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Context: Type 2 diabetes is associated with higher fracture risk at a given bone mineral density.
Advanced glycation endproducts (AGEs) accumulate in bone collagen with age and diabetes and may
weaken bone.

Objective: Theaimwastodeterminewhetherurinepentosidine,anAGE,wasassociatedwithfractures
in older adults with and without diabetes.

Design: We performed an observational cohort study.

Setting: We used data from the Health, Aging and Body Composition prospective study of white and
black, well-functioning men and women ages 70–79 yr.

Participants: Participantswith(n�501)andwithout(n�427)diabeteswerematchedongender, race,
and study site.

Predictor: Urine pentosidine was assayed from frozen stored baseline specimens.

Main Outcome Measures: Incident clinical fractures and baseline vertebral fractures were
measured.

Results: Despite higher bone mineral density, clinical fracture incidence (14.8 vs. 12.6%) and vertebral
fracture prevalence (2.3 vs. 2.9%) were not lower in those with diabetes (P � 0.05). In multivariable
models, pentosidine was associated with increased clinical fracture incidence in those with diabetes
[relative hazard, 1.42; 95% confidence interval (CI), 1.10, 1.83, for 1 SD increase in log pentosidine] but
not in those without diabetes (relative hazard, 1.08; 95% CI, 0.79, 1.49; P value for interaction � 0.030).
In those with diabetes, pentosidine was associated with increased vertebral fracture prevalence (ad-
justed odds ratio, 5.93; 95% CI, 2.08, 16.94, for 1 SD increase in log pentosidine) but not in those without
diabetes (adjusted odds ratio, 0.74; 95% CI, 0.30, 1.83; P value for interaction � 0.005).

Conclusions: Higher pentosidine levels are a risk factor for fracture in older adults with diabetes
and may account in part for reduced bone strength in type 2 diabetes. (J Clin Endocrinol Metab 94:
2380–2386, 2009)
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Older age is associated with bone that is weaker for a given
bone density. Similarly, in those with type 2 diabetes,

fracture risk appears to be higher for a given bone density (1, 2).
Accumulation of advanced glycation endproducts (AGEs) in
bone collagen has been proposed as a factor reducing bone
strength with aging and diabetes. AGEs are formed through a
series of nonenzymatic reactions between glucose and proteins
resulting in a highly stable cross-linked product. Contributing
factors include hyperglycemia, oxidative stress, and reduced re-
nal function (3). Although all proteins are prone to AGE forma-
tion, deleterious AGE accumulation occurs in tissues with low
turnover, including collagen. This accumulation subtly alters
collagen structure and function, increasing stiffness in arteries,
skin, cartilage, and bone.

Two studies have reported an association between higher lev-
els of pentosidine, an AGE, and risk of vertebral fractures. In
older diabetic women, but not men, increased serum pentosidine
was associated with prevalent vertebral fractures (4). In older
nondiabetic women, urine pentosidine was associated with prev-
alent and incident vertebral fractures (5). However, prospective
data on AGEs and incident clinical fracture or bone loss are not
available. To investigate the role of AGEs in bone health, we used
data from the Health, Aging, and Body Composition (Health
ABC) Study to determine whether urine pentosidine was asso-
ciated with incident clinical fracture or prevalent vertebral frac-
ture, as well as bone loss at the hip and bone turnover markers,
in older adults with and without diabetes.

Subjects and Methods

Health ABC participants
The Health ABC Study is a prospective study investigating whether

changes in body composition act as a common pathway by which mul-
tiple diseases affect morbidity, disability, and risk of mortality. The co-
hort consists of 3075 men and women aged 70–79 yr recruited at the
University of Pittsburgh and the University of Tennessee, Memphis. Par-
ticipants were excluded if they reported any difficulty with activities of
daily living, walking up 10 steps without resting, or walking a quarter of
a mile. Study procedures were approved by the institutional review
boards, and written informed consent was provided by all participants.
The baseline examination took place during 1997–1998.

Diabetes
For this report, diabetes was defined as use of hypoglycemic medi-

cation or elevated fasting glucose (�126 mg/dl). Using these criteria, 527
participants had diabetes at baseline. Assays of urine pentosidine were
available on 501 participants. Of these, 395 (79%) had been previously
diagnosed with diabetes, and 106 (21%) participants were found to have
diabetes at the baseline visit, based on an elevated fasting glucose.

A sample of 427 participants without diabetes at baseline was taken
from those who did not self-report a diagnosis of diabetes or use of
hypoglycemic medication and had a fasting glucose less than 110 mg/dl
and an oral glucose tolerance test less than 200 mg/dl. These cutpoints
were based on the American Diabetes Association (ADA) definition of
normal glucose homeostasis in effect from 1997 to 2002 (6). The selected
participants were matched to diabetic participants on race, gender, and
clinic site. Of the nondiabetic participants, 60 had a fasting glucose
between 100 and 110 mg/dl, defined as impaired fasting glucose in cur-
rent ADA guidelines (7).

Biological specimens
Serum and urine were obtained at baseline after an overnight fast.

Specimens were frozen at �70 C and stored at McKesson Bioservices
(Rockville, MD). Specimens were retrieved and assayed for bone turn-
over markers and pentosidine after approximately 5 yr of storage.

Urine pentosidine
Urinary pentosidine was measured on hydrolysated samples by an

HPLC technique using purified bone pentosidine as a standard (8). The
pentosidine recovery rate was 93 � 4%, and the assay was linear over the
validated amount range of 0–0.5 nmol with a detection limit below 0.02
pmol. Intra- and interassay coefficients of variation (CV) are less than
8% and less than 15%, respectively. Pentosidine measurements were
performed by Dr. Evelyne Gineyts (Institut National de la Santé et de la
Recherche Médicale Research Unit 831, Lyon, France). Results are re-
ported normalized to urine creatinine (Cr).

Bone turnover markers
Serum N-propeptide of type I procollagen (P1NP) was measured with

a two-site immunoassay based on monoclonal antibodies raised against
purified intact human P1NP and detecting both intact monomeric and
trimeric forms, but not fragments using an automated analyzer (Elecsys;
Roche Diagnostics, Indianapolis, IN). Intraassay CV is less than 2%, and
interassay CV is less than 4%. Urinary N-terminal crosslinking telopep-
tide of type I collagen (U-NTX) was measured by ELISA using the Os-
teomark assay (Ostex International Inc., Seattle, OR) on an automated
analyzer (Vitros Eci; Ortho Clinical Diagnostics, Rochester, NY). The
intra- and interassay CV are both less than 7%. Results are reported
normalized to urine Cr. Serum bone alkaline phosphatase (bone ALP)
was measured by an immunochemiluminescence assay using the Ostase
reagent on an automatic analyzer (Ostase, Access; Beckman Coulter,
Fullerton, CA). The intra- and interassay CV are less than 5% and less
than 8%, respectively, and the cross-reactivity with the liver isoenzyme
is 13%. Serum C-terminal cross-linking telopeptide of type I collagen
(S-CTX) was measured by a two-site assay using monoclonal antibodies
raised against an 8-amino acid sequence from the C-telopeptide of hu-
man type I collagen by an automatic analyzer (Elecsys; Roche Diagnos-
tics). Intraassay CV is less than 3%, and interassay CV is less than 8%.

Incident clinical fracture
Every 6 months, at clinic visits or by telephone, participants were

asked about the occurrence of fractures. Reported fractures were in-
cluded in analyses if verified by a radiology report. Fractures of the ribs,
chest/sternum, skull/face, fingers, toes, and cervical vertebra as well as
fractures due to a pathological process, such as cancer, were excluded.
Fractures were not excluded based on reported degree of trauma because
fractures at all trauma levels are associated with lower bone density (9).

Prevalent vertebral fracture
Lateral scout scans were obtained at the baseline visit to determine

placement for computed tomography abdominal scans. The scout scans
covered T4 through the upper sacrum. Images were obtained in Pitts-
burgh using a 9800 Advantage (General Electric, Milwaukee, WI) and in
Memphis using a Somatom Plus 4 (Siemens, Erlangen, Germany) or a
Picker PQ 2000S (Marconi Medical Systems, Cleveland, OH).

A study comparing CT scout scans with conventional spinal radio-
graphs for the identification of vertebral deformities reported a 23%
reduction in vertebral fractures detected from the scout scans, mainly due
to reduced sensitivity in the thoracic spine (10). The CT lateral scout
scans were assessed and graded by a radiologist for prevalent vertebral
deformities (10, 11). A semi-quantitative grade of 1 indicates a mild
vertebral deformity with 20–25% reduction in anterior, middle, and/or
posterior height; grade 2 indicates a moderate deformity with a 25–40%
height reduction; and grade 3 indicates a severe deformity with greater
than 40% height reduction. The radiologist was blinded to the diabetes
status of the participants. Because moderate/severe deformities are more
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strongly associated with subsequent vertebral fractures than the mild
deformities, we defined vertebral fracture as a deformity grading of 2 or
greater (12).

Bone mineral density (BMD)
BMD was measured at the proximal femur using dual energy x-ray

absorptiometry (DXA) (QDR 4500A, software version 9.03; Hologic,
Inc., Bedford, MA). DXA quality assurance procedures, including use of
daily and cross-calibration phantoms, were performed at both study sites
to ensure scanner reliability. The precision of DXA scans of the hip is
1–2% (13). Measurements were obtained at the baseline exam and at the
fourth follow-up exam, with an average time between scans of 4.0 � 0.1 yr.

Covariates
At the baseline visit, weight was measured with a calibrated balance

beam scale. Participants were asked whether they had lost more than 5
pounds in the year before the baseline visit. Height was measured with
a Harpenden stadiometer. Body mass index was calculated as weight
(kilograms) divided by height (meters) squared. Participants were asked
if they had fallen in the previous year. To assess balance, participants
were asked to maintain a semitandem, full tandem, and then one-leg
balance stand for as long as possible up to 30 sec each. The three times
were summed into a standing balance test time (range, 0–90 sec).

Participants were asked to bring prescription and over-the-counter
medications used in the previous week to the visit. Medications were
coded according to the Iowa Drug Information System (14). In these
analyses, bisphosphonates, calcitonin, and raloxifene were grouped to-
gether as “osteoporosis medications.”

Laboratory measurements were performed on baseline specimens at
the Laboratory of Clinical Biochemistry at the University of Vermont.
For measurements of plasma glucose, blood was drawn after an over-
night fast (�8 h). Immediately afterward, participants ingested 75 g
glucose in solution (glucola), and a second blood sample was drawn 2 h
later. Cr and hemoglobin A1c (A1C) were measured in serum specimens
using standard laboratory procedures. Estimated glomerular filtration
rate (eGFR) was calculated using the abbreviated Modification of Diet
in Renal Disease study equation that includes serum Cr, age, gender,
and race (15). Cystatin-C, a marker of renal function, was measured on
baseline serum stored at �70 C for an average of 6.5 yr using a BNII
nephelometer (Dade Behring Inc., Deerfield, IL) using a particle-en-
hanced immunonepholometric assay (N Latex Cystatin C; Dade Behring
Inc., Deerfield, IL). Intra- and interassay CV for cystatin-C are 2.0–2.8 and
2.3–3.1%, respectively.

Statistical analyses
Baseline characteristics are presented separately for those with and

without diabetes. �2 tests were calculated for categorical variables, and
ANOVA was used for continuous variables to test for statistical differ-
ences between the two groups. Levels of pentosidine and bone turnover
markers were log-transformed to normalize their distributions.

Generalized linear regression was used to analyze the associations
between log-transformed pentosidine levels, bone loss at the hip over 4
yr, and baseline bone turnover markers. Proportional hazards models
with time to first fracture as the outcome were used to analyze the as-
sociation between log-transformed pentosidine and risk of clinical frac-
tures. Logistic regression was used to analyze the association between
log-transformed pentosidine levels at baseline and odds of prevalent
vertebral fractures. We tested for interaction between pentosidine levels
and diabetes status in the multivariate models, and reported results sep-
arately where statistically significant (P � 0.05) interaction was found.

Results for pentosidine and bone turnover markers, initially ex-
pressed as adjusted mean values of the log bone markers for those with
and without diabetes, were back-transformed to the original units for
ease of interpretation. Geometric means are reported. All statistical anal-
yses were performed in SAS version 9.1 (SAS Institute Inc., Cary, NC).

Results

As reported in previous studies, urine pentosidine levels in-
creased with age and were higher in women (data not shown).
Higher pentosidine was associated with poorer renal function
(eGFR and cystatin-C), weight loss (�5 pounds) in the year be-
fore baseline, a history of falls, and poorer standing balance.

Pentosidine levels were similar in those with and without di-
abetes in unadjusted models (Table 1) and after adjustment for
age, gender, eGFR, and previous weight loss. When participants
were stratified into previously diagnosed diabetes, newly diag-
nosed diabetes, impaired fasting glucose, and normoglycemic
participants, pentosidine levels did not differ across these four
groups. Pentosidine was not correlated with A1C levels in the
diabetic participants (r � 0.021; P � 0.64) or in all participants
(r � �0.008; P � 0.81).

Incident clinical fracture
During a mean follow-up of 7.5 (SD 2.7) yr, 128 participants

experienced at least one confirmed fracture, including 35 hip, 25
clinical spine, and 24 lower forearm fractures. In models ad-
justed for age, race, and gender, pentosidine was associated with
higher risk of clinical fracture in those with diabetes, but not
those without diabetes (Table 2). After adjustment for additional
potential confounders, pentosidine remained associated with
fracture risk among those with diabetes [multivariate-adjusted
relative hazard (RH), 1.42; 95% confidence interval (CI), 1.10,
1.83; 1 SD increase in log pentosidine] but was not associated
with fracture among those without diabetes (multivariate-ad-
justed RH, 1.08; 95% CI, 0.79, 1.49; P value for interaction �

0.030). Results were similar after further adjustment for a his-
tory of falls and standing balance performance (data not shown).
We also considered the possibility of interaction between renal
function and pentosidine for the outcome of clinical fractures
because renal function is a risk factor for fracture that was cor-
related with both diabetes and pentosidine, but found no evi-
dence of interaction (P � 0.545).

Prevalent vertebral fracture
Prevalent vertebral fractures, defined as moderate/severe ver-

tebral deformities, were found in 23 (2.6%) participants. The
expected prevalence in this population, based on previous studies
using spine radiographs, is about 6% (16–18). The relatively low
prevalence of vertebral deformities may result from the use of CT
Scout scans, rather than spine radiographs, for detection of ver-
tebral deformities (10). The prevalence was similar in those with
and without diabetes (Table 1). In adjusted models (Table 2),
pentosidine was associated with prevalent vertebral fracture
among those with diabetes (multivariate-adjusted odds ratio,
5.93; 95% CI, 2.08, 16.94; 1 SD increase in log pentosidine), but
not in those without diabetes (multivariate-adjusted odds ratio,
0.74; 95% CI, 0.30, 1.83; P value for interaction � 0.005).
Results were similar for those with and without diabetes after
further adjustment for a history of falls and standing balance
performance (data not shown). We did not find evidence of an
interaction between renal function and pentosidine for the out-
come of prevalent vertebral fractures (P � 0.276).
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Bone turnover markers
Markers of bone formation and resorption had small but

statistically significant positive associations with pentosidine
levels. The correlations between log pentosidine and log-trans-
formed bone turnover markers were 0.087 (P � 0.009) for bone
ALP, 0.151 (P � 0.001) for P1NP, 0.122 (P � 0.001) for S-CTX,

and 0.199 (P � 0.001) for U-NTX. The correlations between
bone turnover markers and pentosidine did not differ signifi-
cantly for those with and without diabetes. To determine
whether increased pentosidine was simply a marker of bone turn-
over, we compared pentosidine levels in women who were and
were not using bone-active medications. As expected, bone turn-
over markers were lower in the women using oral estrogen or an
osteoporosis drug, but pentosidine did not differ significantly
(Fig. 1). Mean pentosidine was 12.0 and 12.6 pmol/mmol Cr for
women who reported estrogen use or no use, respectively. For
osteoporosis drugs, mean pentosidine was 13.8 and 12.4 pmol/
mmol Cr in users and nonusers, respectively.

BMD
Higher pentosidine was associated with lower baseline BMD

at the total hip and trochanter, but not the femoral neck, in
age-adjusted analyses (data not shown). Higher pentosidine was
associated with increased bone loss at the total hip, femoral neck,
and trochanter over 4 yr of follow-up in minimally adjusted
models (Table 3). After adjustment for additional potential con-
founders, an increase of 1 SD in pentosidine continued to be
associated with additional bone loss of �0.13% per year at the
femoral neck and �0.16% per year at the trochanter. Associa-
tion with total hip bone loss was only marginally significant in
adjusted models (�0.072% per year; P � 0.11) (Table 3). There
was no evidence of interaction with diabetes status.

Discussion

We found that higher urine pentosidine levels are associated with
incident clinical fractures and prevalent vertebral fractures in
older adults with diabetes, independent of BMD and other risk
factors for fracture. This is the first study to report an association
between the level of an AGE and incident clinical fracture risk.
Surprisingly, we did not find an association between pentosidine
and fracture risk in those without diabetes.

Two previous studies have reported an association between
pentosidine and vertebral fracture. Yamamoto et al. (4) found an
increased risk of prevalent vertebral fracture with higher urine
pentosidine among women, but not men, with type 2 diabetes. In
our cohort of older adults, we did not find evidence of gender
differences in the association between pentosidine and prevalent
vertebral fracture. Shiraki et al. (5) reported an increased risk of
prevalent and incident vertebral fracture with higher serum pen-
tosidine in older women without diabetes, in contrast to our
findings of no increased risk in those without diabetes.

The association that we found between urine pentosidine and
fracture is consistent with the hypothesis that increased AGE
levels in bone collagen result in weaker bone for a given BMD.
In this study, those with diabetes have higher bone density but do
not have a concomitant reduction in fracture risk. As reported in
this cohort as a whole (2) and in other studies (19), the higher
BMD associated with type 2 diabetes fails to provide the ex-
pected protective effect for fractures. Similarly, older age is as-
sociated with increased fracture risk independent of bone den-
sity. Higher AGE levels in bone collagen may contribute to bone

TABLE 1. Characteristics of older adults by diabetes status
(Health Aging and Body Composition Study)

Diabetes

No Yes

n 427 501
Age at baseline (yr) 73.4 � 2.9 73.6 � 2.9
Gender (% men) 57.4 56.9
Race (% white) 43.8 43.3
Clinic site (% Memphis) 49.6 49.5
BMI (kg/m2) 26.9 � 4.7 29.6 � 4.9a

Weight (kg) 75.8 � 15.4 82.9 � 14.8a

Lost 5� pounds in previous 12
months (% yes)

28.4 48.9a

Cystatin-C (mg/liter) 1.02 � 0.29 1.10 � 0.35a

Renal insufficiencyb 16.9 24.6a

Fell in year before baseline
(% yes)

20.7 22.1

Standing balance time (sec) 70.7 � 22.2 62.0 � 25.4a

Current smoker (% yes) 12.0 9.2
Calcium supplement use

(% yes)
13.3 9.4

Vitamin D supplement use
(% yes)

7.3 3.8a

Oral estrogen use (women
only) (% yes)

20.9 14.4

Thiazide diuretic use (% yes) 18.0 21.4
Statin use (% yes) 9.1 13.6a

Osteoporosis drug use (% yes)c 2.6 1.6
A1C (%) 6.0 � 0.5 8.1 � 1.5a

Pentosidine (pmol/mmol Cr)d 11.8 � 6.9 11.6 � 6.9
Baseline BMD (g/cm2)

Hip total 0.90 � 0.17 0.96 � 0.17a

Femoral neck 0.75 � 0.14 0.81 � 0.14a

Trochanter 0.70 � 0.14 0.74 � 0.15a

Change in BMD (%/yr)
Hip total �0.5 � 1.1 �0.5 � 1.1
Femoral neck �0.4 � 1.4 �0.6 � 1.4
Trochanter �0.5 � 1.4 �0.5 � 1.3

Prevalent vertebral fracture
Moderate/severe (SQ

grade �2) (% with at
least one deformity)

2.9 2.3

Clinical fracture (% with at
least one fracture)

12.6 14.8

In diabetic participants only
Insulin use (% yes) 22.0
Oral hypoglycemic use

(% yes)
52.5

Diabetes duration (yr) 9.9 � 11.5

Data are expressed as mean � SD or percentage.
a P � 0.05, comparing those with and without diabetes.
b Defined as eGFR �60 ml/min per 1.73 m2. eGFR estimated with the
abbreviated Modification of Diet in Renal Disease (MDRD) study equation that
includes serum Cr, age, gender, and race.
c Includes bisphosphonates, calcitonin, and raloxifene.
d Geometric means based on log-transformed pentosidine.

J Clin Endocrinol Metab, July 2009, 94(7):2380–2386 jcem.endojournals.org 2383

D
ow

nloaded from
 https://academ

ic.oup.com
/jcem

/article/94/7/2380/2596706 by guest on 20 August 2022



fragility. Cadaver studies have found higher levels of pentosidine
associated with reduced strength in vertebral bone (20–22). A
study using surgical specimens reported higher levels of pento-
sidine in bone from patients with a femoral neck fracture, com-
pared with controls who did not have a fracture (23). In spon-
taneously diabetic WBN/Kob rats, impaired bone mechanical
properties were associated with an increase in pentosidine levels
without a reduction in BMD (24).

Direct studies of AGE levels in bone collagen require invasive
measures, and these are not feasible in most studies. In this study,

we measured pentosidine levels in urine and did not have direct
measurements of AGE levels in bone. However, peripheral AGE
levels in serum and urine may provide a marker for levels in bone
collagen. Odetti et al. (25) reported that pentosidine levels in
plasma correlated with levels in cortical bone from the femur
(r � 0.25) in specimens removed during surgery.

In addition to possible direct effects on the material properties
of bone collagen, higher AGE levels may influence bone cells. The
effect on osteoclasts is controversial, with reports of increased
(26) and decreased (27) osteoclast activity in the presence of
higher AGE levels. AGEs may also impair osteoblast attachment
to collagen matrix (28). Higher AGE levels have been reported in
patients with osteoporosis (29).

These mechanisms for the effects of AGEs on bone are not
mutually exclusive, and both may be operating. However, in this
study, we found very modest correlations between bone turnover
and pentosidine levels. Similarly, pentosidine was associated
with increased bone loss, but the degree of additional bone loss
for a 1 SD difference in baseline pentosidine was small (�0.1%
per year). Average bone loss at these hip sites in the Health ABC
cohort was about 0.5% per year. Thus, although we found ev-
idence for a modest association between pentosidine and bone
loss, this degree of bone loss seems unlikely to account for the
increased fracture risk with higher pentosidine levels.

It is possible that increased bone turnover releases greater
quantities of pentosidine and other AGEs from the bone collagen
into the circulation. However, our finding that pentosidine levels
were not reduced in women using bone-active medications sug-
gests that this is not a substantial influence on urine pentosidine
levels.

Previous studies have reported that reduced renal function is
associated with the accumulation of AGEs in serum, urine, and
tissues (30, 31). In our study as well, pentosidine levels correlated
with renal function. Because poor renal function has been shown
to predict fracture (32, 33), it is possible that poor renal function
is a confounder of the association between pentosidine and frac-

FIG. 1. In women, mean (95% CI) levels of pentosidine (PEN) and bone turnover
markers were stratified by baseline use of osteoporosis medications
(bisphosphonates, raloxifene, or calcitonin) (A) and hormone replacement
therapy (B). Bone turnover markers (bone ALP, P1NP, U-NTX, S-CTX) were lower
(*, P � 0.01) in those reporting use of an osteoporosis medication or hormone
replacement therapy, but pentosidine levels did not differ.

TABLE 2. Relative riska and 95% CI for clinical fractures and prevalent vertebral deformities associated with 1 SD increase in
pentosidineb

ne

Minimally adjustedc Multivariable modeld

RRa 95% CI P RRa 95% CI P

Clinical fracturef

Diabetes 74 1.50 1.22, 1.85 �0.001 1.42 1.10, 1.83 0.007
No diabetes 54 0.97 0.72, 1.30 0.817 1.08 0.79, 1.49 0.630

Moderate or severe vertebral deformityg

Diabetes 11 1.67 1.05, 2.65 0.029 5.93 2.08, 16.94 0.001
No diabetes 12 0.52 0.23, 1.17 0.112 0.74 0.30, 1.83 0.519

a Relative hazard for clinical fracture models; odds ratio for vertebral deformity models.
b Log-transformed pentosidine.
c Adjusted for age, race, and gender.
d Adjusted for age, race, gender, current smoker, baseline BMD, baseline weight, weight loss of 5� pounds in year before baseline, cystatin-C, A1C, and use of vitamin
D supplements, calcium supplements, oral steroids, osteoporosis drugs (bisphosphonates, calcitonin, raloxifene), thiazide diuretics, statins, oral estrogen and, in models
with diabetic participants, use of insulin, metformin, sulfonylureas, thiazolidinediones, and other oral hypoglycemic medications.
e Number of participants with at least one fracture.
f P value for interaction between log pentosidine and diabetes status � 0.030.
g P value for interaction between log pentosidine and diabetes status � 0.005.
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ture in our study. However, our models showing an association
between pentosidine and fracture were adjusted for renal func-
tion. Similarly, poor balance and history of falls are associated
with higher pentosidine levels in this cohort and could serve as
confounders of the relationship between pentosidine levels and
fracture risk. However, when we included these factors in our
models they did not account for the observed associations be-
tween pentosidine and fracture.

The reasons for the effect modification of the association be-
tween pentosidine and fracture risk by diabetes status are not
clear. If not a chance finding, the results may reflect structural
differences in diabetic bone. There is emerging evidence that
those with type 2 diabetes may have bone volume at the spine and
cross-sectional area at the spine, hip, and radius that are reduced
relative to their body size (34, 35). This structural difference may
make diabetic bone more vulnerable to weakening from accu-
mulated AGEs.

In this study, we did not find higher levels of pentosidine
among those with type 2 diabetes, in contrast to previous reports
(36, 37). Because AGEs increase with aging, the differences in
pentosidine between those with and without diabetes may be
reduced in this older cohort.

This study has several important strengths. The pentosidine
levels were measured in urine obtained at baseline in a defined
cohort before clinical fractures were ascertained. Diabetes was
well characterized, and the presence or absence of diabetes was
confirmed through fasting glucose and 2-h oral glucose tolerance
test. BMD and bone turnover measurements were available on
participants. A limitation of the study is the lack of direct mea-
surement of AGEs in bone collagen. In addition, prevalent ver-
tebral fractures were assessed from CT scout scans rather than
traditional spine radiographs, possibly underestimating the pres-
ence of vertebral deformities. Such underassessment is likely to
be nondifferential with respect to the levels of pentosidine and
would thus have attenuated any association. Finally, the study is
limited by its observational nature, making causal inferences
speculative.

In conclusion, these results indicate that higher levels of ad-
vanced glycation endproducts are a risk factor for fracture in
older adults with type 2 diabetes, a finding that might account at
least in part for the higher fracture risks for a given bone density
observed with type 2 diabetes. Further research is needed to
identify the underlying mechanisms for this association.
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