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Abstract
Aging leads to accumulation of irreversible advanced glycation end-products (AGEs), contributing
to vascular stiffening and endothelial dysfunction. When combined with the AGE-crosslink
breaker Alagebrium, exercise training reverses cardiovascular aging in experimental animals. This
study is the first to examine the effect of Alagebrium, with and without exercise training, on
endothelial function, arterial stiffness and cardiovascular risk in older individuals. Forty-eight non-
exercising individuals (mean age 70±4 years) without manifest diseases or use of medication were
allocated into 4 groups for a 1-year intervention: Exercise training & Alagebrium (200mg/day);
Exercise training & placebo; No exercise training & Alagebrium (200mg/day); No exercise
training & placebo. We performed a maximal exercise test (VO2max) and measured endothelial
function using venous occlusion plethysmography and intra-arterial infusion of acetylcholine,
sodium nitroprusside and NG-monomethyl-L-arginine. Arterial stiffness was measured using pulse
wave velocity. Cardiovascular risk was calculated using the Lifetime Risk Score (LRS). In the
exercise training groups, LRS and VO2max improved significantly (23.9±4.5 to 27.2±4.6mlO2/
min/kg, p<0.001). Endothelial response to the vasoactive substances did not change, nor did
arterial stiffness in any of the four groups. In conclusion, one year of exercise training
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significantly improved physical fitness and lifetime risk for cardiovascular disease without
affecting endothelial function or arterial stiffness. The use of the AGE-crosslink breaker
Alagebrium had no independent effect on vascular function, nor did it potentiate the effect of
exercise training. Despite the clinical benefits of exercise training for older individuals, neither
exercise training nor Alagebrium (alone or in combination) was able to reverse the vascular effects
of decades of sedentary aging.
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1. Introduction
Advanced age is associated with an increased risk for cardiovascular diseases, at least partly
because of age-related changes in vessel characteristics that lead to arterial stiffening and
endothelial dysfunction (Lakatta and Levy, 2003; Seals et al., 2011). Another detrimental
age-related impact on arterial vessels is the accumulation of Advanced Glycation End-
products (AGEs) in the arterial wall (Bakris et al., 2004; Brownlee, 1995; Zieman and Kass,
2004). AGEs are the end-product of a non-enzymatic reaction with sugar derivatives that
leads to irreversible protein-protein crosslinks. This process occurs continuously and
ultimately results in an accumulation of complex arrangements of cross-linked proteins and
AGEs (Bakris et al., 2004; Brownlee, 1995; Zieman and Kass, 2004). When AGEs link to
long-lived proteins, such as collagen in the arterial wall, they contribute to arterial stiffening
(Bakris et al., 2004; Brownlee, 1995; Zieman and Kass, 2004). Furthermore, AGEs bind to
specific AGE-binding receptors on endothelial cells and quenches nitric oxide, thereby
leading to endothelial dysfunction (Brownlee, 1995; Smit and Lutgers, 2004; Zieman and
Kass, 2004).

Based on the potential role of AGEs in the development of endothelial dysfunction and
arterial stiffness, i.e. characteristic vascular adaptations that relate to the increased
cardiovascular risk in the older population, therapeutic strategies that reverse the process of
AGE formation and accumulation may have beneficial potential. A pharmacologic agent has
been created to specifically break already formed AGE-crosslinks (Vasan et al., 1996). This
drug, a thiazolium-derivative known as Alagebrium, breaks established AGE-crosslinks
between proteins (Kass et al., 2001). Previous animal studies and initial phase I and II
patient studies demonstrated a reduced vascular stiffness and improved endothelial function
(Bakris et al., 2004; Kass et al., 2001; Zieman et al., 2007). Whether older individuals, who
typically demonstrate endothelial dysfunction and stiffer arteries, also benefit from an AGE-
crosslink breaker is currently unknown.

Physical exercise training is a potent stimulus to reduce cardiovascular risk, but also
improve endothelial function and arterial stiffness (DeSouza et al., 2000; Taddei et al., 2000;
Tanaka et al., 2000). Preliminary work in rats suggested that the combination of exercise
training and an AGE-crosslink breaker reverses cardiovascular adaptations to advanced age
in rats (Steppan et al., 2012). Whether AGE-crosslink breakers enhance the cardiovascular
benefits from exercise training in humans is currently unknown. Therefore, the aim of our
study was to examine the effects of a 1-year treatment with the AGE-crosslink breaker
Alagebrium on endothelial function, arterial stiffness and cardiovascular risk in healthy
older individuals, and combine this intervention in a factorial design with exercise training.
The primary hypothesis was that both 1-year AGE-crosslink breakers and aerobic exercise
training improve endothelial function and arterial stiffness. An additional hypothesis was the
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presence of a superior effect on endothelial function and arterial stiffness when both
interventions were combined.

2. Methods
2.1 Ethics Statement

The study was performed according to Good Clinical Practice standards, and approved by
the Medical Ethics Committee (Arnhem/Nijmegen, the Netherlands). All participants gave
written informed consent. This study is registered at Clinical Trial.gov (NCT01417663).

2.2 Participants
Forty-eight older individuals (age 70±4years), who did not perform regular (≤1h/week)
exercise for the last 5-10 years, were recruited from the local community (Figure 1). All
participants were non-smoking subjects, aged ≥65 years, without diseases or disorders that
could compromise physical activity, were not regularly seeing a general practitioner or
medical specialist and were not using medication known to interfere with the cardiovascular
system or hormone replacement therapy. None of our participants have (a history of)
cardiovascular disease. Furthermore, participants with hypertension (>160/90mmHg),
diabetes mellitus, hypercholesterolemia (total cholesterol >7.5mmol/l) and body mass index
>32.5kg/m2 were excluded from participation. Because of our assessment of endothelial
function in the lower limbs, we also excluded participants with the presence of significant
atherosclerotic lesions in the lower limbs found with physical examination indicated by
murmers over the femoral artery or the absence of peripheral pulsations of the dorsalis pedis
artery and/or posterior tibial artery.

2.3 Experimental Design
After an extensive medical screening, participants were allocated to 4 different intervention
groups according to a factorial design for a 1-year intervention: 1) Exercise training &
Alagebrium; 2) Exercise training & placebo; 3) No exercise training (control) &
Alagebrium; 4) No exercise training (control) & placebo.

Measurements were performed before, during (6 months) and after one year. First,
participants were clinically evaluated to be healthy. Then, we performed non-invasive
vascular measurements of the common femoral artery diameter and central pulse wave
velocity (i.e. arterial stiffness). On a separate day, participants performed an incremental
maximal bicycle exercise stress test. Before and after the 1-year intervention, we also
assessed lower limb endothelial function using venous occlusion plethysmography and intra-
arterial infusion of vasoactive substances. This measurement was performed on a separate
day.

2.4 One year intervention
2.4.1 Exercise training—The randomization procedure for exercise training was
performed with 48 envelopes. Exercise training was performed 3 times/week for 12 months
on a cycle ergometer (Medgraphics, Corival Cycle Ergometer, St Paul, MN, USA). Each
exercise session consisted of 10 minutes warm up, followed by 30 minutes of cycling
exercise at 70–85% of the individual heart rate reserve and ended with 5 minutes cool down.
Heart rate was continuously monitored (Polar RS800; Polar Electro Oy, Kempele, Finland).
Workload was individually adjusted throughout the training to enhance physical fitness. The
researchers were blinded during data analysis.
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2.4.2 Alagebrium vs. placebo—Participants were randomized to AGE-crosslink breaker
Alagebrium 100mg twice a day or placebo (twice a day). This dose of Alagebrium,
produced by Synvista Therapeutics, was selected as the lowest dose that was effective in
both animal (Asif et al., 2000; Vaitkevicius et al., 2001) and human (Bakris et al., 2004;
Kass et al., 2001) studies to maximize efficacy and minimize toxicity. Double-blind
randomization was controlled by the university hospital pharmacist and was kept strictly
confidential during the study. Compliance with the study drug was controlled by asking
participants to keep a journal and sign the time of each ingestion. Every 3 months, this
journal was compared with the (empty) strips of tablets.

2.5 Measurements
2.5.1 General characteristics—All participants underwent clinical evaluations
including measurements of body composition. Blood pressure measurements were
performed three times in the supine position using a manual sphygmomanometer around the
left arm after a 10 minute rest. Venous blood samples were taken after an overnight fast to
measure lipid levels, glucose and glycosylated haemoglobin (HbA1c). In addition, high
sensitivity C-reactive protein (hs-CRP) was examined as a measure of inflammation.

2.5.2 Incremental maximal bicycle exercise stress test—An incremental maximal
exercise stress test on a bicycle ergometer (Lode, Excalibur Sport, Groningen, the
Netherlands) was performed to measure maximal oxygen uptake (VO2max) (Balady et al.,
2010). After 3 minutes rest, participants started cycling at a workload of 50Watt, which was
increased by 10Watt/minute. Continuous measurement of oxygen uptake (VO2) was
performed using an automatic gas analyzer (Oxycon alpha, Jaeger, Breda, the Netherlands).
Peak oxygen uptake (mlO2/min/kg) was calculated as the average oxygen uptake during the
last minute of the test and then scaled for body weight and lean body mass.

2.5.3 Cardiovascular risk—The Lifetime Risk Score (LRS) is based on an algorithm that
incorporates gender, age, systolic blood pressure, diabetes mellitus, total cholesterol,
smoking, body mass index, and physical fitness (Berry et al., 2012; Berry et al., 2011). The
LRS has a strong predictive capacity for future cardiovascular mortality (Berry et al., 2012;
Berry et al., 2011).

2.5.4 Vascular measurements—Vascular measurements were performed under
standardized conditions. Participants were asked to refrain from coffee, tea, alcohol,
chocolate, vitamin C supplements or fruit 14 hours prior and fasting overnight prior to the
examinations. Room temperature was set at 22±1°C.

Common femoral artery diameter: Using high-resolution echo ultrasonography with a 7.5
MHz linear array transducer (Picus, Pie Medical Benelux, Maastricht, the Netherlands) we
measured the right common femoral artery (CFA) diameter 2cm proximal to the bifurcation
(Thijssen et al., 2007). The percentage change in arterial diameter was calculated and used
for analysis.

Arterial stiffness: We measured systemic arterial stiffness using central pulse wave velocity
(PWV) (Vlachopoulos et al., 2010). A three lead electrocardiogram (ECG) was used for R-
wave detection. The pulse wave was measured by echo-Doppler ultrasound (WakiLoki
Doppler, 4MHz, Atys) at the left carotid artery and right CFA.

Lower limb endothelial function: Endothelial function of the lower limb was measured
from resistance artery blood flow responses using venous occlusion plethysmography during
intra-arterial infusion of vasoactive substances (Joyner et al., 2001; Wilkinson and Webb,
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2001) in the upper leg, previously described in detail by Kooijman et al. (Kooijman et al.,
2003). In short, an intra-arterial cannula was introduced into the right CFA at the level of the
inguinal ligament. This cannula was used for intra-arterial administration of vasoactive
substances and for intra-arterial blood pressure monitoring. Bilateral blood flow in the upper
legs was measured by ECG-triggered venous occlusion plethysmography. Mercury-in-
silastic strain gauges were placed at mid thigh to quantify changes in leg volume from
changes in upper leg blood flow.

After instrumentation and at least 45 minutes after cannulation of the femoral artery,
infusion of the vasoactive substances started. We infused the endothelium dependent
vasodilator acetylcholine (ACh), the endothelium independent vasodilator sodium
nitroprusside (SNP), and the nitric oxide synthase inhibitor NG-monomethyl-L-arginine (L-
NMMA). Acetylcholine was administered at 1, 4, 16, 32 and 64 μg/mL/100mL leg volume,
SNP 0.06, 0.20 and 0.60 μg/mL/100mL leg volume, and L-NMMA 0.05, 0.10, 0.20 and 0.40
mg/mL/100mL leg volume. The order of infusion was fixed and each substance was infused
for 5 minutes. During each substance infusion, the calf circulation was occluded by inflating
cuffs directly below the knee to suprasystolic values (≥220 mmHg) to avoid the use of high
dosages with subsequent possible systemic effects of the vasoactive substances (Kooijman et
al., 2003). Two consecutive infusions were performed before deflating the lower leg cuffs to
restore normal blood flow for 5 minutes. During these 5 minutes of recovery, 0.9% saline
(or 5% glucose during SNP measurements) was infused to maintain a constant flow rate.
Between administration of different substances a 20 minute rest period was inserted with
continuous flow of 0.9% saline.

Besides changes in blood flow, the blood flow ratio between the infusion and control leg
was also calculated to correct for possible systemic effects.

2.6 Statistical Analysis
Statistical analysis was performed using the Statistical Package for the Social Sciences
(SPSS, Chicago, IL, USA). Data are presented as mean ± standard deviation (SD), except
for the figures in which mean ± standard error of the mean (SEM) are used. At baseline, a
one-way ANOVA (Analysis of variance) comparison was performed between the 4 groups
with Bonferroni correction. Differences between the 4 groups in response to the 1-year
intervention were analyzed using the Linear Mixed Model. The interaction between exercise
training and Alagebrium was analyzed (Time*Training*Medication), and both individual
effects of exercise training vs. no exercise training and Alagebrium vs. placebo were
analyzed (Time*Training and Time*Medication, respectively). Changes in blood flow and
blood flow ratio responses to increasing dosages of vasoactive substances were also
analyzed using the Linear Mixed Model at baseline and after one year. Statistical
significance was set at a (2-sided) p-value <0.05. Sample size was calculated for an effect of
Alagebrium and exercise training on endothelial function. Based on previous studies
(DeSouza et al., 2000; Kooijman et al., 2003; Taddei et al., 2000) that examined the
influence of physical activity on endothelial function using intra-arterial infusion of ACh,
SNP, and L-NMMA, a group size of 10 subjects is sufficient to detect relevant changes in
endothelial function of 3.9ml/min/dl with exercise training with a power of >0.95, given a
standard deviation of 4.7ml/min/dl and an α-error of 0.05. Moreover, based on previous
work from our lab (Thijssen et al., 2007), 8 subjects would allow for a power of >0.95 to
detect a change in arterial compliance with exercise training of 0.015mm2/mmHg given a
standard deviation of 0.01mm2/mmHg and an alpha error of 0.05. The magnitude of both of
these changes would be considered clinically and physiologically significant. Due to the
long intervention period and possibility for drop-outs, group sizes of 12 participants were
created.
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3. Results
Four individuals, 1 per intervention arm, did not finish the intervention due to reasons
unrelated to the intervention (Figure 1). At baseline, we found no differences between the 4
groups in gender, age, and physical fitness (Table 1). Also, no differences were observed in
cardiovascular risk factors, e.g. body composition, blood pressure, total cholesterol,
triglycerides, glucose, HbA1c, and hs-CRP among the 4 groups at baseline (Table 1). Drug
compliance was high with >95% of the drug taken.

One year of exercise training significantly improved physical fitness by 15%
(Time*Training p<0.001, Figure 2). Alagebrium did not influence physical fitness
(Time*Medication p=0.969 and Time*Training*Medication p=0.757).

The 1-year intervention did not alter body composition, blood pressure, lipid levels, glucose,
and HbA1c in any of the 4 groups (all p>0.10, Table 1). A small interaction effect was seen
in hs-CRP when combining the 4 groups (Time*Training*Medication p=0.048). However,
nor the individual effect of exercise training, nor the individual effect of medication had a
significant influence on hs-CRP levels (Time*Training p=0.194 and Time*Medication
p=0.987, respectively). Furthermore, no overall difference was seen in hs-CRP before and
after one year (n=44, pre 1.83±1.38mg/l vs. post 1.60±1.14mg/l, paired t-test p=0.166).

3.1 Cardiovascular risk prediction
Lifetime Risk Score significantly improved after exercise training (Time*Training p=0.014),
with an 8% decrease in 30-year risk prediction. Alagebrium did not change LRS or alter the
impact of exercise training on Lifetime Risk Score (Time*Medication p=0.972 and
Time*Training*Medication p=0.476, respectively, Figure 3).

3.2 Vascular measurements
Common femoral artery diameter—Due to technical problems, we had to exclude 7
participants from the echo Doppler measurements. Exercise training was associated with an
increase in CFA diameter of 6% (Time*Training p=0.043). Use of the AGE-crosslink
breaker Alagebrium did not change CFA diameter or alter the magnitude of effect observed
with exercise training (Time*Medication p=0.948 and Time*Training*Medication p=0.837,
respectively, Table 2).

Arterial stiffness—We did not observe changes in arterial stiffness measured with pulse
wave velocity after any of the four 1-year interventions (Table 2).

Endothelial function—All participants received ACh and SNP, and by design 24
participants were given L-NMMA. Due to technical problems, 8 participants were excluded
from analyses (Figure 1). We found no significant effect of the interventions (exercise
training, Alagebrium, or both) on blood flow or blood flow ratio responses to the
incremental doses of ACh, SNP or L-NMMA (all p>0.10, Figures 4 and 5). In addition, no
differences were observed amongst the four groups in blood flow or blood flow ratio
responses to the pharmacological stimuli at baseline as well as after one year of intervention
(Figures 4 and 5).

4. Discussion
We examined the effects of the AGE-crosslink breaker Alagebrium, alone and in
combination with aerobic exercise training on endothelial function, arterial stiffness and
cardiovascular risk in sedentary older individuals. Although our interventions were
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performed successfully (i.e. improvement in physical fitness of 15% and drug intake
compliance of >95%), none of the interventions improved endothelial function or arterial
stiffness. Nonetheless, the Lifetime Risk Score improved significantly in the exercise
training groups, whilst the AGE-crosslink breaker was not associated with any further
improvement. Therefore, the cardioprotective effects of 1-year exercise training in
previously sedentary older subjects cannot be potentiated by the AGE-crosslink breaker
Alagebrium, nor be explained by improvements in endothelial function or arterial stiffness.

Our primary outcome measure, the endothelial function, was measured using intra-arterial
infusion of (incremental doses of) vasoactive drugs, which is widely considered to be the
“gold standard” (Joyner et al., 2001; Wilkinson and Webb, 2001). Despite a 15%
improvement in physical fitness and >95% compliance in drug intake, neither endothelium-
dependent or - independent vasodilation, nor the contribution of nitric oxide to basal
vascular tone, changed in any group over the intervention period. While most studies
investigating Alagebrium have focused on arterial and ventricular stiffness, only one study
examined the influence of short term (8 weeks) Alagebrium on endothelial function (Zieman
et al., 2007). They reported an improvement in brachial artery endothelial function.
However, this outcome was measured in 10 patients with isolated systolic hypertension
(versus our healthy older individuals), in a different vascular bed (i.e. a conduit artery in the
upper arm versus resistance vessels in the lower limbs in the present study), and using the
widely used method of flow mediated dilation; i.e. an indirect method to measure
endothelial function.

Even though there is consistency in the literature about the positive effects of exercise
training on improving endothelial function in patient groups in whom endothelial function is
initially depressed, the effect of exercise training on endothelial function of subjects with
marginal endothelial dysfunction are less obvious (Bergholm et al., 1999; Thijssen et al.,
2007; Thijssen et al., 2010). In contrast to several exercise training studies that reported
improved endothelial function in the brachial artery after training (DeSouza et al., 2000;
Seals et al., 2011; Taddei et al., 2000), the endothelial function in the lower limbs did not
improve in our study groups. A first explanation may relate to differences in vascular
responses between the arms and legs, with lower limbs being less responsive to exercise
training as the lower limbs already demonstrate a higher activity level than the upper limbs
during daily living (e.g. during walking, cycling, climbing the stairs) (Rowley et al., 2011;
Thijssen et al., 2011). Another explanation for this discrepancy may be the long duration of
exercise training in our study. Indeed, previous studies found that exercise training initially
leads to functional adaptations (improved endothelium), followed by structural adaptations
(increase in vascular diameter) when exercise training continues, allowing endothelial
function to return towards baseline levels (Thijssen et al., 2010). Interestingly, we observed
an increase in CFA diameter in the exercise training groups, most likely as a result of the
repeated exposure of elevation in shear stress on the arterial wall during exercise (Thijssen
et al., 2010). Subsequently, functional endothelial responses might have returned to baseline
near the end of our study. However, this remains speculative since we did not perform
repeated measures to assess the time course of endothelial function.

We found no change in arterial stiffness after our interventions. The observation of unaltered
stiffness after training is in line with a recent study that found that intrinsic structural
characteristics of the arterial wall remained unaffected in previously sedentary elderly after
one year of exercise training (Shibata and Levine, 2012). However, both animal and human
studies found that Alagebrium decreased arterial stiffness (Kass et al., 2001; Little et al.,
2005; Vaitkevicius et al., 2001; Zieman et al., 2007). In our study, we found a small, albeit
non-significant, trend of Alagebrium to improve central PWV. More recently, the
combination of Alagebrium with exercise training, in a design similar to the present study
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but performed in rats, reversed the effects of cardiovascular aging in older sedentary rats
(Steppan et al., 2012). Differences between studies in doses of Alagebrium and exercise, but
also in species examined may explain these results.

An important difference between our study and previous human studies that examined AGE-
crosslink breakers is the inclusion of patient populations versus non-diseased participants in
our study. Cardiovascular patients demonstrate a priori endothelial dysfunction and arterial
stiffening that likely exceeds that of non-diseased, sedentary older individuals. Therefore,
interventions in such populations are more amenable to an improvement. Nonetheless, the
rationale of our study to examine older individuals is strong, since it is known that this
population is associated with an increased cardiovascular risk, has decreased endothelial
function and reports stiffer arteries compared with young individuals (DeSouza et al., 2000;
Lakatta and Levy, 2003; Seals et al., 2011; Taddei et al., 2000; Tanaka et al., 2000).

This study represents the longest duration of therapy with an AGE-crosslink breaker in
humans reported in the literature, whilst we are the first to combine AGE-crosslink breakers
with exercise training in humans. Some short duration (open-label) AGE-crosslink breaker
studies with patient groups found an improvement in endothelial function (Zieman et al.,
2007) and a decrease in arterial and possibly myocardial stiffness (Kass et al., 2001; Little et
al., 2005; Zieman et al., 2007), while a longer 9-month study with stable heart failure
patients showed no improvements in cardiac function with Alagebrium (Hartog et al., 2011).

Whilst the lack of improvement in endothelial function and arterial stiffness after a 1-year
intervention is somewhat disappointing, our results strongly reinforce previous suggestions
that vascular changes induced by biological aging and physical inactivity cannot be easily
reversed. According to Byberg et al. (Byberg et al., 2009), it takes several years for middle-
aged men to achieve a decrease in (all cause) mortality after becoming physically active
after years of physical inactivity. Also in our study, we included older subjects who have not
performed (regular) exercise for the last several years. Thus, despite the strong rationale for
direct effects of AGE-crosslink breaker Alagebrium and exercise training on the arterial
wall, our 1-year intervention may be insufficient to undo the negative effects of decades of
sedentary aging.

Despite the absence of a direct effect on the vasculature, significant improvement in
physical fitness has important health benefits (Byberg et al., 2009; Löllgen et al., 2009).
Physical fitness has recently been demonstrated to have the strongest predictive capacity for
future cardiovascular diseases and all-cause mortality (Blair et al., 1989; Kodama et al.,
2009). Indeed, the improvement in physical fitness in the exercise training groups
importantly contributed to the significant improvement in Lifetime Risk Score, whilst
Alagebrium did not have any (additional) effects. Therefore, it must be emphasized that,
despite the absence of a direct vascular effects, the performance of a 1-year exercise training
program in previously sedentary elderly resulted in a significant and clinically meaningful
reduction in risk for future cardiovascular disease.

4.1 Limitations and strengths
The use of invasive and highly valid measures of endothelial function, the long intervention
period with a unique combination of novel interventions, and the high compliance with
drug-intake and exercise training represent unique aspects of our study. Nonetheless, our
study has a number of potential limitations. For example, power analysis supported a sample
size of 8-10 participants per group to detect relevant differences with a small chance of type
II error. Even though not all participants could be included in the analysis of the endothelial
function, even the Control & Alagebrium group (n=10) failed to show differences after the
one year intervention. Nor were there trends in any of the other groups (n=9).Thus, even if
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all data from the venous occlusion plethysmography could have been used, it is unlikely that
a physiologically meaningful improvement in endothelial function was missed. Also, arterial
stiffness, with presumably sufficient participants per group, did not improve with these
interventions. This suggests that the beneficial effects of exercise training on cardiovascular
risk are not explained by improvements in endothelial function or arterial stiffness. Another
potential limitation is that we did not measure blood levels and pharmacokinetics of
Alagebrium. However, we were meticulous at ensuring compliance with the study
medication. Moreover, the doses used in this study were comparable to the doses used in
other pre-clinical and clinical trials where an effect of Alagebrium to break AGE-crosslinks
was evident (Asif et al., 2000; Bakris et al., 2004; Kass et al., 2001; Vaitkevicius et al.,
2001).

5. Conclusion
One year of exercise training in older individuals significantly improved physical fitness and
lifetime risk for cardiovascular disease without affecting endothelial function or arterial
stiffness. The use of the AGE-crosslink breaker Alagebrium had no independent effect on
vascular function, nor did it potentiate the effect of endurance training. Despite the benefits
and cardioprotective effects of exercise training for older individuals, neither exercise nor
Alagebrium (either alone or in combination) was able to reverse the effects of decades of
sedentary aging on the vasculature.
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Study highlights

• Aging is accompanied by the formation of advanced glycation end-products
(AGEs).

• AGE-crosslink breaker Alagebrium is thought to reduce cardiovascular risk.

• Unique one year intervention with Alagebrium and/or exercise training in
elderly.

• Alagebrium had no additional effect on the cardioprotective effects of exercise.

• Exercise training and Alagebrium were unable to reverse the effects of
sedentary aging.
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Figure 1.
Consort-style flowchart regarding inclusion, allocation and drop-out of participants.
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Figure 2. Significant increase in physical fitness after one year of exercise training
Exercise training groups (solid lines: with Alagebrium ●; with placebo ○) significantly
improved their physical fitness, while the control groups (dashed lines: with Alagebrium ■;
with placebo □) showed a small, non-significant, decline in VO2max.
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Figure 3. Improvement in Lifetime Risk Score with one year intervention of exercise training
Lifetime Risk Score improved significantly in the exercise training groups (solid lines: with
Alagebrium ●; with placebo ○) while the control groups (dashed lines: with Alagebrium ■;
with placebo □) did not change significantly. Alagebrium had no influence on the Lifetime
Risk Score.
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Figure 4. Mean blood flow response to intra-arterial infusion of vasoactive substances
No changes were observed in mean blood flow response to increasing dosage of vasoactive
substances between any of the four groups during the year intervention: exercise training &
Alagebrium (solid line + ●), exercise training & placebo (solid line + ○), control &
Alagebrium (dashed line + ■), and control & placebo (dashed line + □). Pre = baseline
measurements, post = after 1-year interventions.
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Figure 5. Blood flow ratio response to intra-arterial infusion of vasoactive substances
No changes were observed in blood flow ratio (infusion/control leg) response to increasing
dosage of vasoactive substances between any of the four groups during the year
intervention: exercise training & Alagebrium (solid line + ●), exercise training & placebo
(solid line + ○), control & Alagebrium (dashed line + ■), and control & placebo (dashed
line + □). Pre = baseline measurements, post = after 1-year interventions.
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Table 1

Characteristics and cardiovascular risk factors of the 4 groups at baseline and after one year intervention.

Characteristics Baseline & after one year
intervention

Linear Mixed Model: changes due to the 1-year interventions

Exercise training No exercise training Time*Training Time*Medication Time*Training Medication

Alagebrium placebo Alagebrium placebo p-value p-value p-value

Male : Female (n) 6:5 8:3 8:3 3:8

Age (years) 69±3 68±3 70±3 71±5

VO2max (mlO2/min/kg) <0.001 0.969 0.757

    Baseline 23.2±4.2 24.5±4.9 25.6±4.3 24.1±4.2

    12 months 26.7±4.0 27.7±5.2 25.0±4.7 23.9±3.6

VO2max per lean body mass (mlO2/min/
kg)

<0.001 0.740 0.864

    Baseline 36.4±6.7 35.5±5.7 36.0±5.1 35.5±5.9

    12 months 40.2±4.9 40.3±5.7 34.5±5.5 34.9±5.1

Body Mass Index (kg/m2) 0.812 0.209 0.706

    Baseline 26.9±3.5 27.0±2.6 26.6±3.0 24.3±3.3

    12 months 26.2±4.0 26.8±2.9 26.2±3.1 24.3±3.1

Lean Body Mass (kg) 0.225 0.610 0.777

    Baseline 53.8±13.3 57.1±9.6 55.2±8.5 46.6±8.7

    12 months 53.2±11.5 56.6±9.5 55.4±8.8 47.1±8.7

Waist circumference (cm) 0.790 0.366 0.763

    Baseline 97.7±11.5 96.4±7.5 93.3±9.6 88.2±11.0

    12 months 96.8±11.9 96.3±7.5 92.8±8.5 89.0±10.4

Hip circumference (cm) 0.491 0.735 0.772

    Baseline 103.4±5.9 103.2±5.8 101.9±6.0 99.6±7.1

    12 months 102.5±7.2 102.9±6.1 100.6±5.9 98.6±6.3

Waist-to-Hip ratio 0.228 0.597 0.869

    Baseline 0.94±0.06 0.94±0.04 0.92±0.08 0.88±0.07

    12 months 0.94±0.06 0.94±0.03 0.92±0.08 0.90±0.07

Systolic blood pressure (mmHg) 0.230 0.275 0.189

    Baseline 128±10 131±9 137±15 134±15

    12 months 128±14 128±8 138±17 135±16

Diastolic blood pressure (mmHg) 0.869 0.376 0.703

    Baseline 80±9 76±6 79±8 79±12

    12 months 80±9 74±3 80±10 76±10

Pulse Pressure (mmHg) 0.155 0.629 0.150

    Baseline 47±7 56±8 58±14 56±9

    12 months 49±9 53±9 58±16 59±9

Total cholesterol (mmol/l) 0.467 0.162 0.422

    Baseline 5.3±1.0 5.7±0.9 5.5±0.6 5.2±0.9

    12 months 5.1±0.8 5.9±0.9 5.2±0.7 5.1±0.5
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Characteristics Baseline & after one year
intervention

Linear Mixed Model: changes due to the 1-year interventions

Exercise training No exercise training Time*Training Time*Medication Time*Training Medication

Alagebrium placebo Alagebrium placebo p-value p-value p-value

HDL cholesterol (mmol/l) 0.763 0.662 0.918

    Baseline 1.4±0.3 1.2±0.2 1.2±0.3
1.6±0.2

*

    12 months 1.4±0.4 1.3±0.3 1.2±0.3 1.6±0.3

LDL cholesterol (mmol/l) 0.789 0.204 0.437

    Baseline 3.4±1.0 4.1±0.7 3.7±0.5
3.2±0.7

*

    12 months 3.1±0.7 4.1±0.8 3.5±0.5 3.1±0.5

Triglycerides (mmol/l) 0.125 0.401 0.673

    Baseline 1.2±0.4 1.0±0.3 1.2±0.4 1.0±0.4

    12 months 1.3±0.5 1.2±0.3 1.2±0.4 1.0±0.3

Glucose (mmol/l) 0.831 0.390 0.502

    Baseline 5.2±0.6 4.9±0.5 5.1±0.4 4.9±0.3

    12 months 5.1±0.8 5.2±0.6 5.1±0.5 4.9±0.3

HbA1c (%) 0.358 0.244 0.728

    Baseline 5.6±0.4 5.8±0.3 5.7±0.4 5.6±0.2

    12 months 5.6±0.4 5.8±0.4 5.5±0.6 5.5±0.2

Hs-CRP (mg/l) 0.194 0.987 0.048

    Baseline 1.4±1.0 2.3±1.3 2.1±1.7 1.4±1.3

    12 months 1.9±1.4 1.4±1.0 2.0±1.3 1.2±0.9

Data are presented as mean ± standard deviation. Abbreviations: HDL high density lipoprotein, LDL low density lipoprotein, HbA1c glycosylated
hemoglobin, hs-CRP high sensitivity C-reactive protein.

*
At baseline (one-way ANOVA) HDL cholesterol was higher in the no exercise training & placebo group compared with the exercise training &

placebo group (p=0.011) and no exercise training & Alagebrium group (p=0.012). LDL cholesterol was lower in the no exercise training & placebo
group compared with the exercise training & placebo group (p=0.049).
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Table 2

Vascular measurements with common femoral artery diameter and arterial stiffness.

Vascular measurements Linear Mixed Model: changes due to the 1-year interventions

Exercise training No exercise training Time*Training Time*Medication Time*Training Medication

Alagebrium placebo Alagebrium placebo p-value p-value p-value

Common femoral artery diameter (mm) 0.043 0.948 0.837

Baseline 9.5±0.9 10.1±1.3 10.7±1.8 9.8±1.6

    6 months 10.0±1.0 10.5±1.4 10.9±1.5 9.9±1.6

    12 months 10.1±1.0 10.6±1.3 10.9±1.5 10.0±1.6

Arterial stiffness, pulse wave velocity (m/s) 0.425 0.106 0.886

Baseline 13.3±5.4 11.0±3.2 13.2±4.3 11.5±3.0

    6 months 11.7±3.7 10.8±2.4 12.7 ±2.8 12.4±3.4

    12 months 12.3±4.1 11.4±2.6 12.2±1.7 12.7±3.9

Data are presented as mean ± standard deviation.
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