37
53.89 £+ 13.80

315+ 213
5149 + 13.54

3.53 £ 2.00
56.25 £+ 15.94

Sclerostin (pmol/L)

ucOC (ng/mL)
Pentosidine (nmol/L)

CTX (ng/mL)

Note: Values shown are mean =+ standard deviation unless otherwise noted. Statistical significance determined by Kruskal-Wallis H test or chi-square test at a significance level of 0.05.

Note: Adapted from Hunt et al.®®

type 2 diabetes mellitus group; OGTT = oral glucose tolerance test; eGFR = estimated glomerular

filtration rate; CTX = carboxy-terminal telopeptide of type 1 collagen; PINP = amino-terminal propeptide of type 1 collagen; ucOC = undercarboxylated osteocalcin; n/a = not applicable.

impaired glucose tolerance group; T2DM

Abbreviations: NGT = normal glucose tolerance group; IGT

Autofluorescence was collected over the range 420 to 485 nm.
HBSS was used as the immersion medium for both lenses. To
account for different objectives, the power of the incident lasers
was scaled to maintain similar fluorescence and SHG intensities
at the specimen surface.®® Otherwise, the power and all settings
were kept the same between samples.

To semiquantitatively assess fAGE “cross-link density”®” for
each image, the mean two-photon fluorescence intensity, which
reflects the quantity of fluorescent AGEs in the tissue,®® was nor-
malized to the square root of mean SHG intensity, which reflects
the concentration of aligned collagen molecules.®® This metric
is analogous to the total fAGE content measured by fluorometric
assay in which the endogenous fluorescence of bone hydroly-
sate is normalized to the collagen content determined from a
colorimetric assay.®>?® In addition, this method offers key
advantages over the fluorometric assay because it is nondestruc-
tive and allows for spatially resolved characterization of AGEs.

Confocal imaging was used to obtain semiquantitative spatial
distributions of AGE content in cortical and trabecular bone.
Images of fluorescent AGEs were obtained by focusing the
405 nm laser on the sample and collecting fluorescence over
430 to 450 nm.®® In each region, fluorescence was collected
from one 1-pm-thick optical section by adjusting the pinhole
aperture to minimize photobleaching.

The endogenous fluorescence from the bone was normalized
to that of cascade blue dye (Cascade Blue hydrazide, Trisodium
Salt [C-687], Thermo Fisher Scientific) which has a similar
excitation-emission profile to AGEs in collagen.®® The fluores-
cence intensities of serially diluted calibration standards of
100 pM C-687 dye in deionized water were measured with the
same system settings used to obtain fAGE images. The fluores-
cence intensity at each pixel was converted to fAGE concentration
using calibration curves made from the standards. The mean and
the standard deviation of the distribution of normalized fluores-
cence pixel intensities were calculated for each image.

Collagen organization was assessed from SHG images col-
lected from the same regions. Second harmonic was generated
using a circularly polarized laser providing <100 fs pulses at
80 MHz tuned to a wavelength of 780 nm. The incident laser
was circularly polarized at the sample using a Berek variable
waveplate (5540, New Focus, Irvine, CA, USA) before the scan-
ning box, enabling generation of second harmonic from colla-
gen in all orientations. First-order (mean, standard deviation)
and second-order (Supplemental Table S1) statistical parameters
of collagen organization were calculated from the images.””

2(67,

High-performance liquid chromatography

HPLC was used to determine the quantity of AGE pentosidine and
mature enzymatic cross-links, pyridinoline (Pyd) and deoxypyridino-
line (Dpd).?> All the samples in NGT, IGT, and T2DM were character-
ized using HPLC. Five samples (2 NGT trabecular, 1 NGT cortical,
1 IGT trabecular, 1 IGT cortical) were excluded because of dilution
error in the hydroxyproline assay. The biopsies were de-embedded
from PMMA by agitating in methyl acetate (4 days, new solution
every 24 hours) and 100% acetone (24 hours). After de-embedding,
the biopsies were washed in 100% ethanol (24 hours) and de-fatted
in isopropyl ether (15 min x 3). The tissues were sectioned into cor-
tical and trabecular compartments for separate analysis of each
compartment. The separated tissues were rinsed in deionized water,
frozen, and lyophilized. The tissues were weighed and hydrolyzed in
1:10 6 N HCl at 110°C for 20 hours. Hydrolysates equivalent to 5 mg
of dry bone were dried in a vacuum centrifuge (Savant SPD131DDA
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SpeedVac Concentrator, Thermo Fisher Scientific) connected to a
refrigerated vapor trap (RVT5105, Thermo Fisher Scientific). Dried
powders were resuspended in an internal standard solution
(10 nM pyridoxine and 2.4 pM homoarginine) and filtered with
0.45 pm syringe filter. The filtered solutions were diluted 1:5 with
10% acetonitrile (v/v) and 0.5% heptafluorobutyric acid (v/v).

The cross-links were separated using two isocratic steps”" by
injecting the diluted solution into a C18 column (3 mm x 50 mm)
(XBridge, Waters Corporation, Milford, MA, USA) integrated in a pro-
grammable HPLC system (Alliance 2695, Waters Corporation)
attached to a UV-Vis detector (2475, Waters Corporation). A linear
calibration curve was obtained for each HPLC run using serially
diluted calibration standard containing pentosidine (Case Western
Reserve University), Pyd, and Dpd (8004, Quidel, San Diego, CA, USA).

The cross-link concentrations were normalized by collagen
concentrations determined by hydroxyproline concentration
from amino acid analysis. For this analysis, the diluted sample
from cross-link analysis was further diluted 1:50 with 6 mM
homoarginine in 0.1 M borate buffer (pH 11.4). For improved
detection, this solution was derivatized using 6 mM fluorenyl-
methyloxycarbonyl chloride for 40 minutes, and excess reagents
and byproducts were extracted three times using pentane. After
derivatization, the samples were diluted using 25% (v/v) acetoni-
trile in 0.25 M boric acid (pH 5.5). The amino acids were sepa-
rated using the same column and system.”? A linear
calibration curve was obtained for each amino acid run using
serially diluted calibration standard containing purified hydroxy-
proline (Sigma-Aldrich, St. Louis, MO, USA) and 6 pM homoargi-
nine in 0.1 M borate buffer (pH 11.4).

Statistical analysis

All statistical analyses were performed using a commercial soft-
ware (JMP Pro 14, SAS Institute, Inc, Cary, NC, USA). All the out-
comes were tested for normality using Shapiro-Wilk tests. Log
transformation was performed if the data were not normally dis-
tributed. Linear mixed effects models were used to assess the
effects of study group and tissue region on the characterization
outcomes in cortical and trabecular bone separately. The fixed
effects were the study group (NGT, IGT, T2DM), tissue region (cor-
tical bone: osteonal, interstitial; trabecular bone: label, edge, cen-
ter), and the interaction between study group and tissue region.
The random effects were the patient ID and the region of interest
(two or three regions depending on the method) to account for
repeated measures and non-independence in the data. The
p values for pairwise comparisons were obtained from Tukey's
HSD test. Standard least squares regression modeling was per-
formed to understand the effect of composition on mechanical
properties. Significance was set as p < 0.05 for all the outcomes.
Data are presented as estimated mean + standard deviation or
as box and whisker plots on which the p values are the adjusted
values from the Tukey HSD tests. The whiskers extend 1.5 times
the interquartile range (IQR) from the top and bottom of the
box. All the data points including outliers (values greater/less
than 1.5 x IQR) were considered for statistical analysis.

Results

Participant characteristics

Participant characteristics, reported previously for this cohort,*®
are summarized in Table 2. Average age was not different among
the groups. Body mass index (BMI) in individuals with IGT and

T2DM was greater compared with individuals with NGT (+16%
versus IGT, p = 0.019; +23% versus T2DM, p < 0.001) but did
not differ among IGT and T2DM groups. Average value of gly-
cated hemoglobin (HbA1c) in individuals with T2DM (9.1% +
2.2%) was greater than in individuals with NGT (5.8% =+ 0.3%)
and IGT (6.0% =+ 0.4%) (+59% versus NGT, p = 0.008; +51%

p =0.004
p =0.007.

p =0.003
p =0.087

1

] |
;

$+3 0

] F

NGT IGT T2DM NGT IGT T2DM
Cortical Trabecular

Pentosidine (mmol/mol collagen)
O = N W & OO O N ©

Fig. 2. Box plots of the AGE pentosidine in cortical and trabecular bone. Each
overlaid jittered point represents measured (raw) pentosidine concentration
in cortical or trabecular bone per specimen. The p values are obtained from
linear mixed models adjusted by Tukey’s HSD. NGT = normal glucose toler-
ance; IGT = impaired glucose tolerance; T2DM = type 2 diabetes mellitus.

255
204

153

T2DM

102

NGT

Fig. 3. Representative false color images of fAGE cross-link density in
cortical and trabecular bone from NGT (left) and T2DM (right) groups.
Color image scale represents fAGE cross-link density calculated as mean
two-photon fluorescence intensity normalized to the square root of
mean SHG intensity. Scale bar = 100 pm. fAGEs = fluorescent advanced
glycation endproducts; NGT = normal glucose tolerance; T2DM = type
2 diabetes mellitus.
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versus IGT, p < 0.001) but did not differ between IGT and NGT
groups. The duration of diabetes was not statistically different
among patients who took metformin (16 years) and the patients
who did not (12 years). BMD at the lumbar spine and the femoral
neck did not differ across the groups. BMD of the total hip was
higher in individuals with T2DM compared with individuals with
NGT (+9% versus NGT, p = 0.021) but did not differ between IGT
and T2DM groups.

The markers of bone turnover were lower in individuals with
T2DM compared with individuals with NGT. In the T2DM group,
N-terminal propeptide of type 1 collagen (P1NP), a marker of
bone formation, was 25% lower (p = 0.013) and C-terminal

12
=
% 10 p < 0.001 p < 0.001
S 8 -
._\Ec 6 - {
? ‘ ﬁ:j _é,_l
S 4 o ) i
o 3 O
4 2 % :
(D oo ——
Lo
NGT T2DM NGT T2DM
Cortical Trabecular

Fig. 4. Box plots of mean fAGE cross-link density in cortical and trabecu-
lar bone. fAGE cross-link density = mean two-photon fluorescence inten-
sity normalized to the square root of mean SHG intensity.®”7¥ Each
overlaid jittered point represents the mean of the parameter from all
three cortical or trabecular regions of interest per sample. The p values
are obtained from linear mixed models adjusted by Tukey’s HSD.
fAGEs = fluorescent advanced glycation endproducts; NGT = normal
glucose tolerance; T2DM = type 2 diabetes mellitus.

telopeptide of type 1 collagen (CTX), a marker of bone resorp-
tion, was 31% lower (p = 0.043) compared with the NGT group.
Additionally, P1NP was 24% lower (p = 0.014) in the T2DM group
compared with the IGT group. Undercarboxylated osteocalcin
(ucOC) was 25% lower in the T2DM group compared with the
NGT group (p = 0.027). ucOC did not correlate with fasting
plasma glucose levels or HbAlc. No differences were found
among the groups in the serum levels of 25-hydroxyvitamin D,
creatinine, calcium, phosphorous, sclerostin, or pentosidine.

High-performance liquid chromatography

Bone from the T2DM group had a higher concentration of the
nonenzymatic cross-link pentosidine versus the NGT group in
both cortical (+40%, p = 0.003) and trabecular compartments
(+35%, p = 0.004). Further, trabecular bone of the T2DM group
had a higher concentration of pentosidine versus the IGT group
(4+35%, p = 0.007) and a similar trend existed in the cortical bone
(424%, p = 0.087) (Fig. 2). The concentration of pentosidine was
similar across the NGT and IGT groups in cortical and
trabecular bone.

The concentrations of the enzymatic cross-links Pyd and Dpd
did not differ across groups (Supplemental Table S2). The ratio of
nonenzymatic cross-links to enzymatic cross-links (representing
the ratio of harmful cross-links to advantageous cross-links),"”*
measured as pentosidine/(Pyd + Dpd), was higher in T2DM
specimens compared with NGT specimens in cortical bone
(+33%, p = 0.018) and trended toward being higher in T2DM
specimens compared with IGT specimens (+27%, p = 0.077).
These differences did not persist in trabecular bone.

Multiphoton microscopy (MPM)

Bone from the T2DM group had a greater fAGE cross-link density
compared with the NGT group (cortical +71%, p < 0.001; trabec-
ular +44%, p < 0.001) (Figs. 3 and 4). Further, bone from the
T2DM group had a greater mean normalized fluorescent AGE

Table 3. Comparisons of Nanoindentation Outcomes (Mean + Standard Deviation) in NGT and T2DM Groups in Cortical and Trabecular

Bone Stratified by Tissue Region

% Difference p Value
Parameter NGT T2DM versus NGT (NGT versus T2DM)
Indentation Modulus

(GPa)

Cortical bone 154 + 3.18 16.8 £+ 3.16 9 0.021
Osteonal bone 15.2 +3.22 16.3 = 3.15 7 0.252
Interstitial bone 15.5 4+ 3.06 173 £3.10 12 0.035
Trabecular bone 143 + 2.87 14.0 £ 2.71 2 0.482
Label 13.0 £ 2.96 12.7 £ 2.36 -2 0.992
Edge 145 + 2.80 139+ 270 —4 0.921
Center 155 + 2.46 153+ 242 -1 0.999
Hardness (GPa)
Cortical bone 0.498 + 0.0997 0.538 £ 0.107 8 0.039
Osteonal bone 0.497 + 0.105 0.526 £+ 0.107 6 0434
Interstitial bone 0.498 + 0.0815 0.551 £ 0.106 11 0.062
Trabecular bone 0.495 + 0.0934 0.480 £ 0.0931 -3 0.473
Label 0.482 + 0.108 0.471 £ 0.0916 -2 0.995
Edge 0.486 + 0.0875 0.462 + 0.0913 -5 0.862
Center 0.516 + 0.0848 0.509 + 0.0902 —1 0.999

NGT = normal glucose tolerance group; T2DM = type 2 diabetes mellitus group.
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Fig. 5. Box plots of nanoindentation outcomes in cortical bone plotted by study group and tissue region: (A) indentation modulus and (C) hardness. Each
overlaid jittered point represents the average value of 8 interstitial or 30 osteonal measurements per specimen. Specimen-average values (38 measure-
ments per sample) of cortical (B) indentation modulus and (D) hardness by study group. The p values are obtained from linear mixed models adjusted by
Tukey's HSD. NGT = normal glucose tolerance; T2DM = type 2 diabetes mellitus. All groupwise differences are indicated on the plots. A full list of region
comparisons and p values are shown in Table 3 and Supplemental Table S3.
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Fig. 6. Box plots of nanoindentation outcomes in trabecular bone plotted by study group and tissue region: (A) indentation modulus and (C) hardness.
Each overlaid jittered point represents the average value of 10 measurements in either label or edge or center regions per specimen. Specimen-average
values (30 measurements per sample) of trabecular (B) indentation modulus and (D) hardness by study group. The p values are obtained from linear mixed
models adjusted by Tukey’s HSD. NGT = normal glucose tolerance; T2DM = type 2 diabetes mellitus. All groupwise differences are indicated on the plots.
A full list of region comparisons and p values are shown in Table 3 and Supplemental Table S3.

content compared with the NGT group (cortical +77%, p < 0.001; Nanoindentation
trabecular +57%, p < 0.001) (Supplemental Fig. S2A, C).
Qualitatively, the relatively older tissue (interstitial bone in the
cortical compartment and the center of the trabeculae) had
higher fAGE content compared with the younger tissue (Fig. 3).
Additionally, bone from the T2DM group had more variable

In cortical bone, the T2DM group had a higher indentation mod-
ulus (+9%, p = 0.021) and hardness compared with the NGT
group (+8%, p = 0.039) (Table 3; Fig. 58, D). Further, when mate-
rial properties were analyzed within regions of the cortex, T2DM

fAGE content, as evidenced by the greater standard deviation interstitial bone was stiffer (+4%, p = 0.005) and trended
of fluorescence intensity compared with that from the NGT toward being harder than osteonal bone (+2%, p = 0.071)
group (cortical +54%, p < 0.001; trabecular +32%, p < 0.001) (Fig. 5A, C). This trend was observed only in the T2DM group
(Supplemental Fig. S2B, D). but not in the NGT group. Additionally, the osteonal tissue
First- and second-order statistical parameters of collagen had similar material properties between the groups.
organization in both cortical and trabecular bone were not differ- In trabecular bone, indentation modulus and hardness did not
ent between T2DM and NGT groups (data not shown). differ with study group (Table 3; Fig. 6B, D). As expected, the
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Fig. 7. (A) Relationship between fAGE cross-link density and HbA1c in cortical and trabecular bone. (B) Relationship between pentosidine content and
HbA1c in cortical and trabecular bone. fAGE cross-link density = mean two-photon fluorescence intensity normalized to the square root of mean SHG
intensity.®””# Each open circle or plus symbol indicates the mean of fluorescent AGE content determined by averaging the fAGE content obtained from
all the three MPM images taken per compartment per sample (A) or pentosidine content (B) per sample. NGT = normal glucose tolerance; T2DM = type
2 diabetes mellitus; AGE = advanced glycation endproducts.

Table 4. Final Regression Models of Sample Averaged Nanomechanical Organized by Patient Characteristics and Sample Averaged Com-
positional Properties

Cortical bone Trabecular bone

Modulus (GPa) Hardness (GPa) Modulus (GPa) Hardness (GPa)
Race (black) - —0.03 (0.01) —1(0.2) —0.03 (0.01)
HbA1c (%) 0.26 (0.12) 0.016 (0.0049) - -
P1NP (ng/mL) - - 0.03 (0.01) -
M:M (unitless) - - 5.7 (1.6) 0.14 (0.085)
MMC (unitless) 1634 (536.2) - - -
C:P (unitless) - - 24 (3.9) 0.64 (0.21)
Adjusted R? 0.353 0.287 0.631 0.266

Note: Values are shown as parameter coefficients with standard error in parentheses. Regression coefficients were determined from backward stepwise
regressions using the minimum Akaike information criterion (AlCc).

Abbreviations: PINP = amino-terminal propeptide of type 1 collagen; M:M = mineral to matrix ratio; MMC = mineral maturity/crystallinity;
C:P = carbonate to phosphate ratio.

center of the trabecula was stiffer and harder compared with tis- composition varied across osteonal and interstitial regions. Specif-
sue at the formation label and the edge (indentation modulus: ically, interstitial bone had higher mineral to matrix ratio and min-
+19% versus label, +8% versus edge; hardness: +8% versus eral maturity/crystallinity compared with osteonal bone (M:M
label, +-8% versus edge; all p < 0.001). Further, the edge of the +6%, p < 0.001; MMC +1%, p < 0.001) (Supplemental Fig. S3A,
trabecula was stiffer compared with tissue at the formation label B). No differences were observed in carbonate to phosphate ratio
(indentation modulus +10%, p < 0.001) (Fig. 6A). These trends in with tissue region (Supplemental Fig. S3C). Additionally, in the
region material properties persisted in both NGT and T2DM T2DM group only, the interstitial bone had higher pyridinoline
groups (Supplemental Table S3). content (+6%, p < 0.001). Glycosaminoglycan content trended

lower in interstitial bone compared with the osteonal bone (GAG
—4%, p = 0.077) (Supplemental Figs. S3D and S5A).

Raman spectrosco -
P 4 In trabecular bone, none of the Raman compositional

In cortical bone, none of the Raman compositional parameters parameters were different with study group. Across NGT and
were different with study group. Across NGT and T2DM groups, T2DM groups, composition varied within trabecular regions.
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Fig. 8. Box plots of bone tissue pentosidine concentration in patients
with T2DM who took metformin (metformin [+]) and who did not take
metformin (metformin [—]). Each overlaid jittered point represents mea-
sured (raw data) pentosidine concentration in cortical or trabecular bone
per specimen. The p values are obtained from standard least squares
regression.

Specifically, the center of the trabecula had greater mineral to
matrix ratio, mineral maturity/crystallinity, and carbonate to
phosphate ratio compared with the edges (M:M +6%,
p <0.001; MMC +0.4%, p = 0.080; C:P +15%, p < 0.001)
(Supplemental Fig. S4A-C). Further, tissue at the center and
the edge of the trabecula had higher carbonate to phosphate
ratio compared with that at the fluorochrome label (+21%
versus center, p < 0.001; +5% versus edge, p = 0.064). The
trends in mineral content were found only in the T2DM group
but not in the NGT group. The trends in crystallinity persisted
in both NGT and T2DM groups except the comparisons
between edge and label regions, which were not significant.
The center of the trabecula had higher pyridinoline content
compared with the edge (8%, p = 0.002) and label (+12%,
p < 0.001) regions (Supplemental Fig. S4D). Additionally, the
edge of the trabecula had lower GAG content compared with
the label (—7%, p = 0.032) (Supplemental Fig. S5B). The GAG
content was higher in the center of the trabecula compared
with the edge (+10%, p = 0.015).

Relationships among glycemic control, medication use,
compositional properties, and mechanical properties

When compositional properties were examined as a function of
glycemic control, the AGE pentosidine assessed by HPLC and
fAGE cross-link density assessed by multiphoton imaging
increased with HbA1c (Pen: R* = 0.28, p < 0.001; fAGE cross-link
density: R = 0.30, p < 0.001) (Fig. 7). When these relationships
were examined separately for cortical and trabecular bone, the
slopes of the cortical and trabecular regression lines were not

different (p > 0.05). Pentosidine concentration weakly correlated
with the average fAGE cross-link density (R* = 0.20, p < 0.001).

All the women with T2DM took insulin, but the individuals
who also took metformin had lower pentosidine concentration
in the cortical bone compared with individuals who did not take
metformin (cortical —35%, p = 0.017; trabecular —20%,
p = 0.114) (Fig. 8). However, metformin use did not affect fAGE
cross-link density or other mechanical and compositional out-
comes. PTNP was lower in individuals with T2DM taking metfor-
min versus individuals with T2DM not taking metformin (—28%,
p = 0.007).

Relationships between specimen-averaged mechanical and
compositional properties and patient characteristics (age, BMI,
race, HbA1c, CTX, P1NP) were examined using backward step-
wise regression models with minimum akaike information crite-
rion (AlCc) as stopping criterion. In cortical bone, indentation
modulus and hardness increased with HbA1c. In trabecular bone,
indentation modulus and hardness increased with mineral to
matrix ratio and carbonate to phosphate ratio. Full list of param-
eters and their regression coefficients are listed in Table 4.

Relationships between spatially matched mechanical and
compositional properties were examined using regression
modeling adjusted for repeated measures (Supplemental
Table S5). In both cortical and trabecular bone, indentation mod-
ulus and hardness increased with mineral maturity/crystallinity
and/or carbonate to phosphate ratio. Finally, no relationships
were observed between mechanical properties assessed by
nanoindentation and fAGE cross-link density or pentosidine.

Discussion

In this study, we measured compositional and nanomechanical
properties of iliac cortical and trabecular bone from postmeno-
pausal women with NGT, IGT, and T2DM. As hypothesized,
women with overt T2DM had higher cortical and trabecular
AGE content compared with women with NGT, and the AGE con-
tent increased with HbA1c. Further, the cortical tissue from
women with T2DM was stiffer and harder compared with that
in women with NGT. Overall, compositional and mechanical
properties of bone were altered in women with T2DM compared
with those with NGT or IGT.

The T2DM group had reduced bone remodeling compared
with the NGT group, as indicated by the serum markers of bone
turnover. Specifically, the serum P1NP content, a marker of bone
formation, and CTX content, a marker of bone resorption, were
lower in the T2DM group compared with the NGT group; PTNP
was also lower in the T2DM group compared with the IGT group
but did not differ between NGT and IGT groups. These results
suggest that bone formation is reduced during the transition
from prediabetes to T2DM but remains unaltered as normal gly-
cemic control progresses to prediabetes. At the same time, bone
resorption declines during the transition from NGT through
T2DM. This loss in resorption before reduction in formation
may explain the preserved or increased BMD in individuals with
T2DM. Additionally, higher BMI observed in the T2DM group may
contribute to the preserved to higher BMD in these individuals.
Overall, these results are in accordance with prior histomorpho-
metric and serum studies showing that individuals with T2DM
have reduced bone remodeling compared with nondiabetic
individuals.(2%21237%)

Serum and urinary biomarkers indicated as potential tools for
diagnosis of T2DM showed variable trends with T2DM status.
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ucOC was lower in the T2DM group compared with the NGT
group, consistent with previous studies.”®”® Further, ucOC did
not correlate with fasting plasma glucose levels, consistent with
a previous study in postmenopausal women.”® However, some
studies that enrolled both men and women showed negative
and weak (R? <0.2) correlations between ucOC and fasting
plasma glucose levels and predicted cardiovascular and T2DM
risk in individuals with metabolic syndrome.”®®? In the current
study, serum levels of ucOC were highly variable among groups
(coefficient of variation: 0.6-0.9, Table 2). Because our study was
not powered to identify relationships among these highly vari-
able serum metrics, we did not detect the weak correlations
between ucOC and fasting plasma glucose levels observed in
some prior work. Serum pentosidine content was not different
among the groups potentially because of weak correlations
between bone pentosidine and serum pentosidine.?*# A previ-
ous study on individuals with T2DM also reported no differences
in serum pentosidine content,?® and another study showed
weak or nonsignificant correlations between serum and bone
pentosidine.®® This discrepancy may be attributed to the fact
that bone turnover takes much longer than other collagenous
tissues, which may result in lower contribution to the serum pen-
tosidine from bone.

As hypothesized, both cortical and trabecular bone from the
T2DM group had higher concentrations of the AGE pentosidine
and total fluorescent AGEs compared with the NGT group. Pento-
sidine content in the IGT group was lower than that in the T2DM
group but was not different from that in the NGT group, indicating
that the greater AGE content observed in T2DM bone occurs as
IGT progresses to T2DM. Enzymatic cross-link content was similar
across the groups, indicating that AGEs may not interfere with the
formation of enzymatic cross-links. Previous studies showed
higher AGE content in cortical and trabecular bone in individuals
with T2DM compared with non-DM individuals;?>27343>37) how-
ever, a few studies reported similar total fluorescent AGE content
in T2DM trabecular bone.?>?® Although previous studies have
reported higher AGEs in individuals with T2DM, only one study
found a correlation between HbAlc and trabecular bone
AGEs,®? whereas other studies did not observe any association
between HbA1c and bone AGEs.?>2®

To our knowledge, this is the first study to utilize semiquan-
titative multiphoton images of AGE concentration to provide
spatially resolved maps of AGE accumulation in a T2DM popula-
tion. This analysis showed that the relatively older tissue (inter-
stitial bone in the cortical region and the center of the
trabecula) had higher fAGE content compared with the youn-
ger tissue in both NGT and T2DM groups. Specifically, AGEs
appear to accumulate in the less remodeled regions of bone,
as evidenced by the large difference in AGE content in the rel-
atively older regions versus younger regions in the T2DM group
compared with the NGT group (Fig. 3). This variation in AGE
concentration within images was reflected in the greater stan-
dard deviation of fluorescence intensity in the T2DM compared
with the NGT group (Supplemental Fig. S2).

AGE accumulation is a time-dependent process as evidenced
by increased AGE content with longer duration of glucose incu-
bation in in vitro studies.*” The longer the tissue is present in
the body, the higher the AGE concentration, which along with
lower turnover in individuals with T2DM, contributes to the pref-
erential accumulation of AGEs in the interstitial bone and the
center of trabeculae observed in the current study. Bone turn-
over rate further decreases with increasing age, diabetes dura-
tion, and other comorbidities, which may result in an increase

in the percentage of older tissue with high AGE content and con-
sequently increase overall brittleness of the bone tissue.*%5%
Although a previous study showed that AGEs accumulate in
the center of trabeculae,® to our knowledge, the current study
is the first dedicated study to visualize spatial accumulation of
AGEs in a clinical population of individuals with T2DM.

In this study, we measured total fAGEs and pentosidine, a fluo-
rescent cross-link, which was selected for analysis because a
serum assay for pentosidine is widely clinically available. Many
other AGEs, such as carboxymethyl-lysine (CML), a non-
fluorescent AGE, have been identified in bone and other tissues
and may reflect or contribute to bone fragility.®®%® In particular,
greater CML concentration in bone is associated with decreased
fracture toughness, although the mechanism through which a
non-cross-linking AGE affects bone material properties remains
unknown.®? Nevertheless, pentosidine concentration strongly
correlates with several quantifiable AGEs, including CML.®®
Therefore, fAGE content and pentosidine together are a practical
surrogate for overall tissue AGE content.

Second harmonic generation images of collagen were
obtained to study the effects of the altered cross-linking profile
on the microscale structure of collagen. No differences were
observed in the collagen content and organization in cortical
or trabecular bone in the NGT or T2DM samples. Our results sug-
gest that in adults with T2DM, changes in nonenzymatic cross-
linking at molecular level do not alter microscale organization
of collagen, which is controlled by osteoblastic cellular function,
enzymatic actions, and gene expression.*°%

The nanomechanical properties were altered in cortical bone
but preserved in trabecular bone in the T2DM group compared
with the NGT group. The T2DM group had stiffer and harder cor-
tices compared with the NGT group. In cortical bone, only the
interstitial tissue was stiffer and trended toward higher hardness
in the T2DM group compared with that in the NGT group. Osteo-
nal tissue, or relatively newer tissue, had similar material proper-
ties between the groups. This result may explain why a previous
study that characterized only osteonal bone did not observe any
differences in nanomechanical properties of T2DM bone versus
non-DM bone.®” Additionally, when the NGT and T2DM group
data was pooled, the interstitial region was stiffer and harder
compared with the osteonal regions, consistent with previous
studies.®+24%%)

Conversely, the trabecular bone mechanical properties were
not different among the groups but showed consistent trends
by region, consistent with previous studies®: the central region
was hardest and stiffest; the edge had intermediate values; and
the label region was softest and most compliant. A previous
study on trabecular bone reported lower indentation modulus
and hardness in individuals with T2DM compared with non-DM
individuals.®># Although the trend is similar in the current study,
the differences between groups are not statistically significant.
Unfortunately, the current study was not designed to address
the underlying causes for the compartment-specific effects of
T2DM on nanomechanical properties. Factors that may contrib-
ute to preserved nanomechanical properties in trabecular bone
versus altered properties in cortical bone in individuals with
T2DM include higher turnover, which replaces bone tissue faster
in trabecular bone versus cortical bone,” and higher surface
area, which allows greater osteoclastic activity.®®?* Therefore,
trabecular bone may be less susceptible to deleterious changes
because of T2DM as evidenced by preserved mechanical proper-
ties and a smaller increase in AGEs compared with cortical bone
observed in this study. Overall, these results indicate that the
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cortex had more profound changes in material properties than
cancellous tissue.

In both cortical and trabecular bone, Raman compositional out-
comes did not differ with the study group but were consistent
with relative tissue age. GAG content was similar between the
T2DM and the NGT groups. GAG content was higher at the center
compared with the edge of the trabecula, consistent with prior
studies."%'°Y DM was associated with deleterious changes in
GAG structure and function in kidney, liver, blood vessels, and
other tissues.'%%7%) The Raman GAG peak has a low signal to
noise ratio, and this outcome is not as extensively validated in
bone as other parameters in Table 1.7 Therefore, dedicated
studies using gold standard techniques are required to confirm
the effects of T2DM on bone GAG structure and function.
Although higher mineralization in individuals with T2DM versus
non-DM individuals was reported previously in FTIR analyses in
trabecular bone®>>® and in cortical bone in the full cohort from
this study,®*® no differences in bone composition with T2DM were
found in the current study. The smaller sample size and character-
ization area (18 point spectra in cortical bone, 27 spectra in trabec-
ular bone per sample) selected to aid correlation of mechanical
and compositional properties in the current study, as well as the
differences in Raman and FTIR vibrational techniques,"®" may
be responsible for the lack of differences observed. The trends in
the compositional outcomes with region are generally consistent
with the expected properties of recently formed versus older tis-
sue and agree well with previous studies.'%%'°"10)

When relationships among glycemic control and bone tissue
composition were examined, regression analysis revealed that
poor glycemic control is associated with accumulation of bone
tissue AGEs. In this study, AGE content was not a significant
explanatory variable for the material properties of the bone,
suggesting that AGEs do not directly affect the microscale
indentation modulus or hardness of the bone. This result is
expected as the mineral component predominantly dictates
elastic properties, and the collagen cross-linking dictates post-
yield properties.°1%”) Surprisingly, mineral content was not
associated with indentation modulus or hardness, but mineral
maturity/crystallinity positively correlated with indentation
modulus in cortical bone and carbonate to phosphate ratio
positively correlated with indentation modulus in trabecular
bone. These results indicate that larger and/or more imperfect
crystals increase tissue stiffness. Previous studies reported a
similar relationship between mineral crystallinity and indenta-
tion modulus,'*'%®) byt the mechanism through which large
and/or imperfect crystals increase stiffness is unknown.'%?

In addition to the deleterious effects of glycemic derange-
ment on bone, diabetic medications such as insulin and metfor-
min can also independently affect bone properties.'’%"""
Insulin is generally considered to have anabolic effects on bone,
supporting the hypothesis that hyperinsulinemia in T2DM con-
tributes to preserved or increased BMD in these individ-
uals.""21"® However, the persistent higher fracture risk in
T2DM individuals on insulin therapy indicates that the positive
effects of insulin on BMD do not fully compensate for the delete-
rious effects of T2DM on bone material properties.“*'”)

Individuals with T2DM taking metformin and insulin had
lower bone pentosidine concentration compared with individ-
uals taking only insulin. Metformin is thought to decrease AGEs
by reducing AGE receptors (RAGEs) and by stimulation of cata-
bolic pathways produced through metformin mechanism of
action."® Previous in vitro studies on rat osteoblasts showed
metformin treatment can reverse the deleterious effects of AGEs

on these cells.""*"" Further, PINP was reduced in individuals
with T2DM taking metformin compared with individuals with
T2DM not on metformin similar to the results from a previous
study."® Further dedicated studies are required to understand
the effects of metformin on bone tissue properties and its mech-
anism of action. To our knowledge, this is the first study to report
the effects of metformin on bone AGE content in a clinical
population.

Although the precise mechanism underlying diabetic bone
fragility is unknown, emerging evidence suggests that reduction
in post-yield strain because of accumulation of AGEs may con-
tribute to brittle bones in individuals with T2DM. Previous
in vitro glycation studies showed that AGE accumulation
degrades post-yield properties and increases residual stress in
the bone matrix.8*""7"'? These in vitro data are reinforced by
the recent evidence from studies of (i) T2DM rat model showing
reduced collagen fibrillar sliding, which is an intrinsic toughen-
ing mechanism,"?® and (i) clinical specimens of cancellous
bone from individuals with T2DM showing reduced post-yield
strain with AGE accumulation.®>*# In this study, we showed that
individuals with T2DM on insulin have higher pentosidine com-
pared with individuals with NGT and IGT and higher fAGE density
compared with individuals with NGT in both cortical and trabec-
ular bone. Although previous studies have reported higher bone
AGE content in individuals with T2DM, the results were limited to
a single compartment (either cortical or trabecular bone).

Additionally, our results refine our understanding of the tim-
ing of these changes in bone quality by showing that AGEs
increase in transition from IGT to overt T2DM. Our study is the
first to consider accumulation of AGEs with progression of glyce-
mic derangement as a potential mechanism for increased frac-
ture risk in individuals with T2DM but not in individuals with
IGT. In characterizing different stages of diabetes and quantify-
ing AGE content through each skeletal stage, we were able to
ground clinical observation in a potential pathophysiologic
mechanism for bone fragility in overt T2DM.

This study has several key strengths and limitations. The
strengths of this study include recruitment of individuals with
NGT, IGT, and overt T2DM to study the effects of increasing dis-
ease severity on bone quality. Our criterion to include women with
T2DM on insulin (i) ensured that participants who are indicated for
insulin treatment received it, thereby excluding effects of
untreated disease/unmitigated hyperglycemia and (ii) addressed
limitations of prior studies. Specifically, previous studies character-
izing bone material properties in clinical specimens from individ-
uals with T2DM did not take into account or control for the
disease severity or duration.2>26343537) We provided the first spa-
tially resolved quantification of AGEs, mechanical, and composi-
tional properties of bone from individuals with T2DM. To our
knowledge, this is the first study to report nanomechanical prop-
erties at fluorochrome label region in human biopsies. The limita-
tions of this study are that the iliac crest is not a clinically relevant
fracture site, and it is unknown if the changes in bone quality with
T2DM are systemic. The cross-sectional study design precluded
longitudinal monitoring of the subjects, which may have provided
more precise information on the timing of the changes observed
in this study. The IGT group was not characterized with nanoin-
dentation and Raman spectroscopy because no differences in
BMD and bone turnover markers in NGT versus IGT groups were
observed, which is expected to reflect similar extent of secondary
mineralization, and comparable stiffness. Double fluorochrome
labels could not be resolved in the thick, embedded bone, which
otherwise could have provided more tightly controlled regions of
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known tissue age. Nevertheless, this study is the first to provide
information on nanoscale bone material properties in both corti-
cal and trabecular bone from the same cohort and the effect of rel-
ative tissue age on spatial distribution of AGEs in individuals
with T2DM.

The discordance between bone density and fracture risk in
T2DM remains incompletely understood. In this study, we have
uniquely shown that there are differences in AGE content as well
as nanomechanical properties in bone from postmenopausal
women with NGT, IGT, and T2DM. Bone tissue AGEs, which have
previously been shown to embrittle bone 2>3484117-119)
increased with worsening glycemic control. This relationship
suggests a potential mechanism by which bone fragility may
increase despite greater tissue stiffness and hardness in individ-
uals with T2DM; our results suggest that it occurs in the transition
from IGT to overt T2DM.
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