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Aims Advanced glycation end products (AGEs) are increased in patients with diabetes and are associated with diastolic
dysfunction through the formation of collagen crosslinks in the heart. The association among AGEs, diastolic function,
and aerobic capacity in heart failure (HF) patients with and without diabetes is, however, unknown. We therefore
studied the association among tissue AGEs, diastolic function, and aerobic capacity in patients with HF with or
without diabetes.

Methods
and results

In chronic HF patients (with and without left ventricular systolic dysfunction), tissue AGEs [skin autofluorescence
(AF)], diastolic function (echocardiographic mean E′ and E/E′), and aerobic capacity [peak oxygen uptake (VO2)
on cardiopulmonary exercise testing] were obtained. A total of 49 diabetics and 156 non-diabetics were included.
Diabetics were older and had more cardiovascular risk factors, but left ventricular ejection fractions (LVEF) were
similar. Tissue AGEs were higher in diabetics compared with non-diabetics (2.8+0.8 vs. 2.3+0.7 a.u.;
P , 0.001). Furthermore, there was a correlation between tissue AGEs and mean E′ (r ¼ 20.30; P , 0.001, after
adjustment for age, r ¼ 20.21; P ¼ 0.004). Aerobic capacity was significantly lower in diabetic patients with HF
(peak VO2: 17.4+5.1 vs. 21.7+ 6.1 mL/min/kg; P ¼ 0.001), even after adjustment for age and LVEF. Peak VO2

was related to skin AF (P ¼ 0.03), independent of age, diabetes, LVEF, and New York Heart Association functional
class.

Conclusion Patients with diabetes and HF have similar LVEF but poorer exercise capacity compared with non-diabetic HF
patients. Our data suggest that these findings might be explained by the observed association among tissue AGE
levels, diastolic function, and exercise capacity.
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Introduction
The prevalence of heart failure (HF) is increasing, partly due to an
ageing population, but also due to an increasing prevalence of dia-
betes.1,2 Patients with diabetes have an increased risk of developing
HF, independent of their higher age.3 This could be explained by a
higher risk of myocardial infarction, vascular dysfunction, and dias-
tolic dysfunction in diabetes.4 However, several other metabolic
factors have been postulated to explain the increased risk of HF
in patients with diabetes.

Advanced glycation end products (AGEs) are formed during a
non-enzymatic reaction between proteins and sugar residues,
called the Maillard reaction.5,6 Advanced glycation end products
accumulation occurs during life and enhanced AGE accumulation
plays a role in the pathophysiology of chronic HF, renal dysfunc-
tion, and diabetic complications.5 Accumulation of AGEs affects
the physiological properties of proteins and multiple vascular and
tissue changes via the interaction of AGEs.5

Increased AGEs have been found in diabetic patients and in
patients with HF.7 Wu et al. and Loimaala et al.8,9 showed that
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diabetics have a more impaired diastolic function and poorer exer-
cise capacity compared with non-diabetics. Furthermore, Parthena-
kis et al.10 showed that, in HF patients, diastolic function is the
most important predictor of exercise intolerance measured with
cardiopulmonary exercise testing. We hypothesized that elevated
AGEs are related to diastolic function and exercise capacity, and
therefore studied the association among tissue AGEs, diastolic
function, and aerobic exercise capacity in HF patients with and
without diabetes.

Methods

Patients and study design
The present study analysed the data of all patients who were screened
at the outpatient clinic for a double-blind, placebo-controlled, random-
ized trial in patients with chronic HF (BENEFICIAL). The study design,
baseline characteristics, and inclusion and exclusion criteria have been
published elsewhere.11 Briefly, patients with New York Heart Associ-
ation (NYHA) II– IV stable HF for at least 3 months and left ventricular
ejection fraction (LVEF) of ≤0.45 were eligible for the study. Main
exclusion criteria were the inability of patients to undergo exercise
testing, cardiac resynchronization therapy, pacemaker therapy, active,
and or treated malignancies within 12 months prior to inclusion, and
clinically significant renal disturbance. Patients receiving treatment
directed towards glucose regulation were considered as diabetics.
A total of 205 patients were screened at the outpatient department.
In each patient, echocardiography and skin autofluorescence (AF;
skin AF is a validated non-invasive method to study tissue AGEs)12,13

were planned, and blood was drawn for laboratory analysis. These
measurements were performed on the same day. Before randomiz-
ation, a first rehearse cardiopulmonary aerobic capacity test was per-
formed during a preceding visit to familiarize the patient with the
procedures (n ¼ 133). The BENEFICIAL study was approved by the
local medical Ethics Committee and was conducted in accordance
with the guidelines of the Declaration of Helsinki. All subjects gave
written informed consent.

Skin autofluorescence
Tissue AGE accumulation was assessed using a validated skin AF reader
(AGE reader; patent PCT/NL99/00607; DiagnOptics BV, Groningen,
The Netherlands) as described previously.12,13 In short, the AGE
reader illuminates a skin surface of �2 cm2, guarded against surround-
ing light, with an excitation light source between 300 and 420 nm
(peak excitation of �370 nm). Light from the skin is measured with
a spectrometer in the 420–600 nm range, using 200 mm glass fibres.
The value of skin AF is calculated as the ratio of the light intensity in
the 420–600 nm wavelength range and the light intensity in the
300–420 nm wavelength range. Meerwaldt et al.13 have shown that
repeated skin AF measurements on one day show an overall Altman
error rate of 5.03%. Intra-individual seasonal variance shows an
Altman error rate of 5.87%. The differences between repeated
measurements do not alter depending on the skin AF level. Skin AF
was measured at the volar side of the lower arm at �10–15 cm
below the elbow fold. The measurement was performed three times
at a healthy skin site (i.e. without visible vessels, scars, or other skin
abnormalities) and an average was calculated.

Echocardiography
Patients underwent two-dimensional echocardiography.14 Echocardio-
graphy was performed by experienced technicians using a VIVID 7

system (General Electric, Horten, Norway) with a 2.5–3.5 MHz
probe. Measurements included left ventricular and atrial dimensions.
Diastolic function was evaluated with peak early (E) and late (A) dias-
tolic filling velocities, isovolumetric relaxation time (IVRT), left atrial
end-diastolic volume (LAEDV), left atrial end-systolic volume
(LAESV), and deceleration time (Dct) of the early peak filling. Early
diastolic tissue velocity (E′) was measured in colour-coded tissue
Doppler imaging (CC-TDI) and calculated in pulse-wave tissue
Doppler imaging with the formula described by Hummel et al.15 Fur-
thermore, left ventricular mass (LVmass) and left atrial volume index
(LAVI) were calculated.14 E′ values were measured on the lateral and
septal wall areas using CC-TDI. E/E′ was calculated by dividing the
E by the average E′ . Systolic dysfunction was determined by Simpson’s
LVEF and defined as LVEF ≤45%. When Simpson’s LVEF could not
reliably be determined, LVEF was estimated visually.14 Diastolic
function was categorized as no, mild, moderate, or severe diastolic
dysfunction according to the Recommendations for the Evaluation of
Left Ventricular Diastolic Function by the American Society of
Echocardiography.14

Cardiopulmonary aerobic capacity testing
Cardiopulmonary aerobic capacity testing was performed according to
the modified Bruce protocol, which increases the workload more
gradually than the Bruce protocol. The first stage is performed at
1.7 m.p.h. and 0% grade, the second stage at 1.7 m.p.h. and 5%
grade, and the third stage corresponds to the first stage of the
Bruce protocol.16 Each exercise test started with an acclimatization
period of standing on the treadmill. A standard 12-lead electrocardio-
gram was recorded continuously during exercise testing. Blood
pressure was registered on a regulatory basis using a manual cuff
sphygmomanometer. Patients were encouraged to continue the exer-
cise until their peak oxygen uptake (VO2) was reached, they became
uncomfortably symptomatic, or discontinuation was indicated for
safety reasons. Oxygen uptake, carbon dioxide production, and
minute ventilation were measured using breath-by-breath gas analysis.
Peak VO2 is determined as an average value of the two highest VO2

values at peak performance, expressed as mL/min/kg and as mL/min/
fat free mass as well as a percentage of predicted peak oxygen
consumption.

Statistical analysis
Variables that were normally distributed were expressed as mean+
SD, whereas non-normally distributed variables were expressed as
median (25–75% inter-quartile range). Nominal parameters were
expressed as n (%). Differences in characteristics between patient
groups were analysed using a t-test, when the parameter was normally
distributed or a Mann–Whitney U-test when normality was not met.
Correlation coefficients were calculated using Pearson’s correlation
coefficients. Based on earlier studies on predictors of exercise capacity
in diabetic patients, we predefined variables that were entered in the
multivariate model. Variables were considered in the multivariate
models when a P-value ,0.1 was obtained in univariate regression.
Variables that did not retain significance in the multivariable regression
analysis were subsequently removed from the model (backward selec-
tion). To test whether the model was appropriate and whether
assumptions for linear regression were met, the model was tested
for colinearity, interaction terms, and lack-of-fit analysis with variance.
Residuals were tested for normality of distribution. Analyses were per-
formed with SPSS 16.0.2 (SPSS Inc., Chicago, IL, USA). All statistical
tests were two sided and a P-value ,0.05 was considered statistically
significant.
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Results

Patient characteristics
Baseline characteristics of the study population are summarized in
Table 1. Mean age was 63+ 12 years, 168 (82%) were male, and
diabetic patients were older (P ¼ 0.001). Skin AF was higher in
patients with diabetes (2.8+ 0.8 vs. 2.3+ 0.7 a.u., P , 0.001).

There was no difference in LVEF (0.35+0.11 vs. 0.37+0.12%,

P ¼ 0.26) or LVmass (219+65 vs. 234+81 g, P ¼ 0.26)

between patients with and without diabetes. Diastolic function

was classified as mild in 88 (44%) patients, moderate in 38 (19%)

patients, and severe in 5 (3%) patients, which was not statistically

significant between diabetic and non-diabetic patients. However,

mean E′ was lower (4.8+1.9 vs. 5.6+ 2.0 cm/s, P ¼ 0.02) and
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Table 1 Baseline characteristics

Variables Total population
(n 5 205)

No diabetes
(n 5 156)

Diabetes
(n 5 49)

P-value

Age, years (mean+ SD) 63+12 61+12 68+10 0.001

Sex (male), n (%) 168 (82) 129 (83) 39 (80) 0.62

Race (Caucasian), n (%) 202 (99) 155 (99) 47 (96) 0.08

Cardiovascular risk factors, history of

Hypercholesterolaemia, n (%) 151 (74) 106 (68) 45 (92) 0.001

Hypertension, n (%) 76 (37) 51 (33) 25 (51) 0.02

Duration of hypertension, years [median (range)] 15+12 14+11 16+13 0.52

Smoking, n (%) 169 (83) 131 (84) 38 (78) 0.31

Body mass index, kg/m2 (mean+ SD) 28+5 28+4 30+6 0.01

Rhythm, n (%) 0.26

Sinus rhythm 179 (87) 138 (88) 41 (84)

Atrial flutter/fibrillation 22 (11) 14 (9) 8 (16)

Other 4 (3) 4 (3) 0 (0)

Systolic blood pressure, mmHg (mean+ SD) 121+19 119+19 126+19 0.05

Diastolic blood pressure, mmHg (mean+ SD) 73+10 74+11 72+8 0.12

Heart rate, b.p.m. (mean+ SD) 70+14 67+12 79+16 ,0.001

Aetiology of HF, n (%) 0.46

Ischaemic 131 (64) 95 (61) 36 (74)

Idiopathic 47 (23) 39 (25) 8 (16)

Rhythm disturbances 12 (6) 10 (6) 2 (4)

Other 15 (7) 12 (8) 3 (6)

NYHA functional class, n (%) 0.03

II 121 (59) 97 (62) 24 (49)

III 73 (36) 54 (35) 19 (39)

IV 11 (5) 5 (3) 6 (12)

Skin AF, a.u. (mean+ SD) 2.4+0.8 2.3+0.7 2.8+0.8 ,0.001

Laboratory assessments

Hb, mmol/L (mean+ SD) 8.8+0.9 8.9+0.8 8.5+0.9 0.03

eGFR, mL/min/1.73 m2 (mean+ SD) 75+23 77+21 69+26 0.05

HbA1c, % [median (range)] 5.8 (5.6–6.6) 5.7 (5.5–6.0) 7.1 (6.6–7.9) ,0.001

Echocardiography

LVEDD, ms (mean+ SD) 57+9 57+9 56+9 0.76

LVESD, ms (mean+ SD) 45+11 45+11 44+11 0.95

E/A ratio [median (range)] 0.87 (0.67–1.16) 0.88 (0.72–1.17) 0.74 (0.61–1.08) 0.11

IVRT, ms (mean+ SD) 100+22 98+22 105+24 0.09

Dct, ms (mean+ SD) 219+63 222+62 207+66 0.16

Mean E′, cm/s (mean+ SD) 5.4+2.0 5.6+2.0 4.8+1.9 0.02

E/E′ [median (range)] 13 (10–18) 12 (9–17) 14 (11–20) 0.02

LAEDV (mm) 38 (27–64) 36 (27–59) 49 (30–74) 0.05

LAESV (mm) 69 (51–94) 68 (50–90) 76 (53–98) 0.23

LAVI (mL/m2) 34 (26–46) 32 (25–45) 37 (27–49) 0.26

LVmass (g) 223+69 219+65 234+81 0.26

Continued
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LAEDV was larger [36 (27–59) vs. 49 (30–74) mm, P ¼ 0.05] in
patients with diabetes.

Multivariable linear regression showed that skin AF was deter-
mined by age, diabetes, smoking, and estimated glomerular fil-
tration rate (Table 2).

Association between tissue advanced
glycation end products and diastolic
function
Table 3 shows baseline characteristics of patients with low or high
tissue AGEs. Skin AF was measured in 197 (96%) of 205 patients.
Patients with skin AF above the mean were older (P , 0.001),
more often had diabetes (P , 0.001), a more impaired diastolic
function measured with mean E′ (P , 0.001), and aerobic exercise
capacity (P , 0.001). Figure 1 demonstrates the relation between
higher tissue AGEs and mean E′. Skin AF was significantly corre-
lated with diastolic function measured with mean E′

(r ¼ 20.310; P , 0.001, after adjustment for age, r ¼ 20.212;
P ¼ 0.004). Multivariable linear regression analysis showed that
skin AF remained independently associated with diastolic function
(P , 0.001, Table 4), after adjustment for potential confounders,

such as age, LVEF, hypercholesterolaemia, hypertension, duration
of hypertension, and body mass index.

Association between tissue advanced
glycation end products and exercise
capacity
Exercise capacity was measured in 133 (65%) of 205 patients and
was lower in diabetics compared with non-diabetics (17.6+5.1 vs.
22.4+ 6.0 mL/min/kg, P , 0.001). Table 5 shows that peak VO2

was related to skin AF (P ¼ 0.03), independent of age, diabetes,
LVEF, and NYHA functional class.

Discussion
The present study shows that tissue AGEs are higher in diabetic HF
patients compared with patients with HF without diabetes and are
independently associated with diastolic function and cardiopul-
monary aerobic exercise testing. This is the first study that
describes the association among tissue AGEs, diastolic function,
and aerobic exercise capacity in patients with HF with and
without diabetes.
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Table 1 Continued

Variables Total population
(n 5 205)

No diabetes
(n 5 156)

Diabetes (n 5
49)

P-value

LVEF (mean+ SD) 0.37+0.12 0.37+0.12 0.35+0.11 0.26

Peak VO2, mL/min/kg (n ¼ 133) (mean+ SD) 20.8+6.1 21.7+6.1 17.4+5.1 0.001

Medication use, n (%)

ACE inhibitor/ARB 190 (93) 144 (92) 46 (94) 0.71

Beta-blocker 182 (89) 138 (89) 44 (90) 0.80

Diuretics 116 (57) 80 (51) 36 (74) 0.01

Aldosterone antagonists 56 (27) 39 (25) 17 (35) 0.18

HF, heart failure; NYHA, New York Heart Association; skin AF, skin autofluorescence; Hb, haemoglobin; eGFR, estimated glomerular filtration rate; HbA1c, haemoglobin type
A1c; LVEDD, left ventricular end-diastolic diameter; LVESD, left ventricular end-systolic diameter; IVRT, isovolumetric relaxation time; Dct, deceleration time; LAEDV, left atrial
end-diastolic volume; LAESV, left atrial end-systolic volume; LAVI, left atrial volume index; LVmass, left ventricular mass; LVEF, left ventricular ejection fraction; Peak VO2, peak
oxygen uptake; ACE, angiotensin-converting enzyme; ARB, angiotensin receptor blocker.
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Table 2 Determinants of skin autofluorescence

Variables Skin AF

Univariate Multivariate (r 5 0.51, r2 5 0.26, P < 0.001)

b B (95% CI) P b B (95% CI) P

Age 0.38 0.03 (0.02;0.03) ,0.001 0.26 0.02 (0.01;0.03) ,0.001

Diabetes 0.31 0.55 (0.31;0.79) ,0.001 0.21 0.38 (0.16;0.61) 0.001

BMI 20.07 20.01 (20.03;0.01) 0.31

Smoking 0.18 0.23 (0.05;0.40) 0.01 0.20 0.25 (0.10;0.41) 0.002

eGFR 0.32 0.71 (0.41;1.02) ,0.001 20.18 20.01 (20.01;20.00) 0.01

Skin AF, skin autofluorescence; BMI, body mass index; eGFR, estimated glomerular filtration rate.
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Patients with diabetes have an increased risk of developing HF,
and multiple factors might explain this relation.17,18 Recently, it
was suggested that AGEs might be an important contributor to
the development of HF among patients with diabetes.5 The associ-
ation between AGEs and HF can be explained by two main mech-
anisms. First, AGEs affect the physiological properties of proteins in
tissues by creating crosslinks. Second, AGEs cause multiple vascu-
lar and tissue changes via the interaction with AGE receptors.

Exposure to AGEs can cause a significant delay in calcium
re-uptake causing diastolic dysfunction.

Others have shown that exercise capacity in diabetic patients is
more impaired compared with non-diabetics.8,9 In the present
study, we extended these findings to patients with HF. Several
studies have shown the importance of diastolic dysfunction as an
independent predictor of reduced exercise capacity, even after
adjusting for age.8 –10,19 In the present study, we found similar sys-
tolic function and LVmass, but lower early diastolic velocities, sug-
gestive of poorer diastolic function, although other diastolic
parameters of diastolic dysfunction did not show significant differ-
ences between patients with and without diabetes. Interestingly,
we found diastolic function to be a predictor of exercise capacity.
After adjustment for tissue AGEs, the predictive value of diastolic
function became non-significant. The most important novel finding
of the present study is, however, that we provided evidence for an
association between tissue AGEs and both mean E′ and exercise
capacity, suggesting that AGEs might explain the impaired diastolic
function (measured with mean E′), and therefore, the poorer exer-
cise capacity in diabetic HF patients.

Two limitations should be noted. First, tissue AGEs were
measured non-invasively at the volar side of the right arm. Although
this measurement has been validated against AGEs that are present
in the skin, the skin-AF reader has not been validated directly against
AGEs present in the heart. Second, we studied diastolic function in
patients with systolic HF. However, diastolic function is frequently
present in patients with systolic HF, and Bursi et al.20 showed that
diastolic function was even more impaired in patients with systolic
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Table 3 Baseline characteristics divided by mean skin autofluorescence

Variables Total population
(n 5 197)

Skin AF <mean
(n 5 110)

Skin AF >mean
(n 5 87)

P-value

Age, years (mean+ SD) 63+12 59+11 68+11 ,0.001

History of diabetes, n (%) 46 (23) 14 (13) 32 (37) ,0.001

Smoking, n (%) 165 (84) 90 (82) 75 (86) 0.43

Systolic blood pressure, mmHg (mean+ SD) 121+19 120+19 122+20 0.58

Diastolic blood pressure, mmHg (mean+ SD) 73+10 75+11 71+10 0.01

Aetiology, ischaemic, n (%) of HF 126 (64) 63 (57) 63 (72) 0.03

NYHA functional class, n (%) 0.003

II 114 (58) 74 (67) 40 (46)

III/IV 83 (42) 36 (33) 47 (54)

Laboratory assessments

Hb, mmol/L (mean+ SD) 8.8+0.9 9.0+0.7 8.4+0.9 ,0.001

eGFR, mL/min/1.73 m2 (mean + SD) 74+22 79+19 68+24 0.001

HbA1c, % [median (range)] 5.8 (5.6–6.6) 5.7 (5.5–6.2) 6.0 (5.6–6.9) 0.003

Echocardiography

E/E′ [median (range)] 12 (10–18) 11 (9–14) 14 (10–21) ,0.001

Mean E′, cm/s (mean+ SD) 5.5+2.0 6.0+1.8 4.8+1.9 ,0.001

LAEDV (mm) 39 (28–65) 37 (27–62) 41 (28–68) 0.65

LAVI (mL/m2) 34 (25–46) 32 (25–44) 36 (27–48) 0.19

LVEF, % (mean+ SD) 0.37+0.11 0.37+0.11 0.36+0.12 0.40

Peak VO2, mL/min/kg (mean+ SD) (n ¼ 131) 20.5+6.1 22.4+6.0 17.6+5.1 ,0.001

HF, heart failure; NYHA, New York Heart Association; Hb, haemoglobin; eGFR, estimated glomerular filtration rate; HbA1c, haemoglobin type A1c; LAEDV, left atrial
end-diastolic volume; LAVI, left atrial volume index; LVEF, left ventricular ejection fraction; Peak VO2, peak oxygen uptake.

Figure 1 Relation between mean E′ and skin autofluorescence
(Skin AF).
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HF compared with patients with diastolic HF. If AGEs provide a
pathophysiological explanation for impaired diastolic function and
poorer exercise capacity in diabetic HF patients, this might
provide a novel treatment option. Although diastolic dysfunction
is common and strongly related to symptoms, there is no standar-
dized treatment to improve diastolic function.21 –25 The stiffness
due to accumulation of AGEs could also be a target for intervention
with AGE breakers by reversing structural changes that are related
to diastolic function. The largest effect of AGE breakers can be
expected in older patients with diabetes or renal failure, who will
have a high amount of AGEs and may, therefore, benefit the most
from AGE intervention. Several AGE cross-link breakers, such as
alagebrium and TRC4186, are currently under investigation for
use in diabetic and non-diabetic HF patients.

Conclusion
Patients with diabetes and HF have similar LVEF but poorer exercise
capacity compared with non-diabetic HF patients. Our data suggest
that these findings might be explained by the observed association
among tissue AGE levels, diastolic function, and exercise capacity.
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