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Abstract

Accumulation of advanced glycation end-products (AGE) in bone alters collagen structure

and function. Fluorescent AGEs are associated with fractures but less is known regarding non-
fluorescent AGEs. We examined associations of carboxy-methyl-lysine (CML), with incident
clinical and prevalent vertebral fractures by type 2 diabetes (T2D) status, in the Health, Aging,
and Body Composition cohort of older adults. Incident clinical fractures and baseline vertebral
fractures were assessed. Cox regression was used to analyze the associations between serum
CML and clinical fracture incidence, and logistic regression for vertebral fracture prevalence. At
baseline, mean + standard deviation (SD) age was 73.7 + 2.8 and 73.6 + 2.9 years in T2D (n=
712) and non-diabetes (17 = 2332), respectively. Baseline CML levels were higher in T2D than
non-diabetes (893 + 332 versus 771 £ 270 ng/mL, p< 0.0001). In multivariate models, greater
CML was associated with higher risk of incident clinical fracture in T2D (hazard ratio [HR] 1.49;
95% confidence interval [Cl], 1.24-1.79 per 1-SD increase in log CML) but not in non-diabetes
(HR 1.03; 95% ClI, 0.94-1.13; pfor interaction = 0.001). This association was independent

of bone mineral density (BMD), glycated hemoglobin (hemoglobin Alc), weight, weight loss,
smoking, cystatin-C, and medication use. CML was not significantly associated with the odds of
prevalent vertebral fractures in either group. In conclusion, higher CML levels are associated with
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increased risk of incident clinical fractures in T2D, independent of BMD. These results implicate
CML in the pathogenesis of bone fragility in diabetes.

Keywords

FRACTURE, DIABETES; ADVANCED GLYCATION END-PRODUCTS; CARBOXY-
METHYL-LYSINE; BIOMARKER

Introduction

Skeletal fragility, leading to an increased risk of fracture, is a recently recognized
complication of type 2 diabetes (T2D). A recent meta-analysis shows a 33% increase in

hip fracture risk in T2D.(}) High fracture risk in T2D is observed despite normal or high
areal bone mineral density (BMD), and high body mass index (BM1).(2-8) This paradox
implicates poor bone quality as the primary determinant of bone fragility in T2D,69

but the mechanisms underlying this poor bone quality are yet to be elucidated. Putative
mechanisms are manifold, likely affecting bone at multiple scales.(10-12) |_ow bone turnover
is characteristic of diabetes. However, clinical studies have failed to demonstrate that bone
turnover alone is responsible for the high fracture risk in diabetes.(13)

Alterations in bone quality in T2D may result from accumulation of advanced glycation
end-products (AGES) related to prolonged hyperglycemia and oxidative stress.(12:14-17)
AGEs exert direct deleterious effects by altering the structural and functional properties

of collagen, increasing stiffness, and/or reducing functional biomechanical characteristics
of arteries, skin, cartilage, and bone.(1214-19) |n hone, AGE accumulation leads to
generation of undesired crosslinks, which affects mineralization, material properties, and
microstructure, thereby impairing biomechanical properties and reducing bone strength.
(12,20.21) AGEs also exert indirect deleterious effects through their interaction with Receptor
for Advanced Glycation End-products (RAGE) on the cell membrane. RAGE activation
induces an inflammatory response through generation of oxygen radicals, formation of
nuclear transcription factors, proinflammatory cytokines and fibrogenic growth factors,

and reduction of nitric oxide formation.(1217.22.23) |ndeed, this harmful effect of AGEs

is the pathogenetic mechanism underlying many complications of diabetes. In vitro, AGE
accumulation can alter behavior of bone cells by decreasing osteoblast differentiation and
proliferation and impairing adhesion of osteoblasts to collagen matrix, thereby inhibiting
osteoblastic activity.(12:2425 AGE accumulation also reduces bone resorption by modifying
osteoclast differentiation and activity,(2%) and may induce osteocyte dysfunction and
apoptosis.(27)

Multiple different AGEs have been identified.(28) Pentosidine (PEN) is a widely studied
fluorescent AGE that can be measured directly in blood and urine as well as bone tissue.
In clinical investigations, higher levels of PEN have been associated with an increased
prevalence of vertebral fractures and incidence of clinical fractures in diabetes.(2%-31)

Carboxy-methyl-lysine (CML) is another well-characterized AGE that is nonfluorescent and
accumulates at much higher levels in bone than PEN with aging and in diabetes.(32-34) As
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a nonfluorescent AGE, CML interacts differently with bone collagen and may have distinct
effects on bone fragility. PEN forms intermolecular crosslinks within the organic matrix

of bone, while CML has a side chain containing a negatively charged carboxy!l group that
can attract positively charged calcium ions, promote mineralization,® and link collagen
and mineral in bone.(38) CML accumulation in bone is associated with reduced ability of
the bone to dissipate energy,(23) making the bone potentially more vulnerable to fracture.
Similar to PEN and RAGE interactions, CML-RAGE interactions have been associated
with altered inflammatory response and insulin resistance.(37-39 Thus, CML may also alter
bone matrix and fracture risk via its effects on bone cells and turnover. Previous studies

of CML and incident hip fracture have not provided consistent results.(4%41) To clarify

this association and to determine if CML is associated with higher fracture risk among
T2D in particular, we examined the association of CML with incident clinical fractures and
prevalent vertebral fractures in older adults with and without T2D from the Health, Aging,
and Body Composition (Health ABC) Study.

Subjects and Methods

Study population

The Health ABC Study population consists of a healthy cohort of 3075 community-dwelling
men and women (48.5% men, 41.7% black) aged 70-79 years, recruited at two centers
(University of Pittsburgh, Pittsburgh, PA, USA; and University of Tennessee, Memphis,

TN, USA). The Health ABC Study is a prospective study designed to investigate whether
changes in body composition act as a common pathway by which age-related physiological
and functional changes occur in multiple diseases.(42) Exclusion criteria included difficulty
performing activities of daily living, walking ¥ mile, or climbing 10 stairs without resting.
All participants gave written informed consent. The study protocol was approved by the
Institutional Review Boards at the Universities of Pittsburgh and Tennessee. The baseline
examination took place during 1997-1998.

Of the 3075 subjects in the cohort, 3044 participants had serum CML measurements
at baseline and were included in the analytical sample. Among the 3044 subjects, 712
participants had diabetes at baseline.

Diabetes status

T2D was identified based on self-reported diagnosis of diabetes, use of hypoglycemic
medications, elevated fasting glucose (=126 mg/dL) or impaired glucose tolerance (2-hour
plasma glucose during oral glucose tolerance test =200 mg/dL) in accordance with the
American Diabetes Association criteria. Among the 712 participants with diabetes, 42
participants (5.9%) were diagnosed based on self-report alone. Except for those who
reported taking insulin or oral hypoglycemic agents, all participants underwent an oral
glucose tolerance test.

Serum CML

Baseline serum samples were collected after an overnight fast. Serum CML was measured
using an enzyme-linked immunosorbent assay (ELISA) (AGE-CML ELISA; Microcoat,
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Penzberg, Germany).(33) This assay is specific and exhibits no cross-reactivity with other
compounds. This assay has been validated(3343) and has an interassay coefficient of
variation of 10%.

Incident clinical fracture

Participants were queried every 6 months, by telephone or at a clinic visit, regarding
occurrence of a fracture for a follow up period of up to 17.4 years. A reported fracture was
verified by radiology report, except fractures of the ribs, chest/sternum, skull/face, fingers,
toes, and cervical vertebra fractures. Only events adjudicated as a fracture were included.
Fractures due to a pathological process, such as cancer, were excluded. If a participant had
multiple fractures, only the first fracture was included. Follow-up time was defined as time
to first fracture for those who fractured and overall study time for those who did not fracture.

Prevalent vertebral fracture

Lateral scout scans were obtained in a subset of participants (7= 1038) at the baseline

visit to determine placement for computed tomography (CT) abdominal scans. Images were
obtained in Pittsburgh using a 9800 Advantage (General Electric, Milwaukee, WI, USA) and
in Memphis using a Somatom Plus 4 (Siemens, Erlangen, Germany) or a Picker PQ 2000S
(Marconi Medical Systems, Cleveland, OH, USA). The CT lateral scout scans were assessed
and graded for prevalent vertebral deformities by a radiologist, blinded to the diabetes status
of the participants. A semiquantitative grade of 2, indicating a moderate deformity with a
25% to 40% height reduction, or grade 3, indicating a severe deformity with >40% height
reduction, was defined as vertebral fracture.

Other measurements

Demographic data were self-reported by all participants. Participants were asked whether
they had lost more than 5 pounds in the year before the baseline visit. Anthropometric
measurements (height and weight) were obtained at the baseline study visit. BMI was
expressed as weight in kilograms divided by height in meters squared (kg/m2). Areal BMD
was measured at the total hip and femoral neck by dual-energy X-ray absorptiometer (DXA)
(model QDR 4500A,; version 9.03; Hologic Inc., Bedford, MA, USA). Participants were
asked to bring prescription and over-the-counter medications used in the previous week to
the baseline clinic visit. Medications were coded according to the lowa Drug Information
System (IDIS).(44) In these analyses, bisphosphonates, calcitonin, and raloxifene were
grouped together as “osteoporosis medications.”

Baseline serum samples were collected after an overnight fast. At baseline, participants
ingested 75 g glucose in solution (glucola) immediately after blood was drawn for fasting
glucose, and a second blood sample was drawn 2 hours later for the oral glucose tolerance
test. Plasma glucose and serum creatinine were measured on a Johnson and Johnson Vitros
950 analyzer (Ortho-Clinical Diagnostics; Johnson and Johnson, Rochester, NY, USA) at the
Laboratory of Clinical Biochemistry at the University of Vermont. Cystatin-C, an indicator
of renal function, was measured (in baseline serum stored at —70°C for an average of

6.5 years) using a particle-enhanced immunonephelometric assay (N Latex Cystatin C;

Dade Behring, Inc., Deerfield, IL, USA) on a BNII nephelometer (Dade Behring, Inc.).
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Intraassay and interassay coefficients of variation are 2.0% to 2.8% and 2.3% to 3.1%,
respectively. Glycated hemoglobin (hemoglobin Alc) was measured using high-performance
liquid chromatography (HPLC) (BioRad Variant HPLC; BioRad, Hercules, CA, USA).

Statistical analysis

Results

Descriptive statistics were calculated and presented as mean * standard deviation (SD) as
appropriate for continuous data and as proportion for categorical variables. Chi-square test
was calculated for categorical variables, and ANOVA for continuous variables to test for
statistical differences between those with and without diabetes. Serum CML values were
log-transformed to normalize their distributions.

Cox proportional hazards models were used to analyze the associations between log-
transformed baseline serum CML and risk of clinical fractures for T2D and non-diabetes,
with results presented as hazard ratios (HRs) and 95% confidence intervals (Cls) per SD
increase in log CML. The risk for clinical fracture for T2D and non-diabetes was also
examined across quartiles of CML, with quartile 1 serving as the reference group. CML
quartile cut points were determined from the non-diabetes group and were applied to both
T2D and non-diabetes. Logistic regression models were used to analyze the association
between log-transformed CML levels at baseline and odds of prevalent vertebral fractures
for T2D and non-diabetes, with results presented as odds ratios (ORs) and 95% Cls per
SD increase in log CML. All models included age, race, sex, and clinic site; multivariate
models also included current smoking status, total hip BMD, weight, weight loss of more
than 5 pounds in the year before baseline, cystatin-C, Alc, and medication use (vitamin

D supplements, calcium supplements, oral steroids, osteoporosis drugs, thiazide diuretics,
statins, and oral estrogen). Multivariate models for T2D also included use of insulin and
thiazolidinediones and diabetes duration. Interaction between CML levels and diabetes
status was tested in the multivariate models to determine if the associations between

CML and fracture risk differed for T2D and non-diabetes. All calculations were performed
using SAS software (version 9.4; SAS Institute, Cary, NC, USA). Results were considered
statistically significant when p < 0.05.

Baseline characteristics of the 3044 study participants with CML data are presented in Table
1. Mean age was 73.7 £ 2.8 in T2D (n=712) and 73.6 + 2.9 years in non-diabetes (n=
2332). Mean BMD at total hip and femoral neck was higher in T2D. Baseline CML levels
were significantly higher in T2D than non-diabetes (893 + 332 versus 771 + 270 ng/ml,
respectively, p < 0.0001). Among T2D, there was a significant positive correlation of CML
with Alc, diabetes duration, and cystatin-C. Among non-diabetes, higher CML levels were
associated with lower weight and higher cystatin-C. Among both T2D and non-diabetes,
mean CML was significantly higher for men than for women. There was no association of
CML with age or BMD for T2D or non-diabetes: the correlation between log CML and total
hip BMD was r=0.004 for T2D and r= -0.019 for non-diabetes.
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Fracture risk

Incident clinical fractures occurred in 136 T2D participants over a mean follow-up of 9.6 +
5.1 years and in 509 non-diabetes participants over a mean of 10.9 + 5.2 years. In models
adjusted for age, race, sex, and clinic site, each 1-SD increase in log CML increased the
risk of incident clinical fracture by 45% among T2D (HR 1.45; 95% CI, 1.22-1.73; p

< 0.0001); there was no evidence of increased risk among non-diabetes (HR 1.07; 95%

Cl, 0.98-1.16; p=0.16; pvalue for interaction = 0.004). After adjustment for additional
covariates (weight, weight loss, smoking, Alc, total hip BMD, cystatin-C, diabetes duration,
and medications [vitamin D supplements, calcium supplements, oral steroids, osteoporosis
drugs, thiazide diuretics, statins, oral estrogen and, use of insulin and thiazolidinediones]),
log CML remained associated with clinical fracture risk among T2D (HR 1.49; 95% ClI,
1.24-1.79; p < 0.0001) but not among non-diabetes (HR 1.03; 95% CI, 0.94-1.13; p=0.50;
p value for interaction = 0.001; see Table 2).

The risk of incident clinical fracture by CML quartile is displayed in Fig. 1. Among T2D,
the fully adjusted risk of fracture was at least 2.3 times higher for those in the top three
CML quartiles compared to those in the lowest quartile. Among non-diabetes, there was

no difference in fracture risk for the lower three CML quartiles, but the risk was slightly
higher for those in the top CML quartile compared to those in the lowest (HR 1.25; 95% ClI,
0.96-1.63; p=0.09).

Prevalent vertebral fractures—Among the subset of 1038 participants with scout

data, 2.8% (11 T2D and 18 non-diabetes participants) had a prevalent vertebral fracture.

In models adjusted for age, race, sex, and clinic site, each 1-SD increase in log CML
increased the odds of prevalent vertebral fracture by 51% among those with diabetes, but
this association did not reach statistical significance (OR 1.51; 95% ClI, 0.82-2.79; p=
0.19); there was no association among those without diabetes (OR 0.79; 95% CI, 0.52-1.19;
p=0.27; pvalue for interaction = 0.09). After adjustment for additional covariates, the
association between CML and prevalent vertebral fracture strengthened among T2D but
was not statistically significant (OR 2.23; 95% CI, 0.90-5.50; p = 0.08). Adjustment for
additional covariates had little impact on the estimated association among non-diabetes (OR
0.75; 95% Cl, 0.48-1.19; p= 0.22; pvalue for interaction = 0.06; see Table 3).

Discussion

We found that greater CML levels are associated with increased risk of incident clinical
fractures in diabetes, independent of BMD and other risk factors for osteoporotic fracture.
Evidence on circulating AGEs and bone outcomes has emerged in recent years and is
inconclusive thus far. Previous clinical studies have reported the contribution of PEN, an
AGE with fluorescent properties, to fracture risk.(2%-31.45) |n the Health ABC Study, PEN
was associated with incident clinical fracture only in those with diabetes.(3D In the Os

des Femmes de Lyon (OFELY) cohort of healthy postmenopausal women, there was no
association between PEN and incident fracture in the adjusted models.(6) Our study finding
demonstrates the clinical relevance of circulating levels of CML, a nonfluorescent AGE, as a
biomarker of fracture risk in diabetes.
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CML, a nonfluorescent AGE adduct, has been demonstrated to exceed accumulation of other
AGEs in various tissues including but not limited to bone.(23.27:28.32-34) CML is found in
substantial amounts in collagenous tissues, including skin, vasculature, and bone, where it
has been associated with poor mechanical performance of the tissues. For example, in the
Health ABC Study, an association between serum CML and greater arterial stiffness has
been reported.?) In the current study, we observed significantly higher serum CML levels
in those with diabetes versus non-diabetes in this cohort. Our finding of an association

of increased incident fracture risk in diabetes with greater serum CML levels is therefore
consistent with the hypothesis that AGE accumulation has a negative effect on skeleton,
yielding inferior bone biomechanical properties and lower bone strength. After adjusting for
potential confounders, greater CML levels tended to be associated with prevalent vertebral
fractures, though it did not reach statistical significance (p = 0.07). This could be a function
of the small number of prevalent vertebral fractures in this study. Studies on vertebral
fracture risk in T2D have yielded conflicting results, with some studies showing that this risk
is not significantly higher in T2D,(4849) whereas studies based on clinical and morphometric
assessments found an increased risk of vertebral fracture in T2D.(59-52) To this end, a recent
large-scale population analysis showed diabetes is associated with a higher risk of all types
of fractures.(@ In this Health ABC cohort, an increased risk of incident clinical and prevalent
vertebral fractures with higher urine PEN levels has been reported; however, there was no
difference in PEN levels between those with and without diabetes.(31)

Ex vivo studies have demonstrated increased deposition of fluorescent and nonfluorescent
AGEs in bone samples from subjects with diabetes.(16:21.23.34.53) Although Piccoli

and colleagues®3) showed that total fluorescent AGE content was associated with
microarchitectural deficits in T2D, no differences in biomechanical properties were found

in bones of those with diabetes and controls. This finding is in agreement with the
mechanistic role of AGEs as moderators underlying the bone fragility in diabetes. An
additional explanation would be the lack on nonfluorescent AGE measurement in the

study by Piccoli and colleagues.®3) Nonfluorescent AGEs interact differently with bone
collagen and may have distinct effects on bone fragility, as discussed previously (under
Introduction). In addition to altering the bone matrix and fracture risk via effects on bone
cells and turnover, CML accumulation in bone has been associated with reduced toughness,
indicating that CML may reduce the ability of the bone to dissipate energy, making the bone
potentially more vulnerable to fracture. Further work is, however, required to understand the
mechanistic basis of CML impact on bone fragility.

Our study findings differ from previous clinical investigations of CML that have focused
only upon hip fractures.%41) Barzilay and colleagues“9) reported that increasing levels of
CML are associated with increased hip fracture risk in older adults and found no between
group differences in a subset analysis of participants with and without diabetes. In contrast
to our findings of increased fracture risk with greater CML levels in diabetes, Lamb and
colleagues®d) identified a nonlinear (U-shaped) association between CML and incident hip
fracture risk in older men with and without diabetes. The study by Lamb and colleagues®?)
did not include BMD or Alc assessment. Further, hip fractures in both these studies were
ascertained through hospital discharge codes.(4941) |n the present study, only fractures with
radiographic adjudication were included. There was no significant relationship between hip

J Bone Miner Res. Author manuscript; available in PMC 2023 February 01.
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BMD and serum CML concentrations observed in our study. This finding is consistent

with reports by Barzilay and colleagues(®) and Nakano and colleagues®® and indicates
that this association between CML and fracture is likely through bone quality and not

bone quantity. However, the study by Nakano and colleagues®4 also reported a significant
negative correlation between lumbar spine BMD and serum CML levels, suggesting that the
relationship of CML with BMD may be site-specific.

There was no evidence of an association between CML and fracture risk in the non-diabetes
group in the present study. This finding contrasts with reports of an increased risk of

hip fracture with higher concentrations of serum CML in older adults with and without
diabetes,041) and an association between tissue level CML accumulation in femoral
cortical bone and its fracture properties.(3) Similar to our study finding, Nakano and
colleagues®¥ also reported no independent association of CML with the presence of
vertebral fracture in women without diabetes. These differences suggest that, under T2D,
CML may accumulate early or in greater amount due to increased hyperglycemia and
oxidative stress,(10:14-17) a5 well as higher surface to volume ratio of cancellous bone
tissue(®®) that occupies large proportion of vertebrae and contributes to its load bearing
and biomechanical properties. Such early or enhanced CML accumulation in vertebral
cancellous in T2D would manifest itself as alterations in vertebral bone microstructure,
mineralization, and/or material properties that impair biomechanical properties and reduce
vertebral strength.

A significant positive correlation was observed between CML and Alc, as expected,
indicating that CML accumulation increases with severity of T2D. Glycemic control

has been shown to predict fracture,(56-59) and CML accumulation may be one of

the mechanisms through which glycemic control affects bone. Thus, in examining the
association between CML and fracture, glycemic control is a potential confounder. However,
multivariate models in our study showed an association between serum CML and fracture
even after adjusting for glycemic control. Because AGEs accumulate with prolonged
hyperglycemia, diabetes duration is also a potential confounder. Adjusting the models
further for diabetes duration had little effect on the relationship between CML and fracture.

Increased fracture risk in diabetes is also related to medications used to treat diabetes
(thiazolidinediones, history of insulin use).(69:61) |n the present study, multivariate regression
analysis revealed that serum CML levels were associated with the presence of incident
clinical fractures independent of insulin or thiazolidinediones, or other known risk factors
for osteoporosis such as steroids, smoking, and weight loss. Similarly, reduced renal
function has been shown to predict fracture.(62:63) In this study, CML levels directly
correlated with cystatin C, a marker of renal function. The relationship between CML

and incident fracture persisted after adjusting for renal function and other risk factors for
fragility fracture.

The strengths of our study include a well-defined cohort and a long duration of follow

up. Diabetes was well characterized in this cohort. Serum CML levels were measured at
baseline before incident fractures were ascertained. We also considered covariables that
are known confounders (smoking, bone mineral density, weight, weight loss, and glycemic
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control). A limitation of this study is the lack of a direct measurement of CML in bone
collagen. The direct assessment of AGEs in bone tissue is often not possible because it
requires an invasive procedure. Serum CML levels are influenced by CML from sites other
than the skeleton including muscle, skin, cartilage, and adipose tissue. Increased levels of
CMLs and other AGEs in muscle may contribute to sarcopenia, which in turn may increase
fracture risk. We were not able to consider this potential pathway separately. We were not
able to adjust for PEN levels. Thus, we could not assess whether CML is independently
associated with fracture or whether it is primarily a marker for overall AGE content.
Prevalent vertebral fractures were assessed from CT lateral scout scans, possibly leading to
an underestimation of vertebral deformities in comparison to traditional spine radiographs.
Such underassessment would likely be nondifferential with respect to CML levels, which
would tend to attenuate any association between CML and fracture toward the null. We did
not assess individual sites, such as hip, for individual fractures. As with any observational
study, we cannot rule out the presence of confounding due to residual effects or unknown
confounders. This was a study of older adults, aged 70 to 79 years, and the findings may not
be generalizable to other age groups.

In conclusion, higher levels of serum CML, a non-crosslinking AGE, are associated with
increased incident fracture risk in T2D. This finding extends previous reports that AGEs
contribute to the inferior bone quality in T2D. The mechanisms underlying this contribution
of CML to bone fragility in diabetes are unclear and require further investigations, but the
association is independent of glycemic control.
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Fig 1.

Ri%k of incident clinical fracture by CML quartile. CML quartile 1 (CML <576 ng/mL, n=
97 diabetes, 7= 553 non-diabetes) was the reference group for comparisons with quartile 2
(CML 576-691 ng/mL, n= 107 diabetes, 7= 547 non-diabetes), quartile 3 (CML 691-849
ng/mL, n= 154 diabetes, /7= 555 non-diabetes), and quartile 4 (CML =849 ng/mL, n=

275 diabetes, 7= 558 non-diabetes). Quartile cut points determined from the non-diabetes
group. The vertical bars denote 95% confidence intervals. Models include age, race, sex,
clinic site, current smoking status, total hip BMD, weight, weight loss of 5+ pounds in
year before baseline, cystatin-C, Alc, and medication use (vitamin D supplements, calcium
supplements, oral steroids, osteoporosis drugs, thiazide diuretics, statins, oral estrogen and,
in models with diabetes participants, use of insulin and thiazolidinediones, and diabetes
duration).
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