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Abstract

Background: Advanced glycation endproducts (AGEs) may play a role in the development of coronary artery
calcification (CAC) in type 1 diabetes (T1DM). We studied plasma AGEs in association with T1DM and CAC, and
whether or not the latter association could be explained by low-grade inflammation (LGI) or endothelial
dysfunction (ED).

Methods: We studied 165 individuals with and 169 without T1DM. CAC was quantified in a CAC score based on
CT-scanning. Plasma levels of protein-bound pentosidine, Nε-(carboxymethyl)lysine (CML) and Nε-(carboxyethyl)
lysine (CEL) were measured with HPLC/UPLC with fluorescence detection or tandem-mass spectrometry.
Tetrahydropyrimidine (THP) was measured with ELISA, as were HsCRP, and sVCAM-1 and vWF, as markers for LGI
and ED, respectively. Associations were analyzed with ANCOVA and adjusted for age, sex, BMI, waist-to-hip ratio,
smoking, blood pressure, lipid profile, eGFR and T1DM.

Results: Individuals with T1DM had higher plasma levels of pentosidine, CML and THP compared with controls;
means (95% CI) were 0.69 (0.65-0.73) vs. 0.51 (0.48-0.54) nmol/mmol LYS, p < 0.001; 105 (102–107) vs. 93 (90–95)
nmol/mmol LYS, p < 0.001; and 126 (118–134) vs. 113 (106–120) U/mL, p = 0.03, respectively. Levels of pentosidine
were higher in individuals with T1DM with a moderate to high compared with a low CAC score, means (95% CI)
were 0.81 (0.70-0.93) vs. 0.67 (0.63-0.71) nmol/mmol LYS, p = 0.03, respectively. This difference was not attenuated
by adjustment for LGI or ED.

Conclusions: We found a positive association between pentosidine and CAC in T1DM. These results may indicate
that AGEs are possibly involved in the development of CAC in individuals with T1DM.
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Background
Individuals with type 1 diabetes mellitus (T1DM) have an
increased risk of cardiovascular disease (CVD) [1]. Ad-
vanced glycation endproducts (AGEs), which are formed
by a nonenzymatic reaction between reducing sugars and
proteins, are thought to play an important role in the de-
velopment of CVD in T1DM [2,3]. AGEs are able to affect
cell function via intracellular glycation of proteins, altering
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their function [2], via cross-linking of extracellular matrix
proteins in large arteries, resulting in arterial stiffness [4],
and by binding to the receptor for AGEs (RAGE), indu-
cing receptor-mediated cell activation [5,6]. Well-studied
AGEs are the cross-link AGE, pentosidine, and Nε-(car-
boxymethyl)lysine (CML), i.e. a ligand for RAGE. More
recently, methylglyoxal (MGO) has gained increased at-
tention as being the most important precursor of rapid
intracellular production of AGEs [2,7]. MGO primarily re-
acts with arginine to form 5-hydro-5-methylimidazolone
(MG-H1), tetrahydropyrimidine (THP) and argpyrimidine,
and with lysine to form Nε (carboxyethyl)lysine (CEL) and
methylglyoxal lysine dimer (MOLD) [8,9].
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Surprisingly, large studies comparing plasma AGE levels
between individuals with and without T1DM are scarce.
So far, most of them are based on relatively small patient
and control groups [10,11], have used non-specific im-
munological techniques for the detection of AGEs [12,13]
or concentrate on individuals with T1DM only. In indi-
viduals with T1DM, we recently demonstrated that
plasma AGEs are positively associated with incident
fatal and nonfatal CVD, independent of cardiovascular
risk factors [3].
Coronary artery calcification (CAC) is a well-accepted

early marker and precursor of CVD [14,15] and correlated
with total atheroma burden. Individuals with T1DM have
been shown to have more coronary CAC [16,17]. In indi-
viduals with kidney disease, the AGE pentosidine and the
AGE-RAGE axis have been associated with arterial calcifi-
cation [14,18]. In addition, experimental studies recently
demonstrated that AGEs are able to induce vascular
calcification [19-23]. However, no study has previously
investigated the association of plasma AGEs with CAC in
individuals with T1DM. We hypothesised that AGEs
could lead to CVD either by increasing CAC directly or
more indirectly by increasing the atherosclerotic process
in individuals with T1DM. Potential mechanisms through
which AGEs could lead to the development of CAC are
via low-grade inflammation (LGI) and endothelial dys-
function (ED), which are both associated with higher AGE
levels [3].
In view of the above, the aims of this study were to

examine, first, whether plasma levels of the AGEs pento-
sidine, CML, CEL and THP are higher in a large sample
of individuals with T1DM, compared to controls; second,
if these AGEs are associated with CAC in individuals
with T1DM; and third, to which extent the association
of AGEs with CAC could be explained (i.e. mediated) by
markers of LGI and ED.

Methods
Study population and design
In 1998, a random sample of 199 men and women with
T1DM aged 30 to 55 years was taken from the diabetes
registers of five London hospitals. T1DM was defined by
age of onset ≤ 25 years and insulin treatment within one
year of diagnosis. A random sample of 201 individuals
from the general population, stratified to have a similar
age and gender distribution to the group with diabetes,
was drawn from the lists of two London general practices.
It was confirmed that these individuals had no clinical his-
tory of diabetes and were not on any treatment for dia-
betes. Participants were included regardless of any history
of heart disease. One participant (a woman with diabetes)
had a history of angina; none had had a myocardial infarc-
tion. Pregnant women and patients on renal replacement
therapy were excluded. Ethics Committee approval was
obtained. All participants gave informed written consent
prior to participation, having received full details of the
study procedures. Further details of this study have been
described elsewhere [16]. Individuals with missing data on
plasma AGEs (n = 48) or on any of the potential con-
founders (n = 18), i.e. on triglycerides (n = 13), HDL (n =
1), LDL (n = 18) or eGFR (n = 1), were excluded from our
analyses. Individuals with incomplete data did not materi-
ally differ in baseline characteristics from individuals with
complete data, except for the percentage of individuals
with a CAC score >10. We excluded 22 individuals with a
CAC score >10 because of missing data on AGEs (n = 20),
or potential confounders (n = 2). The complete case
analysis included 165 individuals with and 169 without
T1DM (n = 334).

Analysis of protein bound AGEs and lysine in plasma
Plasma AGEs were measured in EDTA samples obtained
from fasting venous blood, which were stored at −80°C
until analysis. Protein-bound pentosidine was quantified
using HPLC with fluorescence detection, as described in
detail elsewhere [24]. Intra- and interassay coefficients of
variation (CVs), as analysed in this study, for pentosidine
were 3.8 and 6.9%, respectively. Protein-bound CML, CEL
and lysine were quantified using UPLC MS/MS [25].
Intra- and interassay CVs were 4.5 and 3.4% for CML, 5.4
and 18.1% for CEL and 5.0 and 5.0% for lysine, respect-
ively. THP was measured using competitive ELISA [26].
Intra- and interassay variations were 5% and 8%, respect-
ively. Concentrations of protein-bound pentosidine, CML
and CEL were adjusted for levels of lysine and expressed
as nmol/mmol lysine.

EBCT scan
An Ultrafast CT scanner (IMATRON C-150XL) was used
to quantify coronary calcification. Two sets of 20 trans-
verse tomograms of 3-mm thickness were obtained from
the lower margin of the bifurcation of the right branch of
the pulmonary artery to the apex of the heart with breath
holding of the individual. A radiologist placed a region of
interest around each potentially calcific lesion (peak dens-
ity <130 Hounsfield U) within the right coronary, circum-
flex, left anterior descending and left main coronary
arteries. The area and peak density of each lesion was
measured. A density score of 1 to 4 was defined based on
the peak density of the lesion; the calcification score was
then calculated as the product of the area of the lesion
and its density score as described by Agatston et al. [27].
To be included in the calcification score a lesion had to
have an area of at least 0.51 mm2, i.e., two contiguous
pixels and a peak density of at least 130 Hounsfield U. A
total score for each artery and for the entire heart was cal-
culated by summing the lesion scores. The radiation ex-
posure was <1 mSv. All scans were scored by the same
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radiologist, who was blinded to the gender and the dia-
betes status of the individual. Based on a small repeatabil-
ity study (n = 20) the within-observer agreement for the
presence of any calcification was high (kappa = 0.84).

Coronary artery calcification score
The cut-off value of 10 for the CAC score was based on
a recent review and meta-analysis on the validation of
electron beam computed tomography for coronary ar-
tery disease in both symptomatic and asymptomatic in-
dividuals [28]. In this review, the CAC score was divided
in three groups: low (0–10), moderate (10–400) and high
(>400). Since only 3 individuals had a CAC score above
400, the CAC score was analysed dichotomously com-
paring individuals with a CAC score of 0–10 (low) to in-
dividuals with a CAC score of >10 (moderate to high).
Table 1 General characteristics of the coronary artery calcifica

Co

General

Age (years)

Sex (number of males/females)

Diabetes duration (y)

HbA1c (%)

Smoking, former or current (n (%))

Pack-years of smoking for former or current smokers (y)

BMI (kg/m2)

Waist-to-hip ratio

Total cholesterol (mmol/L)

HDL cholesterol (mmol/L)

LDL cholesterol (mmol/L)

Triglycerides (mmol/L) 1

Systolic BP (mmHg)

Diastolic BP (mmHg)

eGFRMDRD (ml/min/1.73 m2)

CAC score (units)

CAC score > 10 (n (%))

hsCRP (mg/L) 0

sVCAM-1 (ng/mL) 9

vWF (%)

Advanced glycation endproducts

Pentosidine (nmol/mmol LYS) 0

CML (nmol/mmol LYS)

CEL (nmol/mmol LYS)

THP (U/mL) 11

Data are presented as mean ± standard deviation (SD), in case of a normal distribut
distribution of data, unless otherwise indicated.
HbA1c, glycated hemoglobin; BMI, body mass index; HDL, high-density lipoprotein;
Glomerular Filtration Rate by abbreviated Modification of Diet in Renal Disease equ
protein; sVCAM-1, soluble vascular cell adhesion molecule 1; vWF, von Willebrand F
lysine; THP, tetrahydropyrimidine.
Covariates
Glomerular filtration rate (eGFR) was estimated according
to the short Modification of Diet in Renal Disease equa-
tion (MDRD) = 186* [serum creatinine (mg/dL)]-1.154* [age
(y)]-0.203* [0.742 if patient is female] [29]. Measurement of
creatinine was based on the enzymatic method. HbA1c,
systolic and diastolic blood pressure, total cholesterol,
HDL and LDL cholesterol and triglycerides were mea-
sured as described elsewhere [16]. High-sensitivity C-
reactive protein (hsCRP), a marker of LGI, was measured
with a highly sensitive in-house ELISA, as described previ-
ously [30]. A commercially available ELISA kit was used
to measure plasma soluble vascular cell adhesion molecule
1 (sVCAM-1) (R&D Systems). Von Willebrand factor
(vWF) activity was measured in heparin plasma by Shield
vWF activity ELISA kit (Shield Diagnostics Ltd, Dundee,
tion study (CACS)

ntrols (n = 169) T1DM (n = 165) p-value

38.0 ± 3.8 37.8 ± 4.3 0.75

72/97 83/82 0.16

- 23.5 ± 7.6 -

5.31 ± 0.42 8.83 ± 1.53 <0.001

84 (50) 75 (46) 0.44

8.6 [3.5-17.0] 10.0 [4.5-18.0] 0.87

25.2 ± 4.5 25.4 ± 3.6 0.53

0.85 ± 0.08 0.87 ± 0.08 0.14

5.35 ± 1.02 5.32 ± 1.06 0.75

1.73 ± 0.40 1.84 ± 0.47 0.02

3.07 ± 0.93 2.95 ± 0.93 0.24

.06 [0.76-1.44] 0.97 [0.77-1.35] 0.37

117 ± 14 124 ± 14 <0.001

72 ± 10 73 ± 9 0.22

89 ± 16 97 ± 15 <0.001

0.0 [0.0-1.0] 1.0 [0.0-5.0] <0.001

2 (1) 30 (18) <0.001

.84 [0.43-1.76] 1.04 [0.46-2.87] 0.02

85 [820–1175] 1161 [964–1374] <0.001

87 [65–108] 97 [72–126] <0.01

.48 [0.41-0.58] 0.65 [0.55-0.81] <0.001

92.5 ± 15.7 104.6 ± 19.4 <0.001

14.5 ± 3.2 15.1 ± 3.7 0.12

0.0 [94.0-123.2] 117.8 [102.9-135.4] 0.02

ion of data, or as median [inter quartile range (IQR)], in case of a skewed

LDL, low-density lipoprotein; BP, blood pressure; eGFRMDRD, estimated
ation; CAC, coronary artery calcification; hsCRP, high sensitivity C-reactive
actor; CML, N(epsilon)-(carboxymethyl)lysine; CEL, N(epsilon)-(carboxyethyl)
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Scotland) using IgG monoclonal antibodies, and expressed
as percentage of vWF in pooled plasma of healthy volun-
teers. sVCAM-1 and vWF were considered markers of
ED.

Statistical methods
Analyses were carried out using SPSS version 20 for
Windows. Comparisons of baseline characteristics be-
tween groups were made by use of a Student’s t or χ2

tests. In Table 1, in case of CAC score levels, compari-
sons were made by use of a Mann–Whitney U test. We
performed complete case analyses. ANCOVA was used
to identify the differences in levels of plasma AGEs be-
tween individuals with and without T1DM and with and
without a CAC score >10. Variables with a skewed dis-
tribution (e.g. plasma pentosidine and THP) were log10-
transformed, and transformed back to provide geometric
means. We investigated whether the associations of
AGEs with CAC differed between men and women by
adding interaction terms to the models. Finally, linear
regression analysis was used to evaluate to what extent
LGI and ED mediated the association of AGEs with
CAC in individuals with T1DM. The percentage change
in the magnitude of the linear regression coefficient be-
tween the model with or without LGI and/or ED reflects
to what extent the association could be explained by me-
diation. P-values <0.05 were considered statistically signifi-
cant, except for interaction terms, where a p-value <0.10
was considered statistically significant.

Results
Table 1 shows the general characteristics of the study
population. HbA1c levels were higher in individuals with
T1DM, as were HDL cholesterol, systolic blood pressure
(SBP), eGFR, hsCRP, sVCAM-1 and vWF. The percent-
age of individuals with a CAC score >10, compared to
0–10, was higher in T1DM than in controls; only two
Table 2 Plasma AGE-levels in individuals with and without T1

Mod

Mean 95%

Pentosidine* (nmol/mmol LYS) control 0.51 0.48 –

T1DM 0.69 0.65 –

CML (nmol/mmol LYS) control 92.3 89.6 –

T1DM 104.8 102.1 –

CEL (nmol/mmol LYS) control 14.5 14.0 –

T1DM 15.0 14.5 –

THP* (U/mL) control 112.7 106.2 –

T1DM 125.6 118.0 –

Data are presented as adjusted means or geometric means* of AGEs in individuals
n = 169 for individuals without and n = 165 for individuals with T1DM.
Model 1 was adjusted for age and sex. Model 2 was adjusted for age, sex, SBP, DBP
CML, N(epsilon)-(carboxymethyl)lysine; CEL, N(epsilon)-(carboxyethyl)lysine; THP, tet
individuals without T1DM had a CAC score >10, whereas
32 individuals with T1DM had a CAC score >10 (Table 1).

Plasma AGEs in individuals with and without T1DM
Plasma levels of the AGEs pentosidine, CML and THP
were significantly higher in individuals with T1DM com-
pared to controls (Table 1). Plasma levels of pentosidine,
CML and THP remained significantly higher in individ-
uals with T1DM after adjustment for age and sex and
additional adjustment for systolic and diastolic blood
pressure, body mass index (BMI), waist to hip ratio
(WHR), smoking, LDL and HDL cholesterol, triglycer-
ides and eGFR (Table 2). In individuals with T1DM,
none of the plasma AGEs were significantly associated
with HbA1c or diabetes duration (data not shown).

Plasma AGEs in individuals with T1DM and a low or
moderate to high coronary artery calcification score
The associations of AGEs with CAC were analysed in
T1DM only, due to the low number of individuals with
a CAC score >10 in the control group. We performed a
complete case analysis in the 165 individuals with
T1DM, of whom 135 had a CAC score of 0–10 and 30
had a score >10. The associations of AGEs with the CAC
score did not significantly differ between men and women;
therefore we presented the results for men and women
combined. Plasma levels of the AGE pentosidine were
significantly higher in individuals with a CAC score >10
compared to those with a score of 0–10 after adjustment
for age and sex, while levels of CML, CEL and THP were
similar (Table 3). After additional adjustment for systolic
and diastolic blood pressure, BMI, WHR, smoking, LDL
and HDL cholesterol, triglycerides and eGFR, plasma
pentosidine levels remained significantly higher in individ-
uals with a CAC score >10 (Table 3). Additional adjust-
ment for HbA1c level and diabetes duration did not
materially change these results. The association of plasma
DM

el 1 Model 2

-CI p-value Mean 95%-CI p-value

0.53 0.51 0.48 – 0.54

0.73 <0.001 0.69 0.65 – 0.73 <0.001

94.9 92.6 90.1 – 95.1

107.5 <0.001 104.5 102.0 – 107.0 <0.001

15.0 14.6 14.1 – 15.2

15.5 0.212 14.9 14.4 – 15.4 0.489

119.7 112.7 105.7 – 119.9

133.4 0.015 125.6 117.8 – 134.0 0.025

with and without T1DM, by use of a complete case analysis.

, BMI, WHR, pack-years of smoking, LDL, HDL, triglycerides and eGFR.
rahydropyrimidine.



Table 3 Plasma AGE-levels in individuals with T1DM and a moderate to high compared with a low CAC score

Model 1 Model 2

Mean 95%-CI p-value Mean 95%-CI p-value

Pentosidine* (nmol/mmol LYS) CAC = 0-10 0.67 0.63 – 0.72 0.67 0.63 – 0.71

CAC > 10 0.80 0.69 – 0.92 0.034 0.81 0.70 – 0.93 0.028

CML (nmol/mmol LYS) CAC = 0-10 105.0 101.7 – 108.2 104.5 101.5 – 107.5

CAC > 10 102.9 95.8 – 110.0 0.608 105.0 98.3 – 111.8 0.883

CEL (nmol/mmol LYS) CAC = 0-10 14.9 14.2 – 15.5 14.9 14.3 – 15.5

CAC > 10 15.9 14.6 – 17.3 0.166 15.9 14.6 – 17.3 0.163

THP* (U/mL) CAC = 0-10 122.2 113.5 – 131.8 121.6 112.7 – 131.2

CAC > 10 140.6 119.4 – 165.6 0.131 143.9 121.3 – 170.6 0.086

Data are presented as adjusted means or geometric means* of AGEs in individuals with a CAC score of 0–10 compared to >10 in individuals with T1DM, by use of
a complete case analysis.
n = 135 for individuals with a calcification score of 0–10; n = 30 for individuals with a calcification score of >10.
Model 1 was adjusted for age and sex. Model 2 was adjusted for age, sex, SBP, DBP, BMI, WHR, pack-years of smoking, LDL, HDL, triglycerides and eGFR.
CML, N(epsilon)-(carboxymethyl)lysine; CEL, N(epsilon)-(carboxyethyl)lysine; THP, tetrahydropyrimidine.
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pentosidine with the CAC score was not explained (i.e.
mediated) by LGI or ED (Table 4).

Discussion
Our study had three main findings. First, we found
higher plasma levels of the AGEs pentosidine, CML and
THP in individuals with T1DM. Second, the AGE pentosi-
dine was positively associated with CAC, an early marker
of CVD. Third, the association of pentosidine with CAC
was not explained by markers of LGI or ED.

Plasma AGEs in type 1 diabetes
This is the first larger study that has quantified multiple
plasma AGEs with state-of-the-art ultra-performance li-
quid chromatography (UPLC) in combination with tan-
dem mass spectrometry or, in case of pentosidine, with
high-performance liquid chromatography (HPLC) and
fluorescence detection. These techniques are considered
to be the most accurate techniques for the measurement
of AGEs at this moment. Unfortunately, because of acid
instability of THP, it was not possible to measure THP
with these techniques and therefore THP was measured
with an ELISA. We investigated four out of many different
AGEs and found that plasma levels of the AGEs pentosi-
dine, CML and THP were significantly higher in individ-
uals with T1DM as compared to controls, independent of
Table 4 Mediation analyses of the association of plasma pent
inflammation and endothelial dysfunction in T1DM

Model 2

Standardised β 95%-CI p-value Standardise

Pentosidine (SD) 0.47 0.03 – 0.91 0.036 0.47

Data are presented as standardized β (sβ). A sβ of 0.47 SD indicates that individuals
pentosidine levels compared to individuals with a score of 0–10.
n = 122 for individuals with a calcification score of 0–10; n = 27 for those with a calc
Model 2 was adjusted for age, sex, SBP, DBP, BMI, WHR, pack-years of smoking, LDL
sensitivity C-reactive protein (hsCRP), a marker for low-grade inflammation (LGI), or
Factor (vWF), which are markers of endothelial dysfunction (ED).
age, sex, systolic and diastolic blood pressure, BMI, WHR,
smoking, LDL and HDL cholesterol, triglycerides and
eGFR. Levels of CEL were not statistically different. These
results are in agreement with previous studies which were
confined to small study populations [10,11] and/or have
used non-specific immunological techniques for the de-
tection of AGEs [12,13].
We did not find any association of plasma AGEs with

HbA1c in the individuals with T1DM. These findings are
consistent with many other studies that reported no as-
sociation of plasma AGEs with HbA1c [31-35]. An ex-
planation for this lack of association could be that AGEs
can also be formed through other pathways, for example
lipid peroxidation, besides glucose metabolism. More-
over, HbA1c and AGEs presumably reflect different
pathways following hyperglycaemia and different time-
frames of hyperglycaemia.

Associations between plasma AGEs and CAC in type 1
diabetes
We and others have previously shown that the preva-
lence of CAC is increased in T1DM [16,17]. In individ-
uals with kidney disease, the AGE pentosidine and the
AGE-RAGE axis have been associated with arterial calci-
fication [14,18]. This is the first study that has examined
the association of plasma AGEs with CAC in T1DM.
osidine levels with the CAC score by low grade

Model 2 + LGI Model 2 + ED

d β 95%-CI p-value Standardised β 95%-CI p-value

0.03 – 0.91 0.038 0.43 −0.02 – 0.87 0.060

with T1DM with a CAC score of >10 have on average 0.47 SD higher

ification score of >10.
, HDL, triglycerides and eGFR. This model was additionally adjusted for high
for soluble vascular cell adhesion molecule 1 (sVCAM-1) and von Willebrand
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We found higher levels of the plasma AGE pentosidine,
but not CML, CEL and THP, in individuals with T1DM
with a moderate to high compared to a low CAC score.
These results are in line with a previous study that re-
ported an independent positive association of pentosi-
dine with CAC in individuals undergoing hemodialysis
[14], while no association was found between CML and
CAC. Moreover, Conway et al. and Orchard et al. showed
that skin autofluorescence, as a possible reflectance of tis-
sue AGE accumulation, was associated with CAC severity
in T1DM [36,37].

Potential mechanisms underlying the associations
between AGEs and CAC
In contrast to the positive association of pentosidine
with CAC, CML, CEL and THP were not associated
with CAC. This could indicate that plasma pentosidine
is a better reflection of total AGE formation than these
other AGEs or that it is more precisely quantified with
current methods. Alternatively, pentosidine differs from
the other AGEs measured because it is known as a
cross-linking AGE [4,38], and it might be that cross-
linking AGEs in particular are linked to CAC. THP was
borderline significantly associated with CAC (p = 0.09).
THP is one of the AGEs, next to CEL, which is formed
from the reaction of the reactive dicarbonyl MGO with
arginine or lysine, respectively, predominantly formed
from intracellular glycation [2]. Little is known about
THP, but it could represent a better reflection of intracel-
lular MGO-AGEs than CEL. Moreover, auto-antibodies
against MGO-modified apolipoprotein B100 have been
found to be inversely associated with CAC in patients with
type 2 diabetes [39], also indicating a role of MGO in
CAC. Therefore, if our results indeed reflect a causal link
between AGEs and CAC, this might mean that cross-
linking or intracellular glycation via MGO may stimulate
the process of arterial calcification. The fact that we did
find an association of pentosidine and THP with CAC in
individuals with T1DM who were relatively young and
had an early stage of CAC may indicate that increased
levels of these AGEs are associated with early develop-
ment of CAC. However, overall, our numbers of individ-
uals with substantial calcification in the study are low,
probably partially due to the relatively young age of the
participants, which is why these analyses should be repli-
cated in larger cohorts.
AGEs are able to induce LGI and ED [3,5,40], and

markers of these processes are associated with coronary
or carotid artery disease in T1DM [41,42]. We demon-
strated that the association of pentosidine with CAC was
not explained (i.e. mediated) by LGI or ED. Other stud-
ies that investigated the mediating effect of LGI and ED
in the association of AGEs with CVD in T1DM [3,43] also
found no mediating effect of either of these potential
mechanisms. Therefore, other mechanisms besides LGI
and ED might be involved in the association of AGEs with
CAC. Recent publications show that AGEs-induced vas-
cular calcification in rat vascular smooth muscle cells
(VSMCs) is mediated by oxidative stress in vitro [44,45],
and oxidative stress may thus provide an additional mech-
anism explaining the association of AGEs with CAC.
The association between pentosidine and CAC might

be causal since experimental studies have demonstrated
a direct link of AGEs with calcification [21]. In response
to AGEs, aortic VSMCs differentiate into cells that exhibit
an osteoblast-like phenotype characterized by the depos-
ition of calcium into the extracellular matrix [19,20].
These findings support a direct role of AGEs in the stimu-
lation of CAC. Furthermore, the AGE-RAGE axis has
been associated with arterial calcification in animal studies
[22,23]. However, in our study, we did not find an associ-
ation between CML, a known ligand for RAGE, and CAC.
Another pathway by which AGEs are thought to contrib-
ute to atherosclerosis is by the stimulation of apoptosis of
endothelial progenitor cells (EPCs) and by the impairment
of EPC functions [46,47]. Indeed, skin autofluorescence,
an estimate of tissue AGE accumulation, has been nega-
tively associated with circulating EPCs [48]. Furthermore,
low levels of EPCs have been shown to be an independent
determinant of carotid intima media thickness (cIMT) in
young individuals with T1DM [49]. Interestingly, in indi-
viduals with compared to those without coronary athero-
sclerosis, it was found that a higher percentage of EPCs
express the osteoblastic marker osteocalcin (OCN) [50],
which has been shown to correlate with markers of bone
formation [51]. Therefore, a particular subset of EPCs has
been suggested to mediate abnormal vascular repair and
vascular calcification [52].

Limitations of our study
Our study had a cross-sectional design; therefore we can-
not draw any conclusions about causality in the associ-
ation of AGEs with T1DM and CAC. Because not all
atherosclerotic plaques contain calcium, the CAC score
does not take non-atherosclerotic plaques into account.
Despite this caveat, it has been shown that CAC is highly
associated with total coronary atherosclerotic plaque
burden [53]. Additionally, individuals with diabetes are
known to have a higher prevalence of medial calcification
of the peripheral vessels. However, medial calcification of
the coronary tree, not caused by atherosclerosis, is not
very common in diabetes [54]. It therefore seems likely
that the CAC score measured in our study indeed reflects
intima calcification associated with atherosclerosis.
We cannot discard the possibility that the use of a sin-

gle or a selection of markers representing LGI and ED,
respectively, may have led to an underestimation of their
mediating effects in the association of AGEs with CAC.
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However, hsCRP is one of the most studied and best val-
idated markers and is thought to represent overall LGI.
Furthermore, hsCRP is known to be associated with cor-
onary heart disease [55]. sVCAM-1 and vWF are well
known markers of ED [56].

Conclusions
In conclusion, we found higher plasma levels of the AGEs
pentosidine, CML and THP in individuals with compared
to without T1DM, independent of age, sex, body mass
index, waist-to-hip ratio, smoking, blood pressure, lipid
profile and glomerular filtration rate. Pentosidine levels
were higher in individuals with T1DM with a moderate to
high compared to a low CAC score, independent of age,
sex, body mass index, waist-to-hip ratio, smoking, blood
pressure, lipid profile and glomerular filtration rate. The
association of pentosidine with CAC was not explained
(i.e. mediated) by LGI or ED. These results may indicate
that AGEs are involved in the development of CAC in
T1DM, but future studies are needed to fully elucidate the
direction and potential causality of this relationship. If
AGEs indeed play a role in the early development of cor-
onary artery calcification in T1DM, they could be an early
target for the prevention of CVD.

Abbreviations
AGE: Advanced glycation end-product; ANCOVA: Analysis of covariance;
BMI: Body mass index; CAC: Coronary artery calcification; CEL: Nε-
(Carboxyethyl)lysine; CML: Nε-(Carboxymethyl)lysine; CT: Computed
tomography; CVD: Cardiovascular disease; CVs: Coefficients of variation;
DBP: Diastolic blood pressure; EBCT: Electron-beam computed tomography;
ED: Endothelial dysfunction; EDTA: Ethylenediaminetetraacetic acid;
eGFR: Estimated glomerular filtration rate; eGFR: Estimated GFR;
ELISA: Enzyme-linked immunosorbent assay; HbA1c: Glycated hemoglobin;
HDL: High-density lipoprotein; HPLC: High performance liquid
chromatography; hsCRP: High-sensitivity C-reactive protein; LDL: Low-density
lipoprotein; LGI: Low-grade inflammation; LYS: Lysine; MDRD: Modification of
Diet in Renal Disease; MGO: Methylglyoxal; MS/MS: Tandem mass-
spectrometry; RAGE: Receptor for AGEs; SBP: Systolic blood pressure; sVCAM-
1: Soluble vascular cell adhesion molecule 1; sβ: Standardised β; T1DM: Type
1 diabetes mellitus; THP: Tetrahydropyrimidine; UPLC: Ultra performance
liquid chromatography; VSMCs: Vascular smooth muscle cells; vWF: Von
Willebrand factor.

Competing interests
The authors declare that they have no competing interests.

Authors’ contributions
MGAE, MTS and CGS participated in the conception and design, analysed
and interpreted the data, drafted the manuscript and provided final approval
of the version to be published. HMC carried out the coronary artery
calcification study, participated in the conception and design, analysed and
interpreted the data, revised the paper for important intellectual content and
provided final approval of the version to be published. JLJMS analysed and
interpreted the data, revised the paper for important intellectual content and
provided final approval of the version to be published. CDAS participated in
the conception and design, analysed and interpreted the data, revised the
paper for important intellectual content and provided final approval of the
version to be published. All authors read and approved the final manuscript.

Acknowledgements
This research was performed within the framework of CTMM, the Center for
Translational Molecular Medicine (www.ctmm.nl), project PREDICCt (grant
01C-104), and supported by the Dutch Heart Foundation, Dutch Diabetes
Research Foundation and Dutch Kidney Foundation. The Coronary Artery
Calcification Study was funded by the British Heart Foundation. Finally, we
would like to thank all the investigators and participants who very kindly
participated in these studies.

Author details
1Department of Internal Medicine, Maastricht University Medical Centre
(MUMC) and Cardiovascular Research Institute Maastricht (CARIM),
Universiteitssingel 50, Maastricht 6200, MD, the Netherlands. 2Biomedical
Research Institute, University of Dundee, Dundee, Scotland.

Received: 23 August 2013 Accepted: 2 October 2013
Published: 17 October 2013

References
1. Soedamah-Muthu SS, Fuller JH, Mulnier HE, Raleigh VS, Lawrenson RA,

Colhoun HM: High risk of cardiovascular disease in patients with type 1
diabetes in the U.K.: a cohort study using the general practice research
database. Diabetes Care 2006, 29(4):798–804.

2. Brownlee M: Biochemistry and molecular cell biology of diabetic
complications. Nature 2001, 414(6865):813–820.

3. Nin JW, Jorsal A, Ferreira I, Schalkwijk CG, Prins MH, Parving HH, Tarnow L,
Rossing P, Stehouwer CD: Higher plasma levels of advanced glycation
end products are associated with incident cardiovascular disease and
all-cause mortality in type 1 diabetes: a 12-year follow-up study.
Diabetes Care 2011, 34(2):442–447.

4. Aronson D: Cross-linking of glycated collagen in the pathogenesis of
arterial and myocardial stiffening of aging and diabetes. J Hypertens 2003,
21(1):3–12.

5. Basta G, Lazzerini G, Massaro M, Simoncini T, Tanganelli P, Fu C, Kislinger T, Stern
DM, Schmidt AM, De Caterina R: Advanced glycation end products activate
endothelium through signal-transduction receptor RAGE: a mechanism for
amplification of inflammatory responses. Circulation 2002, 105(7):816–822.

6. Bierhaus A, Humpert PM, Stern DM, Arnold B, Nawroth PP: Advanced
glycation end product receptor-mediated cellular dysfunction. Ann N Y
Acad Sci 2005, 1043:676–680.

7. Brouwers O, Niessen PM, Ferreira I, Miyata T, Scheffer PG, Teerlink T,
Schrauwen P, Brownlee M, Stehouwer CD, Schalkwijk CG: Overexpression
of glyoxalase-I reduces hyperglycemia-induced levels of advanced
glycation end products and oxidative stress in diabetic rats. J Biol Chem
2011, 286(2):1374–1380.

8. Oya T, Hattori N, Mizuno Y, Miyata S, Maeda S, Osawa T, Uchida K:
Methylglyoxal modification of protein. Chemical and immunochemical
characterization of methylglyoxal-arginine adducts. J Biol Chem 1999,
274(26):18492–18502.

9. Thornalley PJ: Protein and nucleotide damage by glyoxal and
methylglyoxal in physiological systems–role in ageing and disease.
Drug Metabol Drug Interact 2008, 23(1–2):125–150.

10. Ahmed N, Babaei-Jadidi R, Howell SK, Beisswenger PJ, Thornalley PJ:
Degradation products of proteins damaged by glycation, oxidation and
nitration in clinical type 1 diabetes. Diabetologia 2005, 48(8):1590–1603.

11. Hwang JS, Shin CH, Yang SW: Clinical implications of N epsilon-
(carboxymethyl)lysine, advanced glycation end product, in children and
adolescents with type 1 diabetes. Diabetes Obes Metab 2005, 7(3):263–267.

12. Galler A, Muller G, Schinzel R, Kratzsch J, Kiess W, Munch G: Impact of
metabolic control and serum lipids on the concentration of advanced
glycation end products in the serum of children and adolescents with type
1 diabetes, as determined by fluorescence spectroscopy and nepsilon-
(carboxymethyl)lysine ELISA. Diabetes Care 2003, 26(9):2609–2615.

13. Berg TJ, Dahl-Jorgensen K, Torjesen PA, Hanssen KF: Increased serum levels
of advanced glycation end products (AGEs) in children and adolescents
with IDDM. Diabetes Care 1997, 20(6):1006–1008.

14. Taki K, Takayama F, Tsuruta Y, Niwa T: Oxidative stress, advanced glycation
end product, and coronary artery calcification in hemodialysis patients.
Kidney Int 2006, 70(1):218–224.

15. Peters SA, Bakker M, den Ruijter HM, Bots ML: Added value of CAC in risk
stratification for cardiovascular events: a systematic review. Eur J Clin
Invest 2012, 42(1):110–116.

16. Colhoun HM, Rubens MB, Underwood SR, Fuller JH: The effect of type 1
diabetes mellitus on the gender difference in coronary artery
calcification. J Am Coll Cardiol 2000, 36(7):2160–2167.

http://www.ctmm.nl


van Eupen et al. Cardiovascular Diabetology 2013, 12:149 Page 8 of 9
http://www.cardiab.com/content/12/1/149
17. Dabelea D, Kinney G, Snell-Bergeon JK, Hokanson JE, Eckel RH, Ehrlich J,
Garg S, Hamman RF, Rewers M: Effect of type 1 diabetes on the gender
difference in coronary artery calcification: a role for insulin resistance?
The Coronary Artery Calcification in Type 1 Diabetes (CACTI) Study.
Diabetes 2003, 52(11):2833–2839.

18. Nasrallah MM, El-Shehaby AR, Osman NA, Salem MM, Nassef A, El Din UA:
Endogenous soluble receptor of advanced glycation end-products
(esRAGE) is negatively associated with vascular calcification in non-
diabetic hemodialysis patients. Int Urol Nephrol 2012, 44(4):1193–1199.

19. Tanikawa T, Okada Y, Tanikawa R, Tanaka Y: Advanced glycation end
products induce calcification of vascular smooth muscle cells through
RAGE/p38 MAPK. J Vasc Res 2009, 46(6):572–580.

20. Ren X, Shao H, Wei Q, Sun Z, Liu N: Advanced glycation end-products
enhance calcification in vascular smooth muscle cells. J Int Med Res 2009,
37(3):847–854.

21. Wang Z, Jiang Y, Liu N, Ren L, Zhu Y, An Y, Chen D: Advanced glycation end-
product Nepsilon-carboxymethyl-Lysine accelerates progression of
atherosclerotic calcification in diabetes. Atherosclerosis 2012, 221(2):387–396.

22. Gawdzik J, Mathew L, Kim G, Puri TS, Hofmann Bowman MA: Vascular
remodeling and arterial calcification are directly mediated by S100A12
(EN-RAGE) in chronic kidney disease. Am J Nephrol 2011, 33(3):250–259.

23. Cecil DL, Terkeltaub RA: Arterial calcification is driven by RAGE in Enpp1
−/− mice. J Vasc Res 2011, 48(3):227–235.

24. Scheijen JL, van de Waarenburg MP, Stehouwer CD, Schalkwijk CG:
Measurement of pentosidine in human plasma protein by a single-
column high-performance liquid chromatography method with
fluorescence detection. J Chromatogr B Analyt Technol Biomed Life Sci 2009,
877(7):610–614.

25. Hanssen NM, Engelen L, Ferreira I, Scheijen JL, Huijberts MS, van
Greevenbroek MM, van der Kallen CJ, Dekker JM, Nijpels G, Stehouwer CD,
et al: Plasma Levels of Advanced Glycation Endproducts N{epsilon}-
(carboxymethyl)lysine, N{epsilon}-(carboxyethyl)lysine, and Pentosidine
Are not Independently Associated With Cardiovascular Disease in
Individuals With or Without Type 2 Diabetes: The Hoorn and CODAM
Studies. J Clin Endocrinol Metab 2013, 98(8):E1369–1373.

26. van Eupen MG, Schram MT, Colhoun HM, Hanssen NM, Niessen HW, Tarnow
L, Parving HH, Rossing P, Stehouwer CD, Schalkwijk CG: The methylglyoxal-
derived AGE tetrahydropyrimidine is increased in plasma of individuals
with type 1 diabetes mellitus and in atherosclerotic lesions and is
associated with sVCAM-1. Diabetologia 2013, 56(8):1845–1855.

27. Agatston AS, Janowitz WR, Hildner FJ, Zusmer NR, Viamonte M Jr, Detrano
R: Quantification of coronary artery calcium using ultrafast computed
tomography. J Am Coll Cardiol 1990, 15(4):827–832.

28. Dendukuri N, Chiu K, Brophy JM: Validity of electron beam computed
tomography for coronary artery disease: asystematic review and meta-
analysis. BMC Med 2007, 5:35.

29. Levey AS, Bosch JP, Lewis JB, Greene T, Rogers N, Roth D: A more accurate
method to estimate glomerular filtration rate from serum creatinine: a
new prediction equation. Modification of diet in renal disease study
group. Ann Intern Med 1999, 130(6):461–470.

30. Schalkwijk CG, Poland DC, van Dijk W, Kok A, Emeis JJ, Drager AM, Doni A,
van Hinsbergh VW, Stehouwer CD: Plasma concentration of C-reactive
protein is increased in type I diabetic patients without clinical
macroangiopathy and correlates with markers of endothelial
dysfunction: evidence for chronic inflammation. Diabetologia 1999,
42(3):351–357.

31. Han Y, Randell E, Vasdev S, Gill V, Curran M, Newhook LA, Grant M, Hagerty
D, Schneider C: Plasma advanced glycation endproduct, methylglyoxal-
derived hydroimidazolone is elevated in young, complication-free
patients with Type 1 diabetes. Clin Biochem 2009, 42(7–8):562–569.

32. Hirata K, Kubo K: Relationship between blood levels of N-carboxymethyl-
lysine and pentosidine and the severity of microangiopathy in type 2
diabetes. Endocr J 2004, 51(6):537–544.

33. Fosmark DS, Torjesen PA, Kilhovd BK, Berg TJ, Sandvik L, Hanssen KF,
Agardh CD, Agardh E: Increased serum levels of the specific advanced
glycation end product methylglyoxal-derived hydroimidazolone are
associated with retinopathy in patients with type 2 diabetes mellitus.
Metabolism 2006, 55(2):232–236.

34. Shimoike T, Inoguchi T, Umeda F, Nawata H, Kawano K, Ochi H: The
meaning of serum levels of advanced glycosylation end products in
diabetic nephropathy. Metabolism 2000, 49(8):1030–1035.
35. Kilhovd BK, Juutilainen A, Lehto S, Ronnemaa T, Torjesen PA, Hanssen KF,
Laakso M: Increased serum levels of advanced glycation endproducts
predict total, cardiovascular and coronary mortality in women with type
2 diabetes: a population-based 18 year follow-up study. Diabetologia
2007, 50(7):1409–1417.

36. Conway B, Edmundowicz D, Matter N, Maynard J, Orchard T: Skin
fluorescence correlates strongly with coronary artery calcification
severity in type 1 diabetes. Diabetes Technol Ther 2010, 12(5):339–345.

37. Orchard TJ, Lyons TJ, Cleary PA, Braffett BH, Maynard J, Cowie C, Gubitosi-
Klug RA, Way J, Anderson K, Barnie A, et al: The Association of Skin
Intrinsic Fluorescence With Type 1 Diabetes Complications in the DCCT/
EDIC Study. Diabetes Care 2013, 36(10):3146–3153.

38. Sell DR, Monnier VM: Structure elucidation of a senescence cross-link
from human extracellular matrix. Implication of pentoses in the aging
process. J Biol Chem 1989, 264(36):21597–21602.

39. Engelbertsen D, Anand DV, Fredrikson GN, Hopkins D, Corder R, Shah PK,
Lahiri A, Nilsson J, Bengtsson E: High levels of IgM against methylglyoxal-
modified apolipoprotein B100 are associated with less coronary artery
calcification in patients with type 2 diabetes. J Intern Med 2012,
271(1):82–89.

40. Harja E, Bu DX, Hudson BI, Chang JS, Shen X, Hallam K, Kalea AZ, Lu Y,
Rosario RH, Oruganti S, et al: Vascular and inflammatory stresses mediate
atherosclerosis via RAGE and its ligands in apoE−/− mice. J Clin Invest
2008, 118(1):183–194.

41. Costacou T, Lopes-Virella MF, Zgibor JC, Virella G, Otvos J, Walsh M, Orchard TJ:
Markers of endothelial dysfunction in the prediction of coronary artery
disease in type 1 diabetes. The pittsburgh epidemiology of diabetes
complications study. J Diabetes Complications 2005, 19(4):183–193.

42. Hayaishi-Okano R, Yamasaki Y, Katakami N, Ohtoshi K, Gorogawa S, Kuroda
A, Matsuhisa M, Kosugi K, Nishikawa N, Kajimoto Y, et al: Elevated C-
reactive protein associates with early-stage carotid atherosclerosis in
young subjects with type 1 diabetes. Diabetes Care 2002, 25(8):1432–1438.

43. Schram MT, Chaturvedi N, Schalkwijk CG, Fuller JH, Stehouwer CD: Markers
of inflammation are cross-sectionally associated with microvascular
complications and cardiovascular disease in type 1 diabetes–the
EURODIAB prospective complications study. Diabetologia 2005,
48(2):370–378.

44. Tada Y, Yano S, Yamaguchi T, Okazaki K, Ogawa N, Morita M, Sugimoto T:
Advanced glycation end products-induced vascular calcification is
mediated by oxidative stress: functional roles of NAD(P)H-oxidase.
Horm Metab Res 2013, 45(4):267–272.

45. Wei Q, Ren X, Jiang Y, Jin H, Liu N, Li J: Advanced glycation end products
accelerate rat vascular calcification through RAGE/oxidative stress.
BMC Cardiovasc Disord 2013, 13:13.

46. Chen J, Song M, Yu S, Gao P, Yu Y, Wang H, Huang L: Advanced glycation
endproducts alter functions and promote apoptosis in endothelial
progenitor cells through receptor for advanced glycation endproducts
mediate overpression of cell oxidant stress. Mol Cell Biochem 2010,
335(1–2):137–146.

47. Li H, Zhang X, Guan X, Cui X, Wang Y, Chu H, Cheng M: Advanced glycation
end products impair the migration, adhesion and secretion potentials of
late endothelial progenitor cells. Cardiovasc Diabetol 2012, 11:46.

48. Ueno H, Koyama H, Fukumoto S, Tanaka S, Shoji T, Emoto M, Tahara H,
Inaba M, Kakiya R, Tabata T, et al: Advanced glycation end products,
carotid atherosclerosis, and circulating endothelial progenitor cells in
patients with end-stage renal disease. Metabolism 2011, 60(4):453–459.

49. Palombo C, Kozakova M, Morizzo C, Gnesi L, Barsotti MC, Spontoni P,
Massart F, Salvi P, Balbarini A, Saggese G, et al: Circulating endothelial
progenitor cells and large artery structure and function in young
subjects with uncomplicated type 1 diabetes. Cardiovasc Diabetol 2011,
10:88.

50. Gossl M, Modder UI, Atkinson EJ, Lerman A, Khosla S: Osteocalcin
expression by circulating endothelial progenitor cells in patients with
coronary atherosclerosis. J Am Coll Cardiol 2008, 52(16):1314–1325.

51. Eghbali-Fatourechi GZ, Lamsam J, Fraser D, Nagel D, Riggs BL, Khosla S:
Circulating osteoblast-lineage cells in humans. N Engl J Med 2005,
352(19):1959–1966.

52. Flammer AJ, Gossl M, Widmer RJ, Reriani M, Lennon R, Loeffler D, Shonyo S,
Simari RD, Lerman LO, Khosla S, et al: Osteocalcin positive CD133+/CD34-/
KDR + progenitor cells as an independent marker for unstable
atherosclerosis. Eur Heart J 2012, 33(23):2963–2969.



van Eupen et al. Cardiovascular Diabetology 2013, 12:149 Page 9 of 9
http://www.cardiab.com/content/12/1/149
53. Sangiorgi G, Rumberger JA, Severson A, Edwards WD, Gregoire J, Fitzpatrick
LA, Schwartz RS: Arterial calcification and not lumen stenosis is highly
correlated with atherosclerotic plaque burden in humans: a histologic
study of 723 coronary artery segments using nondecalcifying
methodology. J Am Coll Cardiol 1998, 31(1):126–133.

54. Edmonds ME: Medial arterial calcification and diabetes mellitus. Z Kardiol
2000, 89(Suppl 2):101–104.

55. Liuzzo G, Biasucci LM, Gallimore JR, Grillo RL, Rebuzzi AG, Pepys MB, Maseri
A: The prognostic value of C-reactive protein and serum amyloid a
protein in severe unstable angina. N Engl J Med 1994, 331(7):417–424.

56. Muris DM, Houben AJ, Schram MT, Stehouwer CD: Microvascular
dysfunction is associated with a higher incidence of type 2 diabetes
mellitus: a systematic review and meta-analysis. Arterioscler Thromb Vasc
Biol 2012, 32(12):3082–3094.

doi:10.1186/1475-2840-12-149
Cite this article as: van Eupen et al.: Plasma levels of advanced glycation
endproducts are associated with type 1 diabetes and coronary artery
calcification. Cardiovascular Diabetology 2013 12:149.
Submit your next manuscript to BioMed Central
and take full advantage of: 

• Convenient online submission

• Thorough peer review

• No space constraints or color figure charges

• Immediate publication on acceptance

• Inclusion in PubMed, CAS, Scopus and Google Scholar

• Research which is freely available for redistribution

Submit your manuscript at 
www.biomedcentral.com/submit


	Abstract
	Background
	Methods
	Results
	Conclusions

	Background
	Methods
	Study population and design
	Analysis of protein bound AGEs and lysine in plasma
	EBCT scan
	Coronary artery calcification score
	Covariates
	Statistical methods

	Results
	Plasma AGEs in individuals with and without T1DM
	Plasma AGEs in individuals with T1DM and a low or moderate to high coronary artery calcification score

	Discussion
	Plasma AGEs in type 1 diabetes
	Associations between plasma AGEs and CAC in type 1 diabetes
	Potential mechanisms underlying the associations between AGEs and CAC
	Limitations of our study

	Conclusions
	Abbreviations
	Competing interests
	Authors’ contributions
	Acknowledgements
	Author details
	References

