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Abstract
Summary Pentosidine levels were higher in diabetic patients with vertebral fractures. Trabecular bone scores were negatively
associatedwith pentosidine levels in diabetic patients only. Our results provide further evidence that AGEs are associatedwith the
pathogenesis of bone fragility in patients with T2DM.
Introduction Type 2 diabetes mellitus (T2DM) is associated with fracture risk. Pentosidine, an advanced glycation end product
(AGE), is associated with prevalent vertebral fractures (VFs) in patients with T2DM. Trabecular bone score (TBS) has been
proposed as an index of bone microarchitecture associated with bone quality. This study evaluated the associations of urine
pentosidine and TBS in T2DM and non-T2DM groups.
Methods A total of 112 T2DM patients and 62 non-T2DM subjects were enrolled. TBS was calculated using TBS insight®
software (version 2.1). Pentosidine levels were measured using high-performance liquid chromatography method. We compared
the BMD, TBS, and pentosidine levels between those with and without VFs with or without adjustment for age and sex. The
association with TBS, lumbar spine BMD, and pentosidine levels were also evaluated in both T2DM and non-T2DM groups.
Results Pentosidine levels were significantly higher in T2DM patients with VFs. TBSs were significantly lower in patients with
T2DM and VFs. In non-diabetic patients, there were no significant differences in TBS and pentosidine levels for those with and
without VFs after adjustment for age and sex. Pentosidine levels were negatively associated with TBS only in patients with T2DM.
In multivariate stepwise regression analysis, pentosidine levels were significantly associated with TBS in patients with T2DM.
Conclusions TBS and pentosidine could be used as a method to assess bone quality to identify T2DM patients at risk of VFs. Our
results also provide further evidence that AGEs are associated with the pathogenesis of bone fragility in patients with T2DM.
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Introduction

Type 2 diabetes mellitus (T2DM) is associated with deleteri-
ous effects on the skeleton [1]. Meta-analyses have reported

that the risk of hip fracture is higher in T2DM patients com-
pared with non-diabetic controls [2, 3]. One Japanese study
reported a higher risk of vertebral fractures (VFs) in T2DM
patients, even though bone mineral density (BMD) in
T2DM patients was not lower than in controls [4].
Occasionally, in T2DM, the overall fracture risk cannot be
predicted using BMD measurements alone. Therefore, it
can be inferred that bone quality may be contributing more
to the increased risk of fractures in individuals with T2DM
than BMD [5]. The measurement of bone quality can be
difficult. Bone microarchitecture measured using high-
resolution peripheral quantitative CT (HRpQCT) can differ-
entiate between postmenopausal women with and without
fragility fractures [6, 7]; however, this technology, along
with several methodologies that evaluate bone strength in-
dependent of BMD, is not readily available and currently
only used as research tools [8].
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Recently, the trabecular bone score (TBS) was developed, a
novel method that assesses skeletal texture from lumbar spine
dual-energy X-ray absorptiometry (DXA) images [9, 10].
Using the Manitoba database, one study revealed that TBS
can predict the risk of major osteoporotic fracture (MOF) in-
dependent of BMD in women with diabetes and those without
diabetes [11]. Based on this study, the International Society for
Clinical Densitometry (ISCD) recommends that TBS can be
used in postmenopausal women with T2DM to predict MOF
risk [12].

Advanced glycation end products (AGEs), which are var-
ious complexes generated via a non-enzymatic reaction be-
tween reducing sugars and amine residues, influence the prop-
erties of the bone material [13]. Advanced glycation end prod-
ucts are one of the components of bone quality, through their
accumulation in the bone collagen fibers [13]. Advanced
glycation end products have been known to be closely related
to the pathogenesis of fragility fracture in patients with T2DM
[13, 14]. Pentosidine is one of the important surrogate markers
for total AGE production because the bone content of
pentosidine reflects the total amount of AGE in bone [15].
In fact, increased pentosidine levels have been reported as a
risk factor for fractures in older patients with T2DM in previ-
ous studies [16, 17]. However, no study has evaluated whether
pentosidine levels in patients with T2DM are associated with
TBS, the novel marker for bone microarchitecture.

In this study, we compared and evaluated the association
between urine pentosidine levels and TBS in patients with
T2DM and non-diabetic controls with and without VFs.

Methods

Subjects

Study participants were recruited through the Endocrinology
Clinic in a medical center in South Korea from June 2015 to
May 2016. For the T2DMgroup, inclusion criteria were adults
aged ≥ 50 years who could stand alone, with the onset of
diabetes at > 30 years-of-age, medical history/records consis-
tent with T2DM, and available BMD data reviewed by trained
data abstractors. Patients with a history of cancer and a serum
creatinine level greater than 2.0 mg/dL were excluded.
Patients who had a history of taking any drugs or hormones
that affect bone metabolism, including glucocorticoids, sex
steroids, warfarin, and bisphosphonates, were excluded. Any
patients with other metabolic disorders and/or secondary
causes of osteoporosis were also excluded. Finally, 112 sub-
jects with T2DM were included in this study.

The control group comprised 62 eligible subjects aged ≥
50 years with no medical history of diabetes who underwent
BMD measurements. The subjects for the control group were
also enrolled through the same endocrinology clinic for

treatment of osteoporosis. None were receiving menopausal
hormone therapy or taking corticosteroids. Any subjects with
a history of cancer, a serum creatinine level greater than
2.0 mg/dL, other metabolic disorders, and/or secondary
causes of osteoporosis were also not included.

All 174 enrolled participants had undergone lateral radio-
graphs of the thoracic and lumbar spine, and VF assessments
were performed to identify prevalent VFs. The time lag be-
tween the radiographs and BMD measurements was <
6 months.

The medical records of the enrolled patients were reviewed,
including demographics, previous medical history (including
the presence of menopausal status), alcohol intake, diabetic
complications (for patients with T2DM), smoking, parental his-
tory of fractures, and medications such as glucocorticoids, es-
trogen, drugs for diabetes, and drugs for osteoporosis.
Anthropometric parameters were measured using standard
methods. Body mass index (BMI) was calculated as the weight
in kilograms divided by the square of the height in meters. This
study was approved by the ethical review board of this institu-
tion (AJIRB-MED-SMP-14-109) and followed the Declaration
of Helsinki. All patients agreed to participate in the study and
provided written informed consent.

Biochemical and BMD measurements

Fasting blood was obtained and the concentrations of fasting
plasma glucose, hemoglobin A1c (HbA1c), and serum creat-
inine were measured by automated techniques at the laborato-
ry of the institution. Serum 25-hydroxyvitamin D (25(OH)D)
concentrations were measured using a radioimmunoassay kit
(DiaSorin Inc., Stillwater, MN, USA). The densitometric ex-
aminations were performed with a Lunar iDXA apparatus
(enCORE version 15.0, GE Healthcare, Madison, WI,
USA). For lumbar spine BMD, when the specific vertebrae
were not suitable for analysis due to a compression fracture,
degenerative changes, or any other reason, BMD was calcu-
lated excluding the affected vertebrae. The coefficient of var-
iations (CVs) for BMDwere 0.339% (L1-L4), 0.679% (femur
neck), and 0.794% (total hip).

Radiography and definitions of VF

Lateral radiographs of the thoracic and lumbar spine were
taken in the upright position for better detection of VFs [18].
To limit exposure to radiation, a single radiograph of the
thoracolumbar spine was obtained. All radiographs were tak-
en using a tube-to-film distance of 105 cm, with the tube
positioned over T11. Two musculoskeletal radiologists
blinded to all data related to the patients performed the manual
six-point vertebral quantitativemorphometry evaluation of the
radiographs. Vertebrae that were poorly visualized during VF
assessments were excluded from the analysis, including
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degenerative changes. According to the Genant semi-
quantitative approach [19], deformities were graded according
to their severity using the following classification: grade 0 (<
20% deformity), grade 1, (mild deformities 20–25% deformi-
ty in Ha, Hm, or Hp), grade 2 (moderate deformities 25–40%
deformity), and grade 3 (severe deformities ≥ 40% deformity).
A patient was diagnosed with a VF when at least one of the
three height measurements decreased by > 20% compared to
the nearest uncompressed vertebra. The overall intra-observer
agreement was 93% (κ = 0.81; excellent degree of agreement)
when evaluating any fracture. The inter-observer agreement
was 86% (κ = 0.65; good to fair agreement) when analyzing
any fracture.

Measurement of TBS

Trabecular bone score was measured using TBS iNsight® soft-
ware version 2.1 (Med-Imaps, Pessac, France) with anonymized
spine DXA files from the database. Measurements were per-
formed on the same vertebrae as in the BMD measurements.
The investigator for TBS was blinded to all clinical parameters
and outcomes. The average short-term reproducibility (CV) for
TBS was 1.408%.

Measurement of pentosidine levels

Non-fasting urine samples were collected at baseline. The
pentosidine detection assay followed an initial sample
deproteinization method. Briefly, 200 μL of 113 acetonitrile
was added to a 100-μL aliquot of urine or plasma and mixed
on a vortex mixer. After vortex-mixing, the mixture was cen-
trifuged at 12,000 rpm for 10 min, and 250 μL of the super-
natant was transferred to a clean tube and evaporated under a
gentle stream of nitrogen gas at 40 °C (Eyela, Tokyo, Japan).
The resultant residue was reconstituted with 150 μL of 0.1 M
heptafluorobutyric acid (HFBA), and 100 μL was injected
onto the high-performance lipid chromatography (HPLC) sys-
tem. The chromatographic equipment used was a Shimazu
Prominence LC-20A HPLC system (Shimazu, Kyoto,
Japan) equipped with a low-pressure gradient unit, an auto-
purge, an in-line vacuum degassing auto-sampler (SIL-84
20A) with programmable temperature control, a heated col-
umn compartment, and a highly sensitive fluorescence detec-
tor (RF-20A/RF-20Axs) [20]. All components of the HPLC
system were controllable through a CBM-20A system con-
troller. Chromatographic separation of pentosidine was per-
formed on a C18 reverse-phase column (AegisPak, 4.6 mm
i.d., 25 cm, particle size 5 μm, Young Jin Biochrom,
Seongnam, South Korea) after sample filtration through a
0.45-μm filter (Millipore, Billerica, MA, USA). The mobile
phase used a gradient system to improve separation of
pentosidine from endogenous peaks, and chromatograms
were monitored by fluorescent detector set at excitation and

emission wavelengths of 328 and 378 nm, respectively. The
retention time for pentosidine was 24.3 min, and the lower
limits of quantification (LLOQ) in human urine and plasma
were 1 nM. Urine pentosidine levels were adjusted with urine
creatinine levels (nmol/mg). The intra-day assay precisions
(coefficients of variation) were generally low and found to
be in the range of 5.19–7.49 and 4.96–8.78% for human urine
and plasma, respectively. The corresponding values of the
inter-day assay precisions were 9.45 and 4.27%. Accuracies
(relative errors) ranged from 87.9 to 115%. All the samples
were stored in a − 70 °C freezer until HPLC analysis of
pentosidine.

Statistical analyses

There was a significant interaction effect of T2DM for TBS
versus pentosidine (P = 0.011). Therefore, every statistical
analysis was performed separately for each T2DM and control
group. All data are expressed as the mean ± SD for each index
considered. Student’s t tests were used to compare the contin-
uous variables of patients with VFs and without VFs.
Categorical variables were analyzed using chi-square tests.
L-spine BMD, TBS, and urine pentosidine level were com-
pared again with adjustment for age and sex using analysis of
covariance (ANCOVA). The best cut-off value of urine
pentosidine for the likelihood of VFs in T2DM was assessed
from the receiver-operating characteristic (ROC) curve using
the MedCalc version 11.5.1.0 (MedCalc Software, Ostend,
Belgium). Subsequently, odd ratio (OR) according to the
cut-off value for the likelihood of VFs in T2DM was estimat-
ed from logistic regression models with adjustment for age,
sex, and HbA1c.

A Pearson’s correlation coefficient was used to estimate the
relationships between TBS and urinary pentosidine level. A
stepwise, linear, multiple regression analysis was performed
using TBS as a dependent variable and pentosidine, age, sex,
BMI, HbA1c (only for patients with T2DM), serum creati-
nine, 25(OH)D levels, and lumbar spine BMD as independent
variables for each group. All multiple regression analyses
were based on a single regression analysis for each predictor
independent variable that allowed identification of candidate
predictive variables. All analyses were conducted using SPSS
version 23.0 (SPSS, Chicago, IL, USA). A P value < 0.05 was
considered statistically significant.

Results

Table 1 summarizes the baseline characteristics of the patients
with T2DM. Among the 112 patients, 32 had VFs (28.6%).
The mean age of the patients with VFs (65.2 ± 8.5 years) was
significantly higher than of patients without VFs (60.6 ±
6.8 years, P = 0.010). Femur neck BMD, total hip BMD,
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and L-Spine BMD were significantly lower in the patients
with VFs (P = 0.002, P = 0.001, and P = 0.005, respectively).
The percentage of diabetic nephropathy, insulin use, osteopo-
rosis drug use, and vitamin D supplement use were higher in
patients with VFs in T2DM (P = 0.032, P = 0.034, P = 0.002,
and P = 0.004, respectively). There were significant differ-
ences in TBS and pentosidine (P = 0.001 and P = 0.018, re-
spectively). These significant differences were still remained
even after adjustment for age and sex (P = 0.039 in TBS and
P = 0.044 in pentosidine) (Fig. 1). No significant differences
were found between patients with T2DMwithVF and patients
with T2DM without VF in terms of the other parameters.

Table 2 summarizes the baseline characteristics of the non-
diabetic controls. Among the 62 patients, 21 had VFs (33.9%).
The mean age of the patients with VFs (70.3 ± 6.6 years) was
significantly higher than that of those without VFs (59.5 ±
7.1 years, P < 0.001). The mean height of patients with VFs

(152.2 ± 8.3 cm) was significantly lower than that of those
without VFs (157.4 ± 6.6 cm, P = 0.009). Femur neck BMD,
total hip BMD, and L-Spine BMDwere significantly lower in
the patients with VFs (P < 0.001, P = 0.004, and P < 0.001,
respectively). Serum 25(OH)D level was significantly higher
in patients with VFs (P = 0.020). The percentage of osteopo-
rosis drug use, and vitamin D supplement use, was higher in
patients with VFs in controls (P = 0.001 and P = 0.030, re-
spectively). TBS was also significantly lower in the patients
with VFs (P = 0.019). There was no significant difference be-
tween two groups in pentosidine (P = 0.612). After adjustment
for age and sex, there were no significant differences between
two groups in L-spine BMD and TBS (P = 0.062 and P =
0.918) (Fig. 1). No significant differences were found between
controls with VF and controls without VF in terms of the other
parameters. The best cut-off value of urine pentosidine for the
likelihood of VFs in T2DM was also assessed from the ROC
curve (Supplementary Figure). The best cut-off that maxi-
mized sensitivity and specificity was 1.08 nmol/mg.
Subsequently, the OR according to the cut-off value for the
likelihood of VFs in T2DM was estimated from logistic re-
gression models with adjustment for age, sex, and HbA1c.
The OR for the likelihood of fracture was 2.723 (95% CI
1.008–7.355, P = 0.048).

Figure 2 shows the correlations between TBS and urinary
pentosidine level in controls and patients with T2DM.
Pentosidine was negatively correlatedwith the TBS in patients
with T2DM (r = − 0.325, P < 0.001). However, pentosidine
was not significantly correlated with L-spine BMD in patients
with T2DM (r = − 0.169, P = 0.075). There were no signifi-
cant correlations between pentosidine and TBS, or
pentosidine and L-spine BMD in controls.

Stepwise linear multiple regression analysis for TBS as a
dependent variable was performed on the non-diabetic pa-
tients and patients with T2DM. For patients with T2DM, this
analysis generated three different models, confirming the sig-
nificant role of pentosidine as a predictor of TBS (Table 3).
Other predictors were age and 25(OH)D. On the other hand,
pentosidine was ruled out as a significant predictor of TBS in
non-diabetic patients. L-spine BMD and age were the only
predictors of TBS in non-diabetic patients (Table 4).

Discussion

Pentosidine levels were higher in T2DM patients with VFs
compared to those without VFs. TBS was significantly lower
in T2DM patients with VFs. However, there were no signifi-
cant differences in TBS and pentosidine between non-diabetic
patients with and without VFs after adjustment for age and
sex. Pentosidine levels were negatively associated with TBS
only in T2DM patients even after adjustment for confounding
factors.

Table 1 Comparison of various parameters between T2DM patients
with and without vertebral fractures

VF (−) VF (+) P

Number of subjects (%) 80 32

Grade of VFs (number
of subjects)

Mild – 20 –

Moderate – 7 –

Severe – 5 –

Sex (male %) 50.0 31.3 0.071

Age (yr) 60.6 ± 6.8 65.2 ± 8.5 0.010

Height (cm) 162.5 ± 8.7 159.0 ± 9.6 0.061

Weight (kg) 67.3 ± 12.6 63.6 ± 10.4 0.150

BMI (kg/m2) 25.3 ± 3.5 25.1 ± 2.7 0.727

Femur neck BMD (g/cm2) 0.904 ± 0.149 0.804 ± 0.168 0.002

Total hip BMD (g/cm2) 0.989 ± 0.152 0.882 ± 0.167 0.001

Serum creatinine (mg/dL) 0.86 ± 0.21 0.86 ± 0.23 0.930

Serum calcium (mg/dL) 10.6 ± 9.5 9.6 ± 0.4 0.556

Serum 25(OH)D (ng/mL) 22.0 ± 7.4 25.5 ± 7.7 0.180

HbA1c (%) 7.5 ± 1.4 7.6 ± 1.8 0.711

Fasting plasma
glucose (mg/dL)

150.2 ± 42.7 140.2 ± 38.9 0.262

Cardiovascular disease (%) 21.3 25.0 0.667

Diabetic nephropathy (%) 13.8 31.3 0.032

Diabetic retinopathy (%) 17.5 18.8 0.876

Diabetic neuropathy (%) 6.3 12.5 0.272

Thiazolidinedione use (%) 1.3 3.1 0.498

Insulin use (%) 2.5 12.5 0.034

Osteoporosis drug use (%) 10.0 34.4 0.002

Vitamin D supplement
use (%)

25.0 53.1 0.004

VF(−) without vertebral fracture, VF(+) with vertebral fracture, BMI
body mass index
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Although not all studies have reported a higher risk of VF
in individuals with T2DM [21, 22], most studies have reported
more VFs in patients with T2DM compared to non-diabetic
patients [23–25]. Advanced glycation end products, especially
pentosidine, have been suggested important contributors to
the decreased material properties of bone in patients with
T2DM [13]. Previous studies have reported a relationship be-
tween pentosidine and VF. Yamamoto et al. [17] reported an
increased risk of VF in women with T2DM with higher urine
pentosidine levels, but the same was not seen in men. On the
contrary, Schwarz et al. [26] also found a significant associa-
tion between prevalent VF and pentosidine in both genders. In
our study, pentosidine was also significantly higher in patients
with T2DM with VFs, which was consistent with these previ-
ous studies. Shiraki et al. [27] reported an increased risk of VF
with higher pentosidine levels, even in elderly women without
T2DM. However, Schwarz et al. [26] could not find a signif-
icant association between pentosidine and risk of VFs in pa-
tients without T2DM. We could not find any correlation be-
tween pentosidine and the prevalence of VFs in patients with-
out T2DM.

In our study, TBS was significantly decreased in patients
with T2DM and VFs compared to those without VFs. Patients
with T2DM have been reported to have an increased osteopo-
rotic fracture risk, even when they have higher BMDs than

non-diabetic individuals [2, 3]. Therefore, it is possible that
bone quality may be contributing more to the high risk of
fractures in individuals with T2DM than BMD. It has been
suggested that TBS can provide indirect information on bone

Fig. 1 Comparison of L-Spine
BMD (a), TBS (b), and urinary
pentosidine (c) in non-diabetic
and T2DM patients with and
without VFs before and after ad-
justment for age and sex

Table 2 Comparison of various parameters between non-diabetic pa-
tients with and without vertebral fractures

VF (−) VF (+) P

Number of subjects 41 21
Grade of VFs (number of subjects)
Mild – 11 –
Moderate – 9 –
Severe – 2 –
Sex (male %) 9.8 4.8 0.494
Age (yr) 59.5 ± 7.1 70.3 ± 6.6 < 0.001
Height (cm) 157.4 ± 6.6 152.2 ± 8.3 0.009
Weight (kg) 57.4 ± 7.2 53.4 ± 8.2 0.052
BMI (kg/m2) 23.2 ± 2.4 23.2 ± 3.6 0.994
Femur neck BMD (g/cm2) 0.792 ± 0.092 0.694 ± 0.087 <0.001
Total hip BMD (g/cm2) 0.834 ± 0.109 0.751 ± 0.090 0.004
Serum creatinine (mg/dL) 0.73 ± 0.13 0.80 ± 0.24 0.122
Serum calcium (mg/dL) 9.3 ± 0.3 8.9 ± 2.1 0.408
Serum 25(OH)D (ng/mL) 25.5 ± 8.4 31.3 ± 9.5 0.020
Fasting plasma glucose (mg/dL) 97.4 ± 10.8 92.9 ± 7.3 0.087
Osteoporosis drug use (%) 51.2 95.2 0.001
Vitamin D supplement use (%) 80.5 100.0 0.030

VF(−) without vertebral fracture, VF(+) with vertebral fracture, BMI
body mass index
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quality in secondary osteoporosis, such as in T2DM [11, 28,
29]. Recently, we reported that TBS could be a potential sup-
plementary tool for the discrimination of VFs in postmeno-
pausal women with T2DM [30]. This study has confirmed
these previous findings.

TBS was significantly lower in patients with VFs in the
control group. However, this pattern was not found after ad-
justment for age and sex. It has been known that TBS was also
significantly lower in the subjects with fractures even in gen-
eral population [31]. Assessment by one-tailed test (α = 0.05)
showed that 25 subjects were needed for each group with or
without VFs in T2DM to reach sufficient statistical power
(1-β = 0.8) to reproduce the similar difference in TBS be-
tween the VFs and non-VFs group according to our previous
study (1.31 vs 1.23) [30]. Therefore, 32 subjects for VF group
in T2DM fulfilled this requirement. However, 32 subjects
were needed for each group with or without VFs in controls
(α = 0.05 and 1-β = 0.8) to reproduce the similar difference in
TBS between VFs and non-VFs group for general population
according to the previous Japanese study (1.20 vs 1.13) [31].
With only 21 subjects with VFs in our study, only about 65%
of statistical power was calculated. That might contribute to
the loss of significance in the comparison of TBS in controls

after adjustment for age and sex. However, the main purpose
of our study was to evaluate the associations of urine
pentosidine and TBS in T2DM and non-T2DM groups. We
could find the prominent difference in the association of TBS
and pentosidine between T2DM and non-DM controls with a
relatively small number of subjects.

AGEs significantly influence the properties of the bone
material [13]. AGEs, which are rich in bone material especial-
ly in T2DM, have been known to be closely related to the
pathogenesis of fragility fracture in patients with T2DM [13,
14]. Recently, TBS has been reported to be closely related to
bone quality and fracture risks in T2DM patients [11, 12, 30].
If TBS is a good surrogate marker of bone quality in T2DM
and pentosidine, one of the surrogate markers for total AGEs,
is closely related to bone quality, it makes sense that TBS and
pentosidine are significantly associated. However, to our
knowledge, there have been no studies on the association be-
tween TBS and pentosidine in patients with T2DM. Although
there have been some studies on the association between
pentosidine and bone quality, they have been undertaken
using other measurement tools, and not TBS. In a study using
micro-CT, a positive correlation was found between
pentosidine content and trabecular number and connectivity

Fig. 2 Correlation with L-Spine BMD, TBS, and urinary pentosidine in T2DM patients (a) and non-diabetic patients (b)
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density, and a negative correlation was found between
pentosidine content and trabecular separation in human cadav-
eric bones [32]. In a recent study, non-enzymatic glycation
and degree of mineralization increased, especially in trabecu-
lar bone, in patients with type 1 diabetes mellitus (T1DM) and
fractures. In one study, invasive iliac crest bone biopsies from
five patients with type 1 diabetes mellitus (T1DM) and frac-
tures, five patients with T1DM patients and no fractures, and
five healthy subjects were performed, and the degree of min-
eralization of bone was measured by micro-CT [33]. Even
though micro-CT could be one of the most accurate tools for
the measurement of bone quality, an invasive bone biopsy is
required and is not appropriate for studies with large popula-
tions. Moreover, there have only been animal studies on the
association between pentosidine and bone quality in T2DM
[34, 35]. In our study, we found that pentosidine could be
related to TBS, a possible surrogate marker of bone quality,

in patients with T2DM even after correction for confounding
factors. It was also meaningful that pentosidine still showed
significant association with TBS even after adjustment for
strong confounding factors such as age and L-spine BMD.
Therefore, this could be further evidence that pentosidine
may reflect bone quality and the susceptibility of fragility
fractures in patients with T2DM.

In our study, we could not find any correlation between
pentosidine and TBS in non-diabetic patients. If pentosidine
does have a deleterious effect on TBS, then the correlation
between pentosidine and TBS should have also been found
in non-diabetic patients. For non-diabetic patients, we recruit-
ed patients who visited our hospital for the treatment of oste-
oporosis. Therefore, a higher proportion of patients had VFs
and used anti-osteoporosis medications. A reduction in bone
turnover induced by anti-resorptives may result in retardation
of collagen turnover, potentially leading to the accumulation
of non-enzymatic glycation or oxidation-induced cross-links
of collagen [36]. Therefore, anti-resorptive use could influ-
ence the association between pentosidine and TBS.
However, we could not find any differences in urinary
pentosidine level between anti-resorptive users and non-
users (P = 0.713). Therefore, we concluded that anti-
resorptive use was not a factor. The number of patients with
high urinary pentosidine levels was smaller in the non-diabetic
patients, and this may have made it difficult to find any asso-
ciation between pentosidine and TBS in these patients. More
studies are needed to ascertain any association between
pentosidine and TBS in non-diabetic patients.

This study has some limitations. First, the study was cross-
sectional. Thus, it can only demonstrate associations between
pentosidine and TBS, and not the causations. Second, we
measured pentosidine levels in urine and did not directly mea-
sure the AGE levels in bone. However, AGE levels in serum
and urine have been reported as a surrogate marker for levels
in bone collagen. Odetti et al. [37] reported that plasma
pentosidine levels were closely correlated with levels in cor-
tical bone from the femur removed during surgery. Moreover,
direct measurements of AGE levels in the collagen of bone
require invasive procedures, and these are not available in
most studies [26]. Third, a bone turnover marker was not
available in our patients. Fourth, the existence of back pain
was not investigated. Therefore, we could not discriminate
VFs between symptomatic and asymptomatic VFs. Fifth, a
relatively small number of patients with VFs were enrolled
for the control group. More subjects should have been en-
rolled to confirm the significant difference in TBS between
VFs and non-VFs group in the controls.

However, the pentosidine levels were measured in all pa-
tients with T2DM and non-diabetic patients using the accurate
HPLC method. Each TBS and pentosidine has been known to
be associated with fracture risks in T2DM patients, separately.
No study has reported the association of TBS and pentosidine

Table 4 Multivariate stepwise regression analysis for TBS as
dependent variables in non-diabetic patients

Variables entering the model Stepwise linear multiple regression

Unstandardized β P R2

Model 1

L-Spine BMD 0.281 < 0.001 0.255

Model 2

L-Spine BMD 0.195 0.008 0.331

Age − 0.003 0.018

In multivariate stepwise regression analysis adjusted for pentosidine, age,
sex, BMI, serum creatinine, 25(OH)vitamin D levels, and lumbar spine
BMD

TBS trabecular bone score, BMD bone mineral density

Table 3 Multivariate stepwise regression analysis for TBS as
dependent variables in T2DM patients

Variables entering the model Stepwise linear multiple regression

Unstandardized β P R2

Model 1

Age − 0.008 < 0.001 0.511

Model 2

Age − 0.006 < 0.001 0.573

Pentosidine − 0.044 0.036

Model 3

Age − 0.006 < 0.001 0.623

Pentosidine − 0.046 0.024

25(OH)D − 0.003 0.049

In multivariate stepwise regression analysis adjusted for pentosidine, age,
sex, BMI, HbA1c, serum creatinine, 25(OH)vitamin D levels, and lumbar
spine BMD

TBS trabecular bone score, 25(OH)D serum 25-hydroxyvitamin D
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in patients with T2DM. To our knowledge, this study showed
the significant association of TBS and pentosidine in patients
with T2DM at first. In this regard, the present study has
strength.

In conclusion, our results provide further evidence that
AGEs are associated with the pathogenesis of bone fragility
in patients with T2DM. Pentosidine levels may reflect fracture
susceptibility in patients with T2DM. In the clinical setting,
TBS and pentosidine can be used as a non-invasive method to
assess bone quality to identify T2DM patients at risk of VFs.
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