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Research Article

Physical activity and markers of glycation in older
individuals: data from a combined cross-sectional
and randomized controlled trial (EXAMIN AGE)
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Background: Advanced glycation end products (AGEs) are protein modifications that
are predominantly formed from dicarbonyl compounds that arise from glucose and lipid
metabolism. AGEs and sedentary behavior have been identified as a driver of acceler-
ated (vascular) aging. The effect of physical activity on AGE accumulation is unknown.
Therefore, we investigated whether plasma AGEs and dicarbonyl levels are different across
older individuals that were active or sedentary and whether plasma AGEs are affected by
high-intensity interval training (HIIT).
Methods: We included healthy older active (HA, n=38, 44.7% female, 60.1 +− 7.7 years
old) and healthy older sedentary (HS, n=36, 72.2% female, 60.0 +− 7.3 years old) in-
dividuals as well as older sedentary individuals with increased cardiovascular risk (SR,
n=84, 50% female, 58.7 +− 6.6 years old). The SR group was randomized into a 12-week
walking-based HIIT program or control group. We measured protein-bound and free plasma
AGEs and dicarbonyls by ultra-performance liquid chromatography tandem mass spectrom-
etry (UPLC-MS/MS) at baseline and after the HIIT intervention.
Results: Protein-bound AGE Nε-(carboxymethyl)lysine (CML) was lower in SR (2.6 +− 0.5
μmol/l) and HS (3.1 +− 0.5 μmol/l) than in HA (3.6 +− 0.6 μmol/l; P<0.05) and remained signif-
icantly lower after adjustment for several potential confounders. None of the other glycation
markers were different between HS and HA. HIIT did not change plasma AGEs and dicar-
bonyls in SR.
Discussion: Although lifestyle interventions may act as important modulators of cardiovas-
cular risk, HIIT is not a potent short-term intervention to reduce glycation in older individuals,
underlining the need for other approaches, such as pharmacological agents, to reduce AGEs
and lower cardiovascular risk in this population.

Introduction
Advanced glycation end products (AGEs) are linked to a plethora of age-related conditions includ-
ing cardiovascular disease (CVD) [1–4] and vascular diseases associated with diabetes [5,6]. As such,
this heterogeneous family of sugar–protein modifications has been identified as a potential driver of
the aging process [6]. The formation of AGEs is complex, but recent data have demonstrated that
glycolysis- and lipid oxidation-derived dicarbonyl compounds such as methylglyoxal (MGO), glyoxal
(GO) and 3-deoxyglucosone (3-DG) are important precursors in the rapid formation of AGEs such
as Nε-(carboxymethyl)lysine (CML), Nε-(carboxyethyl)lysine (CEL) and 5-hydro-5-methylimidazolone
(MG-H1) [7]. These toxic dicarbonyls and their derived AGEs are thought to be central players in the
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development of age-related diseases like diabetes mellitus and CVD [8–10]. Therefore, strategies to lower the bur-
den of high levels of AGEs may improve cardiovascular health. However, clinical studies targeting the formation of
dicarbonyls and AGEs with specific inhibitors did not achieve clinical implementation due to safety concerns and/or
limited potency to effectively lower AGEs in vivo [11].

Lifestyle intervention can be employed to effectively lower the burden of glycation in humans [12]. Physical activity
has a profound impact on insulin sensitivity and the rate of glycolysis and lipid oxidation [13]. Furthermore, physical
exercise has been shown to attenuate the age-related decline of cardiovascular function [14–16] and reduces both
cardiovascular morbidity and mortality [17,18]. These positive effects of physical exercise are believed to be largely
due to an improvement of metabolic control, and may therefore be in part due to a reduction in AGEs and dicar-
bonyls. Indeed, animal studies have suggested that physical exercise may reduce dicarbonyl stress and AGEs [19].
However, human studies linking exercise training with dicarbonyl stress or AGEs are sparse and have yielded con-
flicting outcomes with either positive, [20–22] negative, [23] or no effects [24,25] on AGE levels, presumably due to
heterogeneities between study populations and techniques used to measure AGEs. In the current study, we tested the
hypothesis that sedentary behavior is associated with increased levels of glycation, and that an exercise intervention
reduces the rate of glycation. Specifically, we investigated whether AGE and dicarbonyl levels differed between older
active and sedentary individuals with and without cardiovascular risk factors. Additionally, we assessed the effect of
high-intensity interval training (HIIT) in a randomized controlled trial in older sedentary individuals at increased
cardiovascular risk.

Methods
Study design and procedures
The Exercise, Arterial Crosstalk Modulation, and Inflammation in an Aging population (EXAMIN AGE) study was
designed to investigate the influence of physical activity on healthy aging and the effects of high intensity training
as described in detail recently [16,26,27]. In the cross-sectional part, we examined the association between physical
activity and fitness, and plasma AGEs and dicarbonyls in healthy older active (HA, n=38) and healthy sedentary (HS,
n=36) individuals, as well as older sedentary individuals with increased cardiovascular risk (SR, n=84). For the in-
terventional part, the SR group was randomized into a 12-week walking-based HIIT group (n=44) or a control group
with standard physical activity recommendations based on current guidelines (n=40), [28] in order to examine the
effects of HIIT on AGE and dicarbonyl levels in older adults (see flowchart, Supplementary Figure S1). All procedures
were performed as previously described [26].

Briefly, HA and HS as well as SR participants were recruited and enrolled in the cross-sectional study based on
data from the first visit. Recruitment of the SR group was based on the agreement to take part in the exercise program
following the cross-sectional assessment (which served as a baseline examination for the consecutive intervention
study). At the first visit, anthropometric measurements were performed, physical activity was assessed, and 24-h
blood pressure monitoring and blood sampling were performed. On a separate visit cardiopulmonary exercise testing
was performed to assess maximal oxygen uptake (VO2 max) as an estimate of peak endurance performance. For the
intervention study, all measurements were repeated during the follow-up visit 12 weeks later, n=40 of the HIIT group
and n=34 of the control group completed the intervention study.

VO2 max was measured using the Cortex Metalyzer R 3B metabolic test system (Cortex Biophysik GmbH, Leipzig,
Germany). All participants wore an Aipermotion 440 accelerometer (Aipermon GmbH, Munich, Germany) for six
consecutive days on their left hip. From the five most active days, we calculated walking and fast walking in minutes
per day, distance in meter per day and total steps per day using the AiperView 440 and ActiCoach MPAT2Viewer
Software (Aipermon GmbH, Munich, Germany). The Freiburg Questionnaire of Physical Activity (FQPA) was used to
assess self-reported sport activities in metabolic equivalents (METs) per week based on the Ainsworth Compendium
[29].

All participants were medically examined by the study physician before inclusion, and written informed consent
was obtained from all eligible individuals. All study procedures and ethical considerations have been previously de-
scribed [26]. The present study was conducted in accordance with the Declaration of Helsinki and approved by the
Ethics Committee of Northwestern and Central Switzerland (EKNZ-2015-351). The EXAMIN AGE study was regis-
tered on ClinicalTrials.gov (NCT02796976) in June 2016.
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Study population and in-/exclusion criteria
Both the healthy active and healthy sedentary group included healthy men and women aged 50–80 years without
cardiovascular risk factors, with an active lifestyle (>9 MET/week) or a sedentary lifestyle (≤3 MET/week), respec-
tively. Individuals with a history of cardiovascular, pulmonary or chronic inflammatory disease, a blood pressure ≥
140/90 mmHg during 24-h monitoring, macular degeneration or glaucoma, a history of smoking or any additional
risk factors, were excluded.

The SR group was aged 50–80 years, and had at least two additional cardiovascular risk factors (being either obe-
sity, elevated triglyceride or low-density lipoprotein (LDL) levels, decreased high-density lipoprotein (HDL) levels,
elevated blood pressure, elevated plasma glucose, or current smoking; the risk factor distribution is shown in Supple-
mentary Table S1) [26]. Individuals with decompensated cardiovascular, pulmonary or chronic inflammatory disease,
macular degeneration, glaucoma or compromising orthopedic problems were excluded from the study.

Exercise intervention
The SR group were randomized to the intervention or control group by an independent research assistant. The phys-
ical exercise intervention comprised of a 12-week supervised Nordic Walking-based HIIT, performed three times per
week. In the first week, the participants trained with an intensity of 75% of their maximum heart rate to get familiar-
ized with a continuous walking-based training. In the second week, a stepwise increase in the intensity up to 80–90%
of their maximum heart rate was performed. In the following 10 weeks, the participants performed the HIIT based on
the following protocol with a total duration of 45 min per session: warm-up for 10 min at 60–70% of maximum heart
rate, followed by a high-intensity interval consisting of 4 × 4 min at 80–90% with 3 min of active recovery at 60–70%,
and a cool-down of 10 min at 60–70%. Heart rate was monitored during training by standard heart rate sensors.
The control group received physical activity recommendations based on the European Guidelines on Cardiovascular
Disease Prevention in Clinical Practice [28].

Measurement of plasma dicarbonyls and AGEs
All plasma samples were stored at −80◦ C prior to analyses. Plasma levels of dicarbonyls and AGEs were measured in
EDTA plasma samples. Ultra-performance liquid chromatography tandem mass spectrometry (UPLC-MS/MS) was
used to determine plasma levels of the free and protein-bound AGEs CML, CEL, MG-H1, [30] and the dicarbonyls
MGO, GO and 3-DG [31]. Coefficients of variation were all below 10%. To infer influence of plasma protein content
on protein-bound AGE levels, we measured total plasma protein with the Bradford reaction.

Statistics
Baseline characteristics were presented as mean +− standard deviation or as interquartile ranges when applicable.
Differences at baseline between the HA, HS and SR groups were tested with one-way ANOVA. We used linear regres-
sion to assess associations between physical activity classification (determinant) and plasma AGE levels or plasma
dicarbonyls (outcome). Betas were expressed as standardized regression coefficients. We adjusted for potential con-
founders: Model 1: crude analysis, Model 2: crude analysis + confounders (age, sex, fat and muscle mass, LDL- and
glucose levels). The associations with protein-bound AGEs were also adjusted for total plasma protein levels. Next,
we assessed the effect of the HIIT intervention on the plasma glycation markers, using a one-way ANCOVA with
correction for baseline values. We Ln-transformed protein-bound MG-H1 and the free AGEs to achieve a normal
distribution of the residuals in these analyses.

Results
Table 1 shows the baseline characteristics of the cross-sectional EXAMIN AGE study comparing HA, HS and SR
groups.

Plasma glycation levels in older active and sedentary subjects
To investigate the influence of active and sedentary behavior on plasma levels of glycation, we first compared crude
plasma AGE and dicarbonyl levels across the HA, HS, SR groups. We found that plasma protein-bound CML levels
were significantly lower in HS compared with HA, and still lower in SR (Table 1, Figure 1). GO, a major dicarbonyl pre-
cursor for CML, was also significantly lower in HS and SR. We made similar observations for MGO and MGO-derived
MG-H1, although this was significant only for MG-H1 in the SR group (Figure 1). In line with plasma glucose levels
(Table 1), levels of the glucose-derived dicarbonyl 3-DG were significantly higher in SR, but not in HS.
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Figure 1. Plasma levels of AGEs and dicarbonyl compounds in HA subjects (n=38), HS subjects (n=36) and SR (n=84)

Using UPLC-MS/MS we measured levels of protein-bound CML (A), CEL (B), MG-H1 (C), free CML (D), CEL (E) and MG-H1 (F), and

the dicarbonyl compounds MGO (G), GO (H) and 3-DG (I). Represented data are mean +− SD (A,B,G–I) or median and interquartile

ranges (C–F), as appropriate. Differences were compared with ANOVA with Bonferroni correction. * = P<0.05. Skewed variables

were Ln-transformed.
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Table 1 Participants’ characteristics

HA (n=38) HS (n=36) SR (n=84)

Sex (female, %) 44.7 72.2 50.0

Age (years) 60.1 +− 7.7 60.0 +− 7.3 58.7 +− 6.6

BMI (kg/m2) 22.1 +− 1.7 24.8 +− 2.4 33.2 +− 4.1

Fat mass (kg) 13.0 +− 3.8 22.8 +− 5.9 37.9 +− 9.7

Muscle mass (kg) 28.6 +− 4.3 25.9 +− 4.8 31.6 +− 6.9

Current smoker (%) 0 0 33.0

Systolic BP (mmHg) 127.8 +− 15.3 127.2 +− 14.9 132.3 +− 14.3

Diastolic BP (mmHg) 77.8 +− 8.1 81.0 +− 8.2 87.3 +− 9.7

Fasting glucose (mmol/l) 4.7 +− 0.4 4.7 +− 0.5 5.8 +− 1.8

LDL cholesterol (mmol/l) 2.9 +− 0.7 3.1 +− 0.8 3.2 +− 0.8

HDL cholesterol (mmol/l) 2.0 +− 0.4 1.7 +− 0.4 1.3 +− 0.3

Triglycerides (mmol/l) 1.0 (0.7–1.1) 1.0 (0.8–1.3) 1.6 (1.1–1.8)

VO2 max (ml/min/kg) 42.5 +− 8.3 29.9 +− 4.3 26.0 +− 4.3

Accelerometer

Walking (min/day) 108 +− 45 104 +− 39 91 +− 39

Fast walking (min/day) 29 (23–41) 16 (6–28) 11 (4–20)

Distance (meter/day) 9310 +− 3385 6424 +− 2696 5568 +− 2397

Steps (n) 13267 +− 4870 10105 +− 3828 8712 +− 3588

Glycation markers

Protein-bound CML (nmol/l) 3586 +− 606.5 3091 +− 466.1 2556 +− 504.0

Protein-bound CEL (nmol/l) 2254 +− 467.2 2315 +− 592.2 2493 +− 642.1

Protein-bound MG-H1 (nmol/l) 1762 (1572–2324) 1535 (1294–2085) 1325 (1112–1565)

Free CML (nmol/l) 90.0 (75–110.5) 93.5 (70.3–115.3) 99.0 (80.5–141.0)

Free CEL (nmol/l) 49.0 (38.5–55.0) 49.0 (36.3–57.0) 54.5 (44.0–64.0)

Free MG-H1 (nmol/l) 100.0 (65.5–155.0) 109.5 (73.8–130) 100.5 (77.0–157.3)

MGO (nmol/l) 757.9 +− 292.6 652.1 +− 249.7 665.0 +− 267.8

GO (nmol/l) 1372 +− 343.5 1163 +− 354.7 1195 +− 345.9

3-DG (nmol/l) 1143 +− 101.7 1121 +− 154.0 1412 +− 455.6

Abbreviations: HA subjects, HS subjects and SR. Blood pressure (BP), LDL, HDL. Glycation markers: protein-bound and free CML, CEL, MG-H1 and
the dicarbonyl compounds MGO, GO and 3-DG. Represented data are mean +− SD or median and interquartile ranges, as appropriate.

Next, we performed linear regression analyses to address potential confounding with regard to the associations
between the sedentary groups and plasma AGE and dicarbonyl levels. Adjustment for potential confounders (sex,
age, fat and muscle mass, LDL- and glucose levels) strongly attenuated the association between lower CML levels and
the HS and SR groups relative to HA (Table 2, Model 2). The point estimates of the association between lower plasma
MG-H1 levels and SR, relative to HA, were slightly attenuated after adjustment for potential confounders (Table 2,
Models 1–2). Adjustment for total plasma protein did not influence any of the associations with the protein-bound
AGEs (data not shown).

The association between lower GO levels and SR was attenuated and lost statistical significance after adjustment for
potential confounders (Table 2, Model 2), while the association with healthy older sedentary (HS) remained largely
unaffected. The association between SR and higher 3-DG levels reversed when we adjusted for potential confounders
(Table 2, Model 2).

Associations between plasma glycation levels and VO2 max
Next, we pooled all subjects (HA and HS and SR groups) to study the associations between physical fitness and plasma
AGEs and dicarbonyls. In line with the lower plasma CML levels in HS and SR, we found that a higher VO2 max,
as a marker of physical fitness, was associated with higher plasma CML levels (Table 3, Model 1). This association
was attenuated after adjustment for potential confounders (sex, age and fat and muscle mass, LDL- and glucose levels
(Table 3, Model 2). Although a higher VO2 max was also associated with MG-H1 levels in a crude analysis, this
association lost statistical significance after adjustment for potential confounders (Table 3, Models 1–2). Likewise,
the association between a higher VO2 max and lower 3-DG levels was no longer significant after adjustment for
potential confounders (Table 3, Models 1–2).
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Table 2 Associations between plasma AGE and dicarbonyl levels of HS subjects and older sedentary subjects at risk
(SR) compared with HA subjects, adjusted for potential confounders

Model HS SR HS SR HS SR

PB CML PB CEL Ln-PB MG-H1

1 −0.74 (−1.09 to −0.38) −1.51 (−1.82 to −1.21) 0.10 (−0.36 to 0.56) 0.40 (0.01 to 0.79) −0.27 (−0.69 to 0.16) −0.96 (−1.32 to −0.60)

2 −0.55 (−0.93 to −0.16) −0.87 (−1.39 to −0.35) 0.17 (−0.33 to 0.66) 0.23 (−0.44 to 0.90) −0.22 (−0.68 to 0.25) −0.93 (−1.56 to 0.30)

Ln-free CML Ln-free CEL Ln-free Ln-MG-H1

1 0.09 (−0.36 to 0.54) 0.33 (−0.06 to 0.71) −0.07 (−0.49 to 0.36) 0.38 (0.02 to 0.74) −0.11 (−0.56 to 0.34) −0.05 (−0.42 to 0.34)

2 0.16 (−0.32 to 0.63) 0.34 (−0.29 to 0.98) −0.13 (−0.54 to 0.27) −0.04 (0.58 to 0.51) −0.11 (−0.56 to 0.34) −0.13 (−0.73 to 0.47)

MGO GO 3-DG

1 −0.39 (−0.86 to 0.08) −0.36 (−0.76 to 0.03) −0.59 (−1.04 to −0.14) −0.52 (−0.91 to −0.14) −0.06 (−0.39 to 0.27) 0.64 (0.36 to 0.92)

2 −0.44 (−0.94 to 0.07) −0.40 (−1.08 to 0.28) −0.51 (−1.01 to −0.02) −0.28 (−0.94 to 0.39) −0.17 (−0.34 to 0.00) −0.12 (−0.34 to 0.11)

β’s are expressed per standard deviation plasma AGE, healthy older sedentary (HS, n=36) and SR (n=84) versus HA (n=38) as the reference group.
The free AGEs and protein-bound MG-H1 were Ln transformed prior to analyses.
Model 1: Crude
Model 2: 1+ age, sex, fat mass and muscle mass, fasting LDL and glucose levels.

Table 3 Associations between VO2 max and plasma AGEs and dicarbonyl levels

Model PB CML PB CEL Ln-PB MG-H1

1 0.48 (0.34 to 0.62) −0.06 (−0.23 to 0.10) 0.29 (0.14 to 0.44)

2 0.27 (0.05 to 0.49) −0.07 (−0.35 to 0.22) 0.17 (−0.10 to 0.44)

Ln-free CML Ln-free CEL Ln-free MG-H1

1 −0.08 (−0.23 to 0.07) −0.07 (−0.21 to 0.07) 0.10 (−0.05 to 0.25)

2 −0.14 (−0.40 to 0.12) 0.01 (−0.22 to 0.23) 0.06 (−0.20 to 0.31)

MGO GO 3-DG

1 0.08 (−0.08 to 0.24) 0.13 (−0.03 to 0.29) −0.21 (−0.33 to −0.09)

2 0.09 (−0.20 to 0.38) 0.11 (−0.18 to 0.39) 0.03 (−0.07 to 0.13)

Pooled analysis of all subjects from the HA (n=38), HS (n=36) and SR (n=84) group combined. Glycation markers: protein-bound
(PB) and free CML, CEL, MG-H1, and the dicarbonyl compounds MGO, GO and 3-DG. β expressed as standard deviation plasma
AGE per standard deviation VO2 max. The free AGEs and protein-bound MG-H1 were Ln transformed prior to analyses.
Model 1: Crude
Model 2: 1+ age, sex, fat mass and muscle mass, fasting LDL and glucose levels.

A 12-week HIIT and plasma glycation markers in sedentary individuals at
increased cardiovascular risk
Next, we studied whether HIIT can reduce plasma AGEs and dicarbonyls. Although the intervention significantly
increased VO2 max and muscle mass and decreased weight, fat mass, BMI, and LDL after 12 weeks (Table 4), [16]
we found no statistically significant effects on plasma protein-bound or free CML, CEL and MG-H1 levels or plasma
MGO, GO and 3-DG levels by the HIIT intervention (Figure 2). There were no significant mean differences between
control and HIIT for any of the glycation markers when we adjusted for the baseline values (Table 5). Additionally,
we analyzed the trial excluding individuals using glucose-lowering medication (n=6 in the control and n=6 in the
HIIT group), this did not alter any of the results (data not shown).

Discussion
The main finding from the cross-sectional part of the present study is that plasma levels of glycation were not higher
in sedentary subjects (either the HS or SR groups) as compared with active subjects (the HA group). Protein-bound
plasma levels of CML in fact appeared to be lower in the HS and SR groups. In line, higher CML levels were associated
with a higher VO2 max, but no other consistent associations were found between markers of glycation and sedentary
behavior or VO2 max. A second main finding is that a 12-week HIIT intervention did not influence any of the plasma
glycation markers.

Our current cross-sectional findings are in line with our previous study showing higher CML concentrations in
lifelong endurance athletes compared with sedentary individuals [23]. We also confirm a positive association between
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Table 4 Participants’ characteristics of SR before and after intervention

Control (n=34) Intervention (n=40)
Baseline Follow-up Baseline Follow-up

BMI 32.9 +− 4.8 32.5 +− 4.7 32.9 +− 3.3 32.5 +− 3.4

Current smoker (%) 32.4 35.4 30.0 25.0

Systolic BP (mmHg) 128.7 +− 13.5 134.2 +− 14.3 134.2 +− 14.3 133.8 +− 11.9

Diastolic BP (mmHg) 85.4 +− 10.3 88.2 +− 9.5 88.2 +− 9.5 86.9 +− 7.1

Fasting glucose (mmol/l) 5.8 +− 1.4 5.6 +− 1.2 5.8 +− 2.1 5.7 +− 1.7

LDL cholesterol (mmol/l) 3.0 +− 0.7 2.9 +− 0.8 3.3 +− 0.8 3.0 +− 0.8

HDL cholesterol (mmol/l) 1.4 +− 0.3 1.4 +− 0.4 1.3 +− 0.3 1.3 +− 0.3

Triglycerides (mmol/l) 1.6 (1.1–1.8) 1.5 (1.1–2.3) 1.5 (1.2–1.8) 1.4 (1.2–1.70)

VO2 max (ml/min/kg) 26.1 +− 5.0 25.0 +− 4.0 26.4 +− 3.8 28.7 +− 4.1*

Accelerometer

Walking (min/day) 97 +− 39 94 +− 42 89 +− 41 92 +− 39

Fast walking (min/day) 10 (5–20) 8 (3–20) 12 (4–21) 14 (7–24)

Distance (meters/day) 5868 +− 2495 5615 +− 2652 5556 +− 2428 5796 +− 2207

Steps (n) 9256 +− 3648 8920 +− 4108 8591 +− 3628 9065 +− 3497

Glycation markers

Protein-bound CML (nmol/l) 2647.5 +− 547.1 2618.6 +− 607.8 2587.2 +− 457.0 2602.8 +− 429.4

Protein-bound CEL (nmol/l) 2435.5 +− 515.9 2220.9 +− 540.5 2471.0 +− 521.3 2446.5 +− 561.5

Protein-bound MG-H1
(nmol/l)

1273 (1056–1499) 1435 (1212–1663) 1481 (1121–1618) 1337 (1202–1536)

Free CML (nmol/l) 95.5 (76.8–149.3) 103.9 (78.2–142.4) 102.0 (83.0–132.0) 105.2 (82.5–126.7)

Free CEL (nmol/l) 57.0 (41.0–71.8) 54.7 (38.6–67.8) 54.0 (44.0–61.8) 57.0 (43.2–78.7)

Free MG-H1 (nmol/l) 104.0 (62.75–138.5) 120.6 (85.0–186.7) 100.0 (77.0–159.0) 126.1 (82.0–180.9)

MGO (nmol/l) 643.1 +− 276.0 830.3 +− 346.4 684.7 +− 203.1 1013.8 +− 627.9

GO (nmol/l) 1218.9 +− 335.9 1411.5 +− 453.7 1227.6 +− 362.0 1439.2 +− 437.1

3-DG (nmol/l) 1368.1 +− 301.4 1368.5 +− 273.8 1455.5 +− 550.8 1378.2 +− 454.3

Blood pressure (BP), LDL, HDL. Data are represented as mean +− standard deviation or as interquartile ranges, as appropriate. *P<0.05,
versus control differences were compared across group allocation at follow-up with ANCOVA adjusting for baseline values. Glycation markers:
protein-bound and free CML, CEL, MG-H1, and the dicarbonyl compounds MGO, GO and 3-DG.

Table 5 Mean differences between control and HITT for plasma AGEs and dicarbonyls

Glycation markers
(nmol/l)

% change control
(ratio geom. means

FU-BL values)

% change
intervention (ratio

geom. means
FU-BL values)

Mean difference
(control −

intervention)
Lower bound 95%

CI
Upper bound 95%

CI

Protein-bound CML −1.5 −0.8 −20.17 −167.71 127.37

Protein-bound CEL −9.3 −1.9 −213.48 −459.97 33.01

Protein-bound MG-H1 11.1 −4.3 0.082 −0.028 0.19

Free CML 2.6 −2.4 0.040 −0.103 0.183

Free CEL −6.5 6.8 −0.097 −0.242 0.047

Free MG-H1 9.6 10.5 0.013 −0.192 0.218

MGO 24.4 34.1 −161.70 −398.12 74.72

GO 10.3 17.0 −25.45 −229.42 178.53

3-DG 0.5 −2.1 54.51 −33.33 142.34

Mean differences and % change of plasma AGEs and dycarbonyls, between the HIIT intervention (n=40) and control group (n=34) in SR. In
individuals randomized to either control or HIIT intervention, we measured at baseline and follow-up levels of protein-bound CML, CEL, MG-H1,
free CML, free CEL, free MG-H1, and the dicarbonyl compounds MGO, GO and 3-DG with UPLC-MS/MS. Differences were compared across
group allocation at follow-up with ANCOVA adjusting for baseline values. Represented data are mean differences between the control and
intervention group with 95% confidence intervals. Protein-bound MG-H1 and free AGEs were ln transformed to achieve a normal distribution
of the residuals and therefore presented on the Ln scale.
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Figure 2. Effect of HIIT on plasma AGE and dycarbonyl compounds in SR

In individuals randomized to either control (n=34) or HIIT (n=40) intervention, we measured at baseline and follow-up levels of

protein-bound CML (A), CEL (B), MG-H1 (C), and free CML (D), CEL (E) and MG-H1 (F), and the dicarbonyl compounds MGO (G),

GO (H) and 3-DG (I) with UPLC-MS/MS. Represented data are mean +− SD (A,B,G–I) or median and interquartile ranges (C–F), as

appropriate. Differences were compared across group allocation at follow-up with ANCOVA adjusting for baseline values.

CML and VO2 max. Although we do not have a clear explanation for the finding of higher plasma CML levels in
more active individuals, exercise generally promotes tissue repair, turnover of matrix proteins and the breakdown of
cross-links in the vessel wall, [7,32,33], which may lead to higher levels of circulating protein-bound AGEs. Another
explanation for the higher AGEs levels in HA individuals could be a higher metabolic rate, resulting in an increased
formation of AGEs [34,35]. Furthermore, greater physical activity is associated with a higher caloric intake and we
recently demonstrated that higher energy intake (kcal/day) is associated with a higher intake of dietary AGEs [36].
Therefore, higher energy intake in active individuals may, at least in part, explain the increased levels of CML in
these individuals. Unfortunately, we could not take potential confounding by dietary factors fully into account in the
current study.

So far, human studies linking exercise training with plasma AGE levels have yielded conflicting results. It has been
demonstrated that a 12-month Tai Chi intervention reduced plasma AGEs in healthy middle-aged adults [20] and
that physical training in patients with either HIV [21] or breast cancer [22] also reduced circulating glycation levels. In
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agreement with these studies, an animal study showed a reduction in plasma dicarbonyls and CML in rats subjected
to physical exercise (treadmill running), [19] although the interventions and metabolic effects in animals are, in
general, more severe than in human studies. In contrast with the reduction in pre(AGEs) by physical activity found
in the abovementioned studies, a clinical study with middle-aged overweight and obese men did not show any effect
on serum AGEs after a 3-month aerobic moderate intensity exercise intervention [25]. We previously found, using
state-of-the-art measurements of dicarbonyls and AGEs with UPLC tandem MS, that lifelong exercise training was
linked to reduced plasma levels of the AGE MG-H1 and reduced dicarbonyl stress while plasma CML and CEL were
higher [23]. These mixed outcomes of physical activity on (pre)AGEs are presumably due to heterogeneities between
study populations, duration of intervention, the intensity of physical activity and techniques used to measure AGEs.
Our current study adds to previous work by including a large array of protein-bound and free AGEs as well as the
major dicarbonyls, providing a relatively large sample size of older adults and applying a HIIT intervention in the
context of plasma glycation for the first time.

The present study has a few important implications. First, the current study suggests that it is unlikely that glycation
in older individuals can easily or quickly be targeted by interventions that improve physical fitness through HIIT. This
is relevant as we previously found that caloric restriction is a potent intervention to reduce dicarbonyl stress [37].
In addition, scavenging compounds that reduce glycation may therefore still be needed to lower glycation in vivo.
This is challenging, as some of these compounds such as aminoguanidine were either linked to potential toxicity,
or had limited efficacy when tested in humans [38]. However, some compounds such as pyridoxamine, carnosine
or carnosinol and the trans-resveratrol/hesperetin co-formulation remain under active investigation with potential
efficacy and a more favorable pharmacologic profile [39–41].

The present study has several limitations. We showed previously that free plasma AGEs are associated with dietary
intake of AGEs [36] and in our study, we cannot exclude the confounding influence of dietary AGEs. Moreover, we
do not know if the current findings were in any way confounded by caloric intake. Furthermore, our intervention,
although quite intense for older individuals, had a duration of 12 weeks, and longer interventions may have had
more profound effects on plasma glycation markers. Finally, we cannot rule out that exercise lowers tissue AGEs and
dicarbonyls, but that this change is not reflected by plasma measurements. It should also be noted that our results
cannot be generalized to a younger population.

Clinical perspectives
• The effect of physical activity on AGE accumulation is still unknown and human studies linking exer-

cise training with dicarbonyl stress or AGEs have yielded conflicting results.

• Plasma markers of glycation are not increased in sedentary individuals or lower in physically active
older individuals. Protein-bound CML levels were positively associated with VO2 max, and appeared
to be associated with physical fitness.

• These findings imply the need for other approaches, such as pharmacological agents, directed at
reducing age-related diseases and cardiovascular risk through reduction in the glycation pathway.
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