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Abstract

Diabetes Mellitus

Objectives: Patients with type-2 diabetes mellitus (T2DM) have increased risk for bone fractures which points towards
impaired bone quality. Methods: We measured bone mineralization density distribution (BMDD) and osteocyte lacunae
section (OLS) characteristics based on quantitative backscattered electron images of transiliac biopsy samples from n=26
premenopausal women with T2DM. Outcomes were compared to those from reference cohorts as well as between T2DM
subgroups defined by clinical characteristics. Results: Comparison to references did not reveal any differences in BMDD (all
p>0.05) but a lowered OLS-density in cancellous bone in T2DM (-14.9%, p<0.00 1). Neither BMDD nor OLS-characteristics
differed in T2DM subgroups defined by HbA1c (<7% versus >7%). The average degree of bone mineralization (CaMean)
was higher (0.44 wt%Ca in T2DM, 0.30 wt%(Ca in reference) and consistently the calcium concentration between the
tetracycline double labels (CaYoung) was higher (0.76 wt%Ca, all p<0.00 1) in cancellous versus cortical bone. Conclusions:
Our findings suggest that bone matrix mineralization was neither affected by the presence nor by the glycemic control
of T2DM in our study cohort. The intra-individual differences between cancellous and cortical bone mineralization gave
evidence for differences in the time course of the early mineralization process in these compartments in general.
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Introduction

Incidence for fractures is high in diabetes mellitus, albeit
the factors leading to bone fragility appear different in
type 1 and type 2 diabetes'. While type | diabetes mellitus
is associated with a rather osteoporotic bone phenotype
with low bone mineral density (BMD by DXA) and deficits
in bone microarchitecture'?, the latter type 2 diabetes
mellitus (T2DM) is generally reported to with normal or even
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increased BMD?3. Thus, it seems that not bone quantity, but
bone quality is altered in T2DM. It is well established that
advanced glycation endproducts (AGEs) accumulation is a
negative factor on mechanical properties of bone matrix*?°.
The mineral content of bone is another factor which might
essentially influence the stiffness and toughness of bone
material’® and which might be altered in T2DM''. However,
the degree and distribution of bone matrix mineralization and
their role for bone fragility in T2DM is less clear. Conflicting
data were reported, ranging from normal to increased bone
mineral content in T2DM®'2"7, Recently, mineralization data
were reported obtained in a transiliac bone biopsy study
from postmenopausal patients with T2DM'". The latter,
however is an exception as most available information on
this mechanically important characteristic stem from studies
of femoral head samples obtained at total hip replacement
surgery (thus, from patients with destructive arthrosis as co-
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morbidity)'2e,

The present work reports on the bone mineralization
density distribution (BMDD)'® and osteocyte lacunae section
(OLS) characteristics'?in T2DMpatients. These were assessed
based on quantitative backscattered electron imaging in
tetracycline labeled transiliac bone biopsy samples which
represent the standard skeletal site for the characterization
of bone pathologies. Outcomes were correlated with re-
visited, previously reported clinical and histomorphometric
characteristics as well as serum data?°. In a previous work,
differences inthe AGEs accumulation were observed between
cortical and cancellous bone®. Thus, we compared BMDD and
OLS outcomes between the two compartments explicitly.
Furthermore, for information on potential differences in the
mineralization kinetics of the bone matrix, we analyzed the
mineral content between the tetracycline double labels.

Materials & Methods

Patients

The patients studied in this cross-sectional, observational,
analytical study were n=26 premenopausal women diagnosed
with type-2 diabetes mellitus (T2DM) at the Endocrinology
and Metabology Service of the Federal University of Parana
(SEMPR) according to the criteria of the American Diabetes
Association (ADA)?'. Exclusion criteria of this study were
secondary causes of osteoporosis, diseases and medications
known to interfere with bone mineral metabolism, as well as
chronic kidney disease.

A transiliac bone biopsy sample was obtained from each
patient of this study. Prior to bone biopsy, patients received
tetracycline hydrochloride 500 mg as follows: 3 days on,
followed by a 10 days off interval and further 3 days on
tetracycline. The transiliac bone biopsy was performed 3 to 5
days after the last day of label. Given this labelling schedule,
the (mineralized) tissue age of bone between the double
labels is 7 to 18 days.

Ethics approval

This study was performed in accordance with the ethical
standards as laid down in the 1964 Declaration of Helsinki
and was approved by the Ethics and Research Committee
of the Hospital de Clinicas, Federal University of Parana
(Opinion No. 1, 646, 120, of 7/24/2016). Informed consent
to participate and to publish was obtained from the patients.

Histomorphometry

Histomorphometric structure as well as dynamic indices
of bone formation of this patient cohort were reported
previously?°. In the present work, we revisited these
previously obtained data for correlation analysis with BMDD,
OLS as well as mineralization kinetics outcomes.

Quantitative Backscattered Electron Imaging (gBEI)
The polymethylmethacrylate embedded block samples
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from the previous histomorphometric study?® were
polished, and carbon coated surfaces for the gBEI analysis
in the scanning electron microscope. In calibrated gBEI
measurements of bone, the backscattered electron intensity
(i.e., the grey level of the pixel) is proportional to the local
percentage of calcium (Ca) in the bone material (the brighter
the pixel, the higher the Ca content) (Figure 1). Grey level
calibration and more details of the method were described
elsewhere??, A series of gBEI images (each 1.8 mm x 1.4
mm) with nominal magnification 65x (pixel resolution
1.76 pm) covering the entire sectioned area of the bone
biopsy sample was acquired and stitched for a single image
(Figure 1A). For this purpose, we used a scanning electron
microscope with a field emission electron source (Zeiss
Supra 40, Zeiss, Oberkochen Germany) equipped with a four-
guadrant semiconductor backscattered electron detector
and operated at the following instrumental parameters: 20
kV accelerating voltage for the beam electrons, about 280
pA probe current, 10 mm working distance and a scan speed
of 100 seconds per frame.

The bone mineralization density distribution (BMDD) was
obtained from the stitched gBEIl image and represents the
frequency distribution of pixels with a certain Ca content
(weight% Ca) of the sectioned area. Cancellous and cortical
compartments were considered separately for BMDD and
BMDD-parameters (Figure 1B)?*: The weighted mean Ca-
concentration of the bone area (CaMean), the peak position
of the histogram (CaPeak, indicating the most frequently
measured Ca concentration), the full width at half maximum
of the distribution (CaWidth, describing the heterogeneity in
matrix mineralization), the percentage of bone areas having
a Ca-concentration lower than 18.20 wt% Ca (CaLow), and
the percentage of bone areas having a Ca-concentration
higher than 26.86 wt% Ca (CaHigh, corresponding to fully
mineralized bone areas, mainly interstitial bone). These cut-
off levels for CaLow and CaHigh correspond to the 5" and
the 95" percentiles of amean BMDD obtained from transiliac
bone samples of adult bone from healthy individuals®2. The
patients’ BMDD outcomes were compared to adult reference
BMDD data®2. These data were obtained from autopsy
iliac crest samples from a group of healthy individuals
comprising 7 men and 18 women of a larger age range from
37 to 95 years (68.7+19.0 years; mean+SD)?2. Bone matrix
mineralization was shown to be relatively constant in healthy
adults and independent of biological factors including sex and
ethnicity???4, Therefore, our reference BMDD are considered
as “general” reference data for comparison with different
patient groups.

Additionally, the mineral content of the bone tissue
located between the tetracycline labels (CaYoung) was
measured separately for information on the speed of
matrix mineralization at the bone forming site. For this
purpose, gBElI was combined with confocal laser scanning
microscopy (CLSM-Leica TCS SP5, Leica Microsystems CMS
GmbH, Wetzlar, Germany) (Figure 1C, D, E) to visualize the
double labels. Laser light with a wavelength of 405 nm for
fluorescence excitation and a 20x object lens (pixel resolution
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Figure 1. (A) gBEl image of the entire sectioned area from a transiliac T2DM bone biopsy sample. Noteworthy, the typically elevated
trabecular bone volume is visible (BV/TV=29%, versus 21% of normal). Cn=cancellous and Ct=cortical compartment. (B) shows the
corresponding BMDD curves. AdRef+SD=cancellous reference BMDD of adult healthy individuals (grey band indicates £1 SD). (C) CLSM
image of an osteon with tetracycline double labels, (D) subsequent identification of the identical osteon in gBEI (identical bone surface)

and (E) overlay of gBEI and CLSM images.

0.76 pm) was used. For the exact matching of the gBEI with
the CLSM images the focal plane of the CLSM was adjusted
close to the bone sample surface by using the reflected light
signal as described previously?>. gBEI images from bone
areas with double labels were subsequently acquired at the
SEM at high magnification (200x nominal magnification,
corresponding to a pixel resolution of 0.57 pym). The sites of
the fluorescence labels were overlaid exactly onto the gBEI
images by matching the CLSM images with the gBEI images
using GIMP (GNU image manipulation program version
2.10.14). Then the mean calcium concentration between the
double labels (CaYoung) could be analyzed for each sample
using ImagedJ software (version 1.50f; NIH, Bethesda, MD,
USA)?é. Per each of the 23 samples containing double labels,
on average a bone area of about 32000 ym? was analyzed
for CaYoung (3 samples were lacking double labels).

In order to analyze the 2D characteristics of osteocyte
lacunae sections (OLS), a series of gBEI images was acquired
with 130x nominal magnification corresponding to a pixel
resolution of 0.88um from the cancellous and cortical
compartments. In each biopsy sample, on average n=1254
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and n=807 OLS were recorded respectively per cortical and
cancellous compartment and analyzed separately. The qBEI
images were transformed to binary images using a threshold
based on a fixed grey level (5.2 wt% Ca) (for details see
previous work'®). These binary images were analyzed for
OLS based on a custom-made macro in ImageJ (version
1.50f; NIH, Bethesda, MD, USA)?®. The size of the analyzed
OLS was constrained to sizes between 5 pm? and 80 pm?.
Five parameters were calculated: (i) the OLS-density, which
is the number of OLS per bone area; (ii) the OLS-porosity,
which is the total OLS area normalized to bone area; (iii) the
mean OLS-area; (iv) the mean OLS-perimeter; and (v) the
OLS-aspect ratio, which is the mean ratio of the major and
the minor axis of a fitted ellipse to each OLS. OLS-aspect
ratio=1 indicates a perfect circle, increasing values indicate
increasingly elongated shapes of the OLS. OLS-aspect ratio
values >10 were excluded from the analysis.

The control group which was chosen for comparison with
the patients’ OLS-characteristics comprised n=9 healthy
premenopausal women with an average age of 49.8+2.2
years (mean=SD, range 46.8 to 52.6 years). These represent
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Table 1. Patients’ characteristics and histomorphometric dynamic
indices of bone formation.

‘ Patients with T2DM
(n=26)

Age (yrs) 41.5[38.0; 45.3]
Duration of T2DM (yrs) 8.0[6.0; 13.3]
Body mass index 32.4[28.9; 34.5]
Chronic complications (nb. of pat.) 9
Vertebral fractures' (nb. of pat.) 3
HbA1c (%) 7.6[6.2;9.6]

HbA1c <7% / >7% (nb. of pat.) 10/ 16
Medication

Metformin (nb. of pat.) 23

SGLT2 (nb. of pat.) 3

Insulin (nb. of pat.) 13

Serum parameters

FBG (mg/dL) 148.0[103.8; 235.81]
Calcium (mg/dL) 9.2[8.9;9.5]
Phosphate 3.6[3.3;4.0]
Intact PTH (pg/dL) 44.9[36.6;60.8]

Pentosidine (pmol/mL) 3596 [1501; 4541]

Histomorphometric parameters

BV/TV (%) 29.0[23.0; 31.01?
MS/BS (%) 1.4[0.5; 4.0P°
MAR (um/day) 0.61[0.30;0.71P

BFR/BS (um3-pm=-d')
Data are median (25", 75" percentiles).
'diagnosis was based on lateral X-ray of the thoracic and lumbar
spine (from T4 to L4) by the method described by Genant**.
2BV/TV of both subgroups with good (HbA1c<7%) or poor glycemic
control (HbA1c>7%) are significantly higher compared to BV/TV of
control group from previous publication®.
3No comparison of dynamic indices with control group available
from previous publication®’, however dynamic indices do not differ
to premenopausal OLS-control group of the current work (all
p>0.05).
Abbreviations: HbAlc = glycated: hemoglobin; SGLT2 = type 2
sodium-glucose cotransporter inhibitors; FBG = fasting blood
glucose; PTH = parathyroid hormone

0.007 [0.002; 0.023F®

a subgroup of a study cohort reported previously?” in whom
a transiliac bone biopsy was performed. This age-matched
control group of women was used for comparison with the
patients group as the OLS-characteristics were reported to
be age- and sex-dependent?®,

Statistical Analysis

Statistical analysis was performed using SigmaStat for
Windows Version 4.0 (SPSS Inc.). Comparison of the patients’
BMDD and OLS with reference data and comparison among
the reported subgroups defined by clinical characteristics
(HbA1c, etc.) was based on t-test or rank sum test (latter
for non-normally distributed data). Correlation analysis was
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performed using Pearson product moment or Spearman rank
order correlation (latter for non-normally distributed data).
Intra-individual differences between cortical and cancellous
compartments were studied based on paired t-test or
Wilcoxon signed rank test (latter for non-normally distributed
data). Two-sided p<0.05 was considered for significance.

Results

Clinical characteristics from the study cohort with T2DM
are shown in Table 1.

No significant differences in BMDD between T2DM patients
and BMDD reference cohort

Neither cancellous nor cortical BMDD-parameters from
the patients were significant different from reference BMDD
(Table 2). Further, no significant differences were found
for cancellous or cortical BMDD between the subgroups
defined by HbA1C (<7% versus >7%, data see Table 2), by
chronic complications (with [n=9] versus without [n=171, data
shown in Supplementary Table 1), by history of vertebral
fractures (with [n=3] versus without [n=23], data shown in
Supplementary Table 1), or by treatment with insulin (with
[n=13] versus without [n=13], data shown in Supplementary
Table 1).

When analyzing intra-individual differences between
cancellous and cortical BMDD parameters we found highly
significant differences in the T2DM patients as well as in in
the reference cohort (Table 3). Compared to cortical bone,
the cancellous compartment had for instance a 0.44 wt%Ca
higher CaMean and a 0.20 wt%(Ca lower CaWidth (all intra-
individual differences within T2DM and reference cohort
are listed in Table 3). These intra-individual differences
in BMDD parameters between the compartments were
similar between T2DM and reference (statistical comparison
p>0.05). Furthermore, in T2DM CaYoung was found higher
in the cancellous compartment: Ct.CaYoung 19.57 (18.94;
20.09) wt% and for Cn.CaYoung 20.19 (19.55; 20.73) wt%
(median, [25™, 75" percentiles]) (pairwise comparison
p<0.001). The mean intra-individual absolute difference of
cancellous minus cortical CaYoung (ACaYoung) was 0.76
wt%Ca. Of note, no CaYoung data were available for the
BMDD reference group, as these were post mortem samples
lacking fluorescence labeling.

Despite the differences in BMDD parameters between
cancellous and cortical bone compartments, CaMean was
strongly correlated between these compartments in T2DM
(R=0.85, p<0.001), similar to the reference cohort (R=0.77,
p<0.001) shown in Figure 2A.

Strong correlations between BMDD parameters and
histomorphometric indices of bone formation in T2DM
patients

Correlation analysis was performed between BMDD
parameters of T2DM patients and their previously measured,
re-visited serum and histomorphometric data. BMDD
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Table 2. Cohort BMDD median outcomes from patients with T2DM.

Cn.CaMean (Wt%)

Total cohort (n=26)

HbA1C<7% (n=10)

HbA1C>7% (n=16)

(n=25)

23.25(22.90; 23.89)

22.96 (22.79; 23.88)

23.43(22.92; 23.95)

23.31(23.12; 23.67)

Cn.CaPeak (wt%)

24.09 (23.74; 24.61)

23.92 (23.70; 24.52)

24.44(23.74; 24.61)

24.09 (23.92; 24.44)

Cn.CaWidth (Awt%)

3.81(3.64;4.33)

3.90(3.64;4.51)

3.73(3.51;4.16)

3.81(3.81; 3.99)

Cn.CaLow (%B.Ar)

4.44(3.33;5.33)

4.26 (3.79; 5.81)

4.56 (3.12;5.27)

4.61(3.96; 5.48)

Cn.CaHigh (%B.Ar)

3.93(2.60; 7.36)

3.04(2.48;7.41)

5.31(2.51; 7.34)

3.99 (3.17; 5.56)

Ct.CaMean (wt%)

22.91(22.44; 23.31)

22.82(22.33; 23.49)

22.92(22.49; 23.21)

23.04(22.68; 23.24)

Ct.CaPeak (wt%)

23.74 (23.29; 24.02)

23.66 (23.09; 24.22)

23.79 (23.44; 23.98)

23.92 (23.66; 24.26)

Ct.CaWidth (Awt%)

4.07 (3.73; 4.27)

3.99 (3.79; 4.55)

4.07 (3.66; 4.25)

4.07 (3.90; 4.25)

Ct.CaLow (%B.Ar)

5.41 (3.99; 6.60)

4.68 (3.68; 6.52)

5.66 (4.47; 6.66)

5.18 (4.80; 6.35)

Ct.CaHigh (%B.Ar)

3.04(1.52; 4.61)

2.28(1.42;4.86)

3.42(1.73; 4.51)

3.70(2.31; 4.78)

'Adult reference group comprised healthy men and women aged 30 to 95 years?2.
Data are median (25", 75" percentiles). Comparison to reference as well as subgroup comparison by HbAIc failed statistical significance.

Table 3. Intra-individual differences between cancellous and cortical compartments within patients with T2DM and within healthy individuals.

Patients with diabetes

Healthy individuals from reference cohorts

Mean intra-individual Significance (by pairwise Mean intra-individual Significance (by pairwise

difference A (Cn - Ct) comparison) difference A (Cn - Ct) comparison)
CaMean (wt%) 0.44 <0.001 0.30 <0.001
CaPeak (Wt%) 0.46 <0.001 0.25 0.002
CaWidth (Awt%) -0.20 0.002 -0.23 0.012
CaLow (%B.Ar) -0.79 <0.001 -0.64 0.049
CaHigh (%B.Ar) 2.09 <0.001 0.87 0.010
CaYoung (wt%) 0.76 <0.001 n.a. n.a.
OLS-porosity (%) -0.04 0.012 0.04 n.s.
OLS-density (nb/mm?) -30.7 0.002 -3.6 n.s.
OLS-area (um?) 1.04 n.s. 2.14 n.s.
OLS-perimeter (um) 1.04 0.02 1.28 n.s.
OLS-aspect ratio 0.30 <0.001 0.26 n.s.

Mean intra-individual difference is the mean of the absolute differences from each individual of the study group.
Significance represents the p-value based on paired t-tests or Wilcoxon signed rank tests.
'n.a.=not available as iliac crest bone samples from reference cohort?? are autopsy samples which are not tetracycline labeled.
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Figure 2. Correlation analyses. (A) Cancellous CaMean plotted versus cortical CaMean in T2DM (black symbols) and in the
healthy reference cohort (light grey symbols). (B) Cancellous CaMean from patients with T2DM in relation to previously obtained
mineralizing surface per bone surface (MS/BS). Correlation coefficients R and corresponding p-values are shown.
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N\

(B)

(D)

(F)

~
< 250 Cn. Ct.
E p<0.001
€ 200
2
2
$ 150
9
(7]
B 100
«'LO@COV\ (‘LO\RLOV\
—~ 26
S Cn. Ct.
=1
T 24
()
©
E 22
N
P 20
-
O 18 N N
< R <P R
26
=3
< 25 .
c 24 e 0y * oo
Q o0 o
E’ 23 of. 0 o°
5 22 |R=-0.50 .
=0.009
21 1P
0.20 0.30 0.40 0.50
Cn.OLS-Porosity (%)

J

outcomes were neither correlated with serum or urine
parameters (including serum calcium, phosphate, alkaline
phosphatase, fasting blood glucose (FBG), triglyceride,
HDL, IGF-1, microalbumin, creatinine) (data not shown, all
correlations p>0.05). Only, a weak correlation was found
between Cn.CaWidth and iPTH (R=0.42, p=0.02). Statistically
significant correlations were found between BMDD and
histomorphometric indices of bone formation (Table 4,
Figure 2B). These correlations indicated that the higher the
rate of bone formation the lower was the overall degree of
mineralization (CaMean and CaPeak), the higher was the
heterogeneity of mineralization (CaWidth) and the higher
was the percentage of bone areas with low mineralization
(CaLow).

Lowered OLS-density in cancellous bone of T2DM patients

The analysis of OLS-characteristics revealed, that two
of the ten OLS indices differed in T2DM from the healthy
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premenopausal control group (Figure 3A-E): Cancellous OLS-
density was significantly lowered by 14% and OLS-AR by
6.4% (median comparison) in our patients. However, cortical
OLS-characteristics were found within control reference
range. Subgroups defined by clinical characteristics (HbA1c
<7% versus >7%, with versus without chronic complications,
with versus without fragility fractures) and treatment (with
versus without insulin treatment) were compared and did not
show any significant differences in OLS-characteristics (data
shown in Supplementary Table 1). Noteworthy, we could
also observe a significant negative relationship between
cancellous OLS-porosity and Cn.CaMean in the T2DM group
(Figure 3F).

Discussion

An important outcome of our study was that the BMDD
from the patients with T2DM did not differ from our reference

310



B.M. Misof et al.: No evidence of mineralization abnormalities in iliac bone of premenopausal women with type 2 diabetes mellitus

Table 4. Correlation of cancellous BMDD and CaYoung with re-visited histomorphometric indices of bone formation in the T2DM study group.

MS/BS MAR BFR/BS
Cn.CaMean R=-0.52, p=0.006 R=-0.42, p=0.03 R=-0.52, p=0.007
Cn.CaPeak R=-0.46, p=0.02 n.s. R=-0.45, p=0.02
Cn.CaWidth R=0.64, p<0.001 R=0.42, p=0.03 R=0.65, p<0.001
Cn.CaLow R=0.56, p=0.003 n.s. R=0.56, p=0.003
Cn.CaHigh n.s. R=-0.40, p=0.04 n.s.
Cn.OLS-porosity R=0.49, p<0.05 R=0.54, p=0.004 R=0.50, p=0.009
Cn.OLS-density R=0.39, p<0.05 n.s. n.s.
Cn.OLS-area n.s. n.s. n.s.
Cn.OLS-perimeter n.s. n.s. n.s.
Cn.OLS-aspect ratio n.s. n.s. n.s.
Cn.CaYoung n.s. n.s. n.s.
Data are PPM or SRO correlation coefficients and corresponding p-values. n.s. = not significant.
Histomorphometric indices of bone formation are re-visited outcomes from our previous study°.

data. Noteworthy, the bone mineral density measured by
DXA (which is reflecting a combination of both bone volume
and mineral content?®) in our patients was high® and exceeded
on average the 75" percentile of the published healthy age-
and sex-matched reference range®°. The present observation
of normal bone mineralization together with the previously
reported increased bone volume®® suggests that the high
bone mineral density by DXA is caused by high bone volume
rather than by increased bone material density.

One essential determinant for the BMDD (by gBE) is the
level of bone formation/turnover'®, which is clearly visible in
the significant correlation of BMDD with histomorphometric
indices of bone formation in the present patient cohort and
observed generally*'. The average level of histomorphometric
bone formation (mineralizing surface per bone surface) from
our patients®® was relatively low but did not differ from that
of our premenopausal healthy OLS-control group (statistical
comparison p>0.05, data not shown) and was of the same
range reportedpreviously foranother healthy premenopausal
cohort®2, This is in contrast to the reduced levels of serum
bone turnover markers in type-2 diabetes mellitus reported
by others®3334 but might be due to the young age and reflect
a positive influence of treatment in our cohort. Noteworthy,
half of our patients were treated with insulin, which is known
to be osteoanabolic'** and might have pushed bone formation
towards normal level in most severely affected patients. We
hypothesize that without insulin treatment these severely
affected patients would have had reduced bone turnover.
However, this assumption remains speculative as no biopsy
before insulin treatment was available in these patients.

Moreover, we characterized the porosity, density and
shape parameters of the osteocyte lacunae sections (OLS)
based on the gBEIl images. It has to be noted that mineralized
osteocyte lacunae which were reported as a marker for
pathologies and/or old tissue age*® as well as the viability of
the osteocytes were not taken into account by this analysis.
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We observed a highly significant decrease in OLS density in
cancellous bone, which might be more affected than cortical
bone as it is remodeled at a faster rate generally®®. Our
findings suggest that a lower number of cells got embedded
into the bone material which in turn might point towards an
altered differentiation of osteoblasts to osteocytes in T2DM.
It might also be possible that the chronic hyperglycemia
and subsequent AGEs accumulation have a direct effect on
osteocytes'® and their function/mechanosensitivity’. In vitro
studies showed that MLO-Y4 cells’ proliferation and viability
decreased under high glucose condition3®,

Furthermore, we could not observe any significant
BMDD or OLS differences between subgroups defined by
parameters which characterized the severity of T2DM. These
subgroups were good versus poor glycemic control and
with versus without chronic complications. Given this lack
of difference and the similarity of the BMDD curve with the
reference curve, we conclude that other factors than bone
matrix mineralization are contributing to the decreased
bone quality in our group of patients. Such factors might be
accumulation of AGEs® or an increased cortical porosity at
fracture relevant sites (as described in other cohorts with
T2DMA04),

Due to previously reported differences in AGEs between
cortical and cancellous bone in our patients with T2DM?, we
studied potential differences in bone matrix mineralization
between these compartments. In line with previous
observations®', we found cancellous and cortical BMDD
significantly correlated in the iliac crest. In both, patients and
reference cohort, mineralization was lower in cortical bone
than that of cancellous bone, which was unexpected given the
generally lower intra-cortical bone turnover*,

For further clarification, we measured “CaYoung”
which is defined as the mean mineral content exclusively
between the tetracycline double labels?® and thus provides
information on the speed of mineral accumulation during
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the first weeks within the newly formed bone. In general,
when bone is formed during remodeling, the organic matrix
starts to mineralize after about two weeks of maturation3,
followed by a primary fast and a secondary slower mineral
accumulation. From a recent work, we know that the age
of the bone tissue between the double labels represents
the mineral content which is achieved after the completion
of primary mineralization®®. Thus, the lower CaYoung value
found in the cortex of the ilium suggests that the early phase
of mineralization is slower in the cortex which is in line with
the higher nano-porosity (a surrogate for bone material
water content) at bone formation sites in the cortex as
measured by Raman microspectroscopy in our patients®. This
suggests that a lower amount of free water in the bone matrix
was replaced by mineral crystals during the mineralization
process in cortical bone. Furthermore, it is likely that also the
level of late secondary mineralization is somewhat lower in
the cortex as a significantly smaller percentage of bone area
has a mineral content beyond 26.86 wt%Ca, i.e., CaHigh
is lower in the cortex compared to cancellous bone. These
data possibly reflect some general differences in mineral
accumulation between cortical and trabecular bone, which
might arise from principally differing mechanism of matrix
mineralization and/or from unequal access to calcium ions
for mineralization*® given the differences in bone-marrow-
surface.

Our work has some limitations. First, no tetracycline
labeling was available in our BMDD reference cohort
because the latter originates from autopsy samples from
healthy donors?2. Second, for definite conclusions about the
mineralization kinetics, more than one set of tetracycline
double labels would be essential which is generally difficult
to achieve in patients. Third, it will be important to expand
our control cohort for OLS-characteristics. The BMDD
reference cohort could not be used for this purpose as it
comprises individuals of a large age range up to 95 years.
As a consequence, to the observed age-dependency of OLS-
characteristics?® we confined reference data to a healthy
premenopausal control group. Another limitation of our work
is that no further subgroups by treatment could be studied
due to the limited sample size of these subgroups. In this
context, for instance the effect of SGTL2 which is discussed
to have adverse effects on bone health, would have been of
interest. However, the BMDD data of the three patients who
were treated with SGTL2 lie perfectly within the trend of
the entire study group. For OLS-characteristics, one SGTL2
treated patient had the highest cancellous OLS-porosity,
highest cortical OLS-area, and highest OLS-perimeter
among all T2DM patients. Thus, a larger group of treated
patients would be needed to clarify any potential effect of
SGTL2 on bone biopsy characteristics. Finally, our study
cohort was relatively young and thus our findings might not
be extrapolated to the more typical older populations with
T2DM.

For conclusion, we detected only minor differences in bone
material in T2DM versus reference. The generally normal
bone matrix mineralizationis in line with the relatively normal
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level of histomorphometric bone formation in our patients
with T2DM. This might be due to the relatively young age of
the patients or might also indicate a successful medication.
The observed differences between cancellous and cortical
BMDD in our patients might provide new insights into
differences in mineralization kinetics in these compartments
in general.
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Supplementary Table 1. BMDD and OLS comparison of subgroups defined by clinical characteristics or treatment.

= DD-0 0
With insulin tx (n=13) Without insulin tx (n=13) p-value
Cn.CaMean [wt%Cal 23.48 (0.66) 23.16 (0.91) 0.304
Cn.CaPeak [wt%Cal 24.30(0.58) 23.98 (0.74) 0.232
Cn.CaWidth [Awt%Cal 3.80(0.36) 3.95 (0.47) 0.383
Cn.CaLow [%B.Ar] 4.33(1.04) 4.82 (1.75) 0.397
Cn.CaHigh [%B.Ar] 5.03 (2.76; 7.65) 3.06(1.93; 6.71) 0.305
With CC (n=9) Without CC (n=17) p-value
Cn.CaMean [wt%Cal 23.54(0.51) 23.20(0.90) 0.308
Cn.CaPeak [wt%Cal 24.34(0.43) 24.04 (0.76) 0.286
Cn.CaWidth [Awt%Cal 3.72(0.37) 3.96 (0.43) 0.171
Cn.CaLow [%B.Ar] 4.04 (0.95) 4.86 (1.59) 0.171
Cn.CaHigh [%B.Ar] 5.59 (3.47; 7.42) 3.06 (2.32; 7.39) 0.388
With fragility fx (n=3) Without fragility fx (n=23) p-value
Cn.CaMean [wt%Cal 23.19 (0.68) 23.34(0.82) 0.778
Cn.CaPeak [wt%Cal 23.92(0.46) 24.17 (0.70) 0.545
Cn.CaWidth [Awt%Cal 3.64(0.17) 3.90(0.43) 0.314
Cn.CaLow [%B.Ar] 3.43 (1.00) 4.18(1.18) 0.310
Cn.CaHigh [%B.Ar] 17.60 (8.83) 24.51 (12.78) 0.377
0 AR A -
HbA1c>7% (n=16) HbA1c<7% (n=10) p-value
OLS-porosity (%) 0.43 (0.09) 0.43 (0.08) 0.846
OLS-density (nb./mm?) 163.7 (17.5) 168.0 (26.6) 0.622
OLS-area (um?) 26.3(3.7) 25.4(3.0) 0.530
OLS-perimeter (um) 22.1(1.6) 21.9(1.0) 0.728
OLS-AR 2.8(0.2) 2.8(0.2) 0.419
With insulin tx (n=13) Without insulin tx (n=13) p-value
OLS-porosity (%) 0.40 (0.06) 0.39(0.07) 0.725
OLS-density (nb./mm?) 160.1 (15.3) 164.0 (24.7) 0.631
OLS-area (um?) 24.9 (2.5) 23.8(2.3) 0.244
OLS-perimeter (um) 21.6(1.1) 21.4(1.1) 0.658
OLS-AR 2.7(0.2) 2.9(0.2) 0.069
With CC (n=9) Without CC (n=17) p-value
OLS-porosity (%) 0.38(0.05) 0.40 (0.07) 0.469
OLS-density (nb./mm?) 155.3 (11.0) 165.6 (23.3) 0.223
OLS-area (um?) 24.5(2.3) 24.2 (2.5) 0.784
OLS-perimeter (um) 21.4(1.1) 21.5(1.1) 0.861
OLS-AR 2.7 (0.1) 2.8(0.2) 0.307
With fragility fx (n=3) Without fragility fx (n=23) p-value
OLS-porosity (%) 0.38(0.04) 0.40 (0.07) 0.770
OLS-density (nb./mm?) 158.5 (14.7) 162.5 (21.1) 0.754
OLS-area (um?) 24.2 (1.1) 24.3(2.5) 0.956
OLS-perimeter (um) 20.9(0.4) 21.5(1.1) 0.375
OLS-AR 2.63(0.08) 2.8(0.2) 0.093

fractures.

Abbreviations: insulin tx=insulin treatment; CC=chronic complications including retinopathy and diabetic nephropathy; fragility fx=fragility

Data are mean (SD) and p-value from corresponding t-test or median (25™; 75" percentiles) and p-value from corresponding Mann-Whitney
rank sum test (latter for non-normally distributed data). None of these comparisons is statistically different.
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