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Abstract
Advanced glycation end products (AGEs) are involved in several pathophysiologic processes in vascular diseases, including
progressive loss of elasticity of the vessel wall (arterial stiffness). Circulating soluble receptors for AGEs (sRAGE) act as a
decoy and counterbalanced the harmful properties of AGEs as the natural protective factor. We compared the role of circulating
or skin-deposed AGEs and sRAGE regarding the natural course of arterial stiffening. In a prospective cohort study, we
longitudinally followed 536 general population-based subjects (subsample of Czech post-MONICA study). Aortic pulse-wave
velocity (PWV) was measured twice (at baseline and after ~8 years of follow-up) using a SphygmoCor device (AtCor Medical
Ltd), and the intraindividual change in PWV per year (ΔPWV/year) was calculated. Concentrations of sRAGE and
carboxymethyl lysine (circulating AGEs) were assessed at the follow-up visit by ELISA, while skin AGEs were measured using
the autofluorescence-based device AGE Reader. Using multiple regressions, we found significant association between ΔPWV/
year as a dependent variable, and both, sRAGE and skin AGEs as independent ones (each on its own model). However, the
closest associations to ΔPWV/year were found for the ratio of these two factors (skin AGEs/sRAGE) [β coeff= 0.0747 (SE
0.0189), p < 0.0001]. In a categorized manner, subjects with skin AGEs/sRAGE ratio ≥ 3.3 showed about twofold higher risk
having ΔPWV/year ≥ 0.2 m/s [adjusted odds ratio was 2.09 (95% CI: 1.35–3.22), p= 0.001]. In contrast, neither circulating
AGEs nor circulating AGEs/sRAGE showed any significant relation to ΔPWV/year. In conclusion, skin AGEs/sRAGE ratio
seems to be a more sensitive biomarker of vascular aging than these single factors themselves or circulation status of AGEs.

Introduction

Progressive stiffening of the arterial wall is the most typical
phenotype of vascular aging. The pathophysiology of this
process (collectively known as “arteriosclerosis”) involves
several parallel mechanisms [1], from mechanical damage and
loss of elasticity, caused by fragmentation of elastin fibers, to

calcification of arterial media, and infiltration by other com-
pounds. Generally, dynamic of arterial stiffening may sub-
stantially vary across different individuals, and “vascular age”
is not completely equal to “calendar age” for each of us.

Advanced glycation end products (AGEs) represent het-
erogeneous groups of compounds that arise from none-
nzymatic reactions between reducing sugars and biological
proteins or lipids [2, 3]. AGEs develop even in euglycemia,
but their formation is accelerated in hyperglycemic state,
oxidative stress, or prolonged lipid/protein turnover [4]. AGEs
interact with their specific membrane receptor (RAGE), and
via nuclear factor kappa-B gene expression, activate several
other pathophysiologic cascades (release of inflammatory
cytokines, increase in oxidative stress, etc.). Clinically, AGEs
potentiate multiple microvascular and macrovascular com-
plications, and RAGE is expressed on cardiomyocytes,
smooth muscle cells, endothelial cells, and in several other
tissues [5, 6]. Rather specific is the deleterious effect of AGEs
on the levels of the vessel wall, where AGE–RAGE interac-
tion culminates into cross-linking of collagen fibers. These
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cross-links lead not only to mechanical reinforcement of
collagen fibers, but because of higher resistance to enzymatic
proteolysis, increase the relative collagen content in the
arterial wall; these processes collectively lead to increased
arterial stiffness again [7, 8].

However, a pathophysiologic situation on the levels of
AGE–RAGE interaction (“AGE–RAGE axis”) is much
more complicated [4]. First of all, there are four different
species of RAGE: full-length membrane RAGE (generally
responsible for the harmful consequences of AGEs), mem-
brane N-truncated RAGE (with a still unknown role), and
two circulating C-truncated isoforms, esRAGE and sRAGE.
These circulating receptors act as a decoy, competing with
full-length RAGE for binding of the ligand (AGEs) [9].
Thus, these circulating isoforms represent natural defense
against the deleterious effects of AGEs. Another problem is
the interpretation of the results regarding circulating RAGE
species, because two contradictory scenarios were described:
low concentrations of sRAGE or esRAGE were associated
with increased cardiovascular risk (in line with their pre-
sumed pathophysiological role) [10], but also high levels of
sRAGE were identified as a mortality indicator in acutely ill
patients (perhaps the physiological response to acute load of
AGEs during stress conditions) [11].

The association between arterial stiffness (quantified
using pulse-wave velocity, PWV) and several components
of the AGE–RAGE axis (circulating AGEs, sRAGE, or
esRAGE) was times reported previously [12–15], but with
the exception of our previous recent prospective follow-up
study [16], all had a cross-sectional design. Moreover, due
to the above-mentioned complexity of AGE–RAGE inter-
action, a recent summary report [17] advocates to use a ratio
between a ligand (AGEs) and its circulating receptor
(esRAGE or sRAGE), instead of single factors. In the
present analysis, we would like to test this concept using a
prospective design, and in the context of a natural course of
arterial stiffening (individual increase in aortic PWV during
about 8 years) as the dynamic outcome.

Methods

The study protocol was approved by the local Ethics
Committee of the University Hospital in Pilsen, and written
informed consent was obtained from all participants of the
study. All procedures performed were in accordance with
the principles of Good Clinical Practice, formulated in the
1964 Declaration of Helsinki and its later amendments.

Design and study population

The analysis represents a prospective cohort study of a
general population-based sample (Fig. 1). The initial study

sample consisted of 1103 individuals examined as a part of
Czech post-MONICA study in 2008. A random 1% sample
of Pilsen region residents aged 25–75 years were selected
from General Health Insurance Registry—all details are
reported elsewhere [15, 18]. From this sample (examined in
2008), over time, 115 subjects had moved and 87 deceased;
therefore, 901 individuals were eventually invited to attend
clinical examination.

A total of 632 subjects responded to our invitation
(70.1% response rate) to attend the second visit (follow-up
examination) after ≈8 years or more. However, PWV
measurements or AGE–RAGE axis parameters were una-
vailable or lack appropriate quality in 96 subjects, and they
had to be excluded from the final analysis. Thus, the total
analyzed population consisted of 536 subjects who have
two PWV measurements ≈8 years apart available (i.e., from
baseline examination in 2008 and from follow-up visit in
2016/17).

Clinical examination and laboratory analysis

We obtained information on each subject’s personal char-
acteristics, personal and family history of coronary artery
disease, lifestyle (smoking, drinking, exercise habits, etc.),
and pharmacotherapy. Height and weight were measured

Fig. 1 Study flowchart. #Baseline examination, i.e., the first PWV
measurement; §follow-up examination, i.e., the second PWV mea-
surement. AGE–RAGE axis components, estimated at this time point,
were used as key exploratory variables.

The role of advanced glycation end products in vascular aging: which parameter is the most suitable as. . . 241



using a SECA 767 (SECA Gmbh & co, Hamburg, Ger-
many) scale with a telescopic measuring rod. Body mass
index (BMI) was calculated as body weight (kg)/height2

(m2). Blood pressure (BP) was measured using auscultatory
technique with standard mercury sphygmomanometers at
baseline, and with auscultatory-controlled electronic NIS-
SEI DM-3000 device (NISSEI, Tokyo, Japan) at follow-up.
Appropriate-size arm cuffs were used. Three consecutive
BP measurements were taken in a patient in sitting position
on the right arm; the average BP was determined as the
average of the second and third measurements.

The properties of large arteries were measured based on a
2006 Expert Consensus Document [19]. Arterial measure-
ments were obtained after 15 min of rest in the supine
position in a quiet room, using a SphygmoCor MM3 device
(AtCor Medical Ltd, Sydney, NSW, Australia). Aortic
PWV was measured between carotid and femoral arteries. It
was calibrated by measuring BP on the contralateral arm
before the recordings. The distance between the carotid
pulsation and jugular fossa, and between the jugular fossa
and femoral recording site, was measured on the body
surface. The travel distance along the aorta was calculated
by subtracting these two distances. Registrations of the
pulse waves were ECG-gated, so we could calculate the
time shift between the appearance of the wave at the first
and second sites. PWV was calculated as the ratio of the
travel distance (m) and the transit time (s), and the average
of two recordings was used for analysis. Two recordings
were usually performed, but another recording was done if
the difference between recordings was greater than 0.5 m/s.

Skin AGEs were quantified by AGE Reader© device
(Diagnoptics Technologies B.V., Groningen, The Nether-
lands), a noninvasive technology that uses ultraviolet light
to excite autofluorescence of specific AGEs (pentosidine,
Nε-carboxymethyl lysine, and Nε-carboxyethyl lysine) in
human skin [20]. We performed three recordings in each
subject, and the average was used for analysis (the
intraindividual variability of measurements was very low,
about 4.4% on average).

Venous blood samples were drawn after at least 12 h of
fasting, and all laboratory examinations were realized in
series from aliquots stored at −80 °C. We assessed the total
and HDL cholesterol, triglycerides, serum creatinine, and
glucose levels from serum samples using a Cobas Mira/
ROCHE analyzer (ROCHE Diagnostics, Basel, Switzer-
land) and commercially available kits of the same prove-
nience. LDL cholesterol was calculated using the
Friedewald equation, i.e., LDL= total cholesterol−HDL
− (TG/2.22). Estimated glomerular filtration (eGFR) was
assessed by CKD-EPI formula (using serum creatinine, age,
and gender) [21]. The concentration of sRAGE was quan-
tified by ELISA using a Human RAGE Quantikine ELISA
Kit (R&D Systems Inc., Minneapolis, MN, USA).

Circulating AGEs was quantified as serum carboxymethyl
lysine (CML) using commercial ELISA kits (Cusabio
Technology LLC, Houston, TX, USA).

Data analysis

As the main indicator of age-dependent progression of
arterial stiffness, we used intraindividual change of aortic
PWV between baseline and follow-up visit, standardized for
1 year of follow-up (ΔPWV/year [m/s]); in other words,
follow-up visit PWV minus baseline PWV divided by the
exact time between these visits in days times 365. Five
AGE–RAGE axis parameters registered at the follow-up
visit, i.e., sRAGE, circulating AGEs, skin AGE, circulating
AGE to sRAGE ratio (times 1000), and skin AGE to
sRAGE ratio (times 1000) were used as the main indepen-
dent variables. As covariates, we tested conventional con-
founders (age, gender… ), the main cardiovascular risk
factors, and usual treatments (also those registered at the
follow-up visit), and if necessary, dichotomized them into
binary variables with cutoff points based on the 6th Eur-
opean Guidelines for Cardiovascular Prevention [22].
Moreover, hypertension was defined as systolic BP ≥140
mmHg and/or diastolic BP ≥90 mmHg, and/or treatment
with antihypertensive medication; overt diabetes as fasting
glucose ≥7.0 mmol/L and/or use of antidiabetic medication;
impaired renal function as eGFR <60 mL/min/1.73 m2

(Grade 3 or less by The National Kidney Foundation’s
Kidney Disease Outcomes Quality Initiative) [23]; abnor-
mal HbA1c as ≥42 mmol/mol. Furthermore, all five
AGE–RAGE axis parameters were divided into quartiles as
follows: <762, 762–997.9, 998–1338.9, and ≥1339
(sRAGE, pg/mL); <110, 110–180.2, 180.3–277.9, and ≥278
(circulating AGEs, pg/mL); <2.1, 2.11–2.4, 2.41–2.8, and
≥2.8 (skin AGEs, autofluorescence units); <94.3,
94.3–179.1, 179.2–308.4, and ≥308.5 (circulating AGEs/
RAGE ratio × 1000); <1.658, 1.659–2.396, 2.397–3.288,
and ≥3.289 (skin AGEs/sRAGE ratio × 1000), respectively.
HbA1c was divided into quartiles as follows: <35, 35–37.9,
38–40.9, and ≥41 mmol/mol.

Accelerated arterial stiffening was arbitrarily set as
ΔPWV/year ≥ 0.1 m/s (which is approximately the expected
“natural”, age-dependent progression of arterial stiffness,
i.e., 1 m/s per age decade [24, 25]) and ΔPWV/year ≥ 0.2 m/s
(twofold higher increase than should be expected).

For statistical analyses, STATISTICA 8 (StatSoft Inc.,
Tulsa, OK, USA) and STATA 8 (STATA Corp. LP, College
Station, TX, USA) software packages were used, and generally
conventional statistical methods were applied (see the relevant
section of “Results”). Power calculations revealed that our
population of subjects is sufficiently large to detect differences
in primary estimate (ΔPWV/year), with a 5% relative precision
level; all variables were tested for normality of distribution, and
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the appropriate statistical test was chosen. Statistical sig-
nificance was considered present at P value of 0.05.

Results

The study cohort consisted of 536 subjects (237 males and
299 females), with a median follow-up of 2918 (IQR:
2783–3612) days. The median intraindividual increase in
PWV between baseline and follow-up visit (ΔPWV) was
1.28 (IQR: 0.40–2.50) m/s, standardized as 0.16

(0.05–0.31) m/s per year. Detailed baseline characteristics
are listed in Table 1.

Individual course of PWV and AGE–RAGE axis
parameters

A series of analysis was performed to assess the association
between each of five AGE–RAGE axis parameters at the
follow-up visit, ΔPWV/year, and already-known covariates
of arterial stiffness and conventional factors. Univariate
analysis using Spearman’s rank correlation revealed the

Table 1 Basic characteristics of
study sample [mean (standard
deviation) or factor proportion].

Baseline Follow-up P value

Age [years] 53.8 (12.3) 61.9 (12.6) <0.0001

Gender [% of males] 44.3 44.3 –

History of vascular diseasea [%] 5.2 11.2 <0.0001

Current smoking [%] 30.5 19.2 <0.0001

Body mass index [kg/m2] 26.9 (4.4) 27.7 (4.6) <0.0001

Body mass index [kg/m2] [%] 21.8 28.8 <0.0001

Systolic blood pressure [mmHg] 127.2 (16.0) 133.2 (17.5) <0.0001

Diastolic blood pressure [mmHg] 80.9 (9.0) 80.7 (9.5) 0.812

Mean arterial pressure [mmHg] 96.3 (10.3) 98.2 (10.5) <0.0001

Treatment with antihypertensives [%] 28.5 45.8 <0.0001

Treatment with ACEi or ARBs [%] 18.6 23.6 0.011

Hypertensionb [%] 41.9 63.2 <0.0001

LDL cholesterol [mmol/L] 3.11 (0.89) 2.99 (0.94) 0.056

LDL cholesterol ≥2.5 mmol/L 75.0 67.5 0.001

Treatments with statins [%] 12.3 25.9 <0.0001

Fasting glycemia [mmol/L] 5.21 (0.82) 5.33 (1.02) 0.005

Hemoglobin A1c – 39.5 (17.4) –

Treatment with antidiabetics [%] 1.9 8.8 <0.0001

Overt diabetesc [%] 4.1 10.6 <0.0001

Creatinine [μmol/L] 77.4 (12.8) 76.9 (18.9) <0.0001

Estimated glomerular filtrationd [mL/min] 86.1 (15.2) 83.6 (17.4) 0.002

Estimated glomerular filtration <60 mL/min/1.73 m2 3.9 9.5 <0.0001

Aortic pulse-wave velocity [m/s] 7.59 (2.02) 9.07 (2.32) <0.0001

sRAGE [pg/mL] 1325.1 (516.1) 1106.5 (510.8) <0.0001

Circulating AGEs (carboxymethyl lysine) [pg/mL] n/a 225.0 (186.5) –

Skin AGEs [AU] n/a 2.45 (0.57) –

Circulating AGEs/sRAGE [ratio × 1000] n/a 262.5 (343.2) –

Skin AGEs/sRAGE [ratio × 1000] n/a 2.45 (0.57) –

ACEi angiotensin-converting enzyme inhibitors, ARBs angiotensin II receptor blockers, LDL low-density
lipoprotein, sRAGE soluble receptor for advanced glycation end products, AGEs advanced glycation end
products.

P value by Wilcoxon’s paired test (continous variables) or χ2 test (categorized variables).
aHistory of myocardial infarction, ischemic stroke, peripheral vascular disease, or atherosclerosis in other
localization, including all revascularizations.
bSystolic blood pressure ≥1400 and/or diastolic blood pressure ≥90 mmHg, and/or treatment with
antihypertensives.
cFasting glycemia ≥7 mmol/L and/or treatment with antidiabetics.
dBy CKD-EPI standard (see “Methods”).
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significant association between ΔPWV/year on one side and
sRAGE (r=−0.169, P= 0.0001), skin AGEs (r= 0.142,
P= 0.0010), and skin AGEs/sRAGE ratio (r= 0.207, p <
0.0001) on the other. In contrast, no such association was
observed with respect to circulating AGEs (r= 0.023, p=
0.593), and a rather weak relation between ΔPWV/year and
circulating AGEs/sRAGE ratio (r= 0.087, p= 0.0436).
Similar trends were observed also in a semicontinuous
manner, if five tested AGE–RAGE axis parameters were
dichotomized into quartiles. We found significant inverse
trend in ΔPWV/year across sRAGE quartiles, and a positive
trend across skin AGEs or skin AGEs/sRAGE quartiles
(Fig. 2). However, no apparent differences across circulat-
ing AGEs and circulating AGEs/sRAGE quartiles were
found (p= 0.819 and p= 0.484, respectively, not in Fig. 2).

As the next step, we performed a series of multiple linear
regression to test the association between ΔPWV/year and
each of AGE–RAGE axis parameters in the context of
potential covariates (conventional risk factors, reported
pharmacotherapy, or other characteristics known to be
associated with arterial stiffness) in Table 2. Independent
association remained after complex adjustment for sRAGE
(model A), skin AGEs (model C), and their ratio (model E).
Again, no associations were observed between ΔPWV/year
and circulating AGEs (model B) or circulating AGEs/
sRAGE ratio (model D). All these regressions were per-
formed either with fasting glucose or with HbA1c as cov-
ariates, with nearly identical results, regarding AGE–RAGE
axis components.

Finally, we included all five explored parameters into
one stepwise regression model (Table 2, model F). Both
sRAGE and skin AGEs/sRAGE ratio jointly entered the
regression model (along with current smoking, mean arterial
pressure, and treatment with antihypertensives) and inde-
pendent covariates of ΔPWV/year. However, with manda-
tory inclusion of age and gender in the same model, only

skin AGEs/sRAGE ratio remained significant covariates of
ΔPWV/year (not in the table).

Predictive power of different AGE–RAGE axis
parameters to accelerated age-dependent stiffening

For the purpose of this analysis, we used the ΔPWV/year,
arbitrarily dichotomized into two categories (≥0.2 and
≥0.1m/s) as “accelerated arterial stiffening” (dependent vari-
able) and multivariate logistic regression was applied (Table 3).

In semicontinuous arrangement (model A) and after
adjustment for potential covariates (see footnote of Table 3),
an increase in sRAGE amounting to one quartile was
associated with about 21% lower relative risk of accelerated
arterial stiffening, defined as ΔPWV/year ≥ 0.2 m/s, or 17%
lower risk, if defined as ΔPWV/year ≥ 0.1 m/s (both statis-
tically significant). Similarly, an increase in skin AGEs/
sRAGE ratio by one quartile resulted in 35% or 29% higher
risk of ΔPWV/year ≥ 0.2 or ≥0.1 m/s, respectively. In con-
trast, neither circulating AGEs nor circulating AGEs/
sRAGE ratio did not show similar predictive potential, and
only marginal power was observed in these terms for skin
AGEs (Table 3, model A).

As a next step, we performed the analysis in fully cate-
gorized arrangement (Table 3, model B), i.e., 1st quartile
versus 2nd–4th for sRAGE, while 4th versus 1st–3rd
quartile of other four tested parameters. Low sRAGE (1st
quartile) was associated with ≈60% higher risk of acceler-
ated aortic stiffening, defined as ΔPWV/year ≥ 0.2 m/s, but
predictive potential disappeared if ΔPWV/year ≥ 0.1 m/s
was used as a dependent variable. High skin AGEs/sRAGE
ratio (4th quartile) was associated with increased risk of
accelerated arterial stiffening, defined either as ΔPWV/
year ≥ 0.2 m/s or as ≥0.1 m/s.

As a final step, we repeated all the above-mentioned
regression models, but after excluding 56 subjects with

Fig. 2 Individual development in arterial stiffness during follow-
up (ΔPWV/year) in quartiles of different AGE–RAGE axis para-
meters [box-and-whisker plots (medians and 95% confidence

intervals)]. p Value adjusted for age, gender, and mean arterial
pressure, for quartile limits see “Methods”.
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overt diabetes at the follow-up visit. The results were
confirmatory to analyses performed in a full sample
(Table 3).

We also exploratorily repeated all analyses in Table 3,
but using HbA1c, instead of AGE–RAGE axis components.
No significant relation of this parameter to increased risk of

accelerated arterial stiffening was found either in all sam-
ples [odds ratio for increase in HbA1c amounting to one
quartile was 0.98 (95% CI: 0.80–1.20), while 1.38 (95% CI:
0.84–2.27) for HbA1c ≥ 42 mmol/mol, if ΔPWV/year ≥ 0.2
m/s was used as a dependent variable], or if patients with
overt diabetes were excluded.

Table 2 Multivariate association between individual increase in pulse-wave velocity during follow-up (ΔPWV/year) and its covariates.

Model A Model B Model C

Age 0.0020 (0.0011) 0.088 0.0025 (0.0011) 0.027 0.0011 (0.0013) 0.396

Male gender 0.0383 (0.0213) 0.073 0.0444 (0.0213) 0.037 0.0399 (0.0213) 0.062

History of vascular disease 0.0291 (0.0351) 0.408 0.0313 (0.0354) 0.377 0.0275 (0.0352) 0.435

Current smoking −0.0335 (0.0266) 0.208 −0.0315 (0.0270) 0.244 −0.0550 (0.0277) 0.048

Body mass index 0.0004 (0.0025) 0.882 0.0017 (0.0025) 0.486 0.0014 (0.0025) 0.573

Mean arterial pressure 0.0034 (0.0011) 0.001 0.0034 (0.0011) 0.001 0.0035 (0.0011) 0.001

LDL cholesterol 0.0086 (0.0123) 0.489 0.0070 (0.0124) 0.572 0.0057 (0.0124) 0.645

Hemoglobin A1c 0.0008 (0.0007) 0.264 0.0009 (0.0008) 0.252 0.0009 (0.0008) 0.212

Estimated glomerular filtration −0.0008 (0.0008) 0.305 −0.0005 (0.0008) 0.481 −0.0005 (0.0008) 0.531

Antihypertensives −0.0655 (0.0253) 0.01 −0.0659 (0.0255) 0.01 −0.0667 (0.0253) 0.009

Statins −0.0350 (0.0276) 0.208 −0.0353 (0.0280) 0.208 −0.0368 (0.0278) 0.186

Antidiabetics 0.0477 (0.0406) 0.241 0.0469 (0.0409) 0.252 0.0428 (0.0407) 0.294

sRAGE −0.1251 (0.0562) 0.026 Not included – Not included –

Circulating AGEs Not included – −0.00003 (0.00006) 0.609 Not included –

Skin AGEs Not included – Not included – 0.0532 (0.0226) 0.019

Circulating AGEs /sRAGE ratio Not included – Not included – Not included –

Skin AGEs/sRAGE ratio Not included – Not included – Not included –

const. 0.0471 (0.2104) 0.823 Not included 0.029 −0.3835 (0.1571) 0.015

Model D Model E Model Fa

Age 0.0024 (0.0011) 0.034 0.0016 (0.0012) 0.167 Not entered –

Male gender 0.0447 (0.0213) 0.036 0.0401 (0.0213) 0.06 Not entered –

Vascular disease 0.0295 (0.0355) 0.407 0.0273 (0.0352) 0.439 Not entered –

Current smoking −0.0320 (0.0269) 0.236 −0.0398 (0.0266) 0.135 −0.619 (0.0267) 0.021

Body mass index 0.0016 (0.0025) 0.532 0.0006 (0.0025) 0.814 Not entered –

Mean arterial pressure 0.0034 (0.0011) 0.001 0.0035 (0.0011) 0.001 0.0038 (0.0010) <0.0001

LDL cholesterol 0.0073 (0.0124) 0.555 0.0085 (0.0124) 0.493 Not entered –

Hemoglobin A1c 0.0008 (0.0008) 0.263 0.0009 (0.0007) 0.249 Not entered –

Estimated glomerular filtration −0.0005 (0.0008) 0.485 −0.0007 (0.0008) 0.352 Not entered –

Antihypertensives −0.0664 (0.0254) 0.009 −0.0645 (0.0254) 0.011 −0.0562 (0.0217) 0.01

Statins −0.0339 (0.0279) 0.225 −0.0378 (0.0278) 0.174 Not entered –

Antidiabetics 0.0462 (0.0409) 0.258 0.0492 (0.0406) 0.227 Not entered –

sRAGE Not included – Not included – −0.1474 (0.0532) 0.006

Circulating AGEs Not included – Not included – Not entered –

Skin AGEs Not included – Not included – Not entered –

Circulating AGEs/sRAGE ratio 5.66 × e–06 (0.00003) 0.856 Not included – Not entered –

Skin AGEs/sRAGE ratio Not included – 0.0136 (0.0057) 0.018 0.0747 (0.0189) <0.0001

Const. −0.3451 (0.6508) 0.027 −0.3451 (0.1556) 0.027 −0.2921 (0.1566) 0.063

Multiple linear regression with ΔPWV/year as a dependent variable [β coeff (SEM)]; log transformation was done for sRAGE.

Values from the follow-up visit were used for this analysis.
aStepwise model.
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Discussion

In this study, we compared five different expressions of
AGE–RAGE axis activity to find the best match with a nat-
ural course of vascular aging in the general population. Two
primary estimated parameters, circulating sRAGE and skin
AGEs (measured noninvasively using autofluorescence tech-
nique), showed significant independent association with
individual dynamics of arterial stiffening during ≈8 years, but
the closest association was observed for the ratio of these two
factors, i.e., skin AGEs/sRAGE ratio. This result seems to be
also biologically plausible, because this ratio represents the
joint factor of the individual course of deposition of AGEs in
solid tissue on one side, and the activity of the protective
factor on the other. The key finding of our study is that high

skin AGEs/sRAGE ratio (≥3.3), i.e., mutual combination of
accelerated individual deposition of AGEs in previous years
with failed protection factor against this process, was asso-
ciated with twofold higher relative risk of ΔPWV/year ≥ 0.2
m/s (=2m/s per age decade). Taking into account that “nat-
ural course” (average age-dependent increase) of arterial
stiffening is consistent with the increase in PWV by 1m/s per
age decade [24], we can interpret this finding that individuals
with high skin AGEs/sRAGE ratio have twice as fast vascular
aging, than subjects with a lower ratio. Indeed, this associa-
tion remained significant also after adjustment for other
potential covariates of arterial stiffening (age, gender, BP,
chronic pharmacotherapy… ).

Our findings are in agreement with already-known evi-
dence. Several cross-sectional studies confirmed the role of

Table 3 Fully adjusted association between each of the AGE–RAGE axis parameters and accelerated age-dependent increase in aortic PWV.

Model A (semicontinuous)

Dependent variable ΔPWV/year ≥ 0.1 m/s ΔPWV/year ≥ 0.2 m/s

All subjects (n= 536)

Decrease in sRAGE by one quartile 0.84 (0.71–0.99) 0.037 0.79 (0.67–0.94) 0.006

Increase in circulating AGEs by one quartile 0.98 (0.83–1.16) 0.828 0.93 (0.78–1.10) 0.386

Increase in skin AGEs by one quartile 1.10 (0.92–1.32) 0.304 1.20 (1.01–1.44) 0.044

Increase in circulating AGEs/sRAGE by one quartile 1.03 (0.87–1.22) 0.739 1.01 (0.85–1.19) 0.935

Increase in skin AGEs/sRAGE by one quartile 1.29 (1.08–1.54) 0.005 1.35 (1.14–1.61) 0.001

Nondiabetic only (n= 479)

Decrease in sRAGE by one quartile 0.88 (0.74–1.05) 0.152 0.84 (0.70–0.99) 0.043

Increase in circulating AGEs by one quartile 0.97 (0.81–1.15) 0.697 0.90 (0.75–1.07) 0.233

Increase in skin AGEs by one quartile 1.08 (0.90–1.31) 0.403 1.22 (1.01–1.47) 0.039

Increase in circulating AGEs/sRAGE by one quartile 1.02 (0.85–1.21) 0.859 0.76 (0.48–1.21) 0.247

Increase in skin AGEs/sRAGE by one quartile 1.21 (1.00–1.45) 0.046 1.29 (1.07–1.54) 0.007

Model B (categorized)

Dependent variable ΔPWV/year ≥ 0.1 m/s ΔPWV/year ≥ 0.2 m/s

All subjects (n= 536)

sRAGE <762 pg/mL 1.30 (0.84–2.01) 0.241 1.57 (1.03–2.38) 0.035

Circulating AGEs ≥278 pg/mL 1.15 (0.74–1.79) 0.537 1.04 (0.68–1.59) 0.868

Skin AGEs ≥2.8 1.22 (0.77–1.95) 0.404 1.26 (0.81–1.98) 0.31

Circulating AGEs/sRAGE ≥309 1.01 (0.65–1.56) 0.96 0.88 (0.58–1.35) 0.564

Skin AGEs/sRAGE ≥3.3 1.89 (1.18–3.03) 0.008 2.09 (1.35–3.22) 0.001

Nondiabetic only (n= 479)

sRAGE <762 pg/mL 1.18 (0.75–1.85) 0.484 1.42 (0.91–2.22) 0.118

Circulating AGEs ≥278 pg/mL 1.15 (0.72–1.84) 0.557 0.97 (0.61–1.55) 0.913

Skin AGEs ≥2.8 1.22 (0.74–2.01) 0.445 1.39 (0.85–2.27) 0.186

Circulating AGEs/sRAGE ≥309 0.92 (0.58–1.46) 0.725 0.97 (0.81–1.16) 0.908

Skin AGEs/sRAGE ≥3.3 1.73 (1.05–2.84) 0.03 2.00 (1.26–3.19) 0.003

Multiple logistic regression with ΔPWV/year ≥ 0.1 or ≥0.2 m/s as dependent variables [odds ratios (95% confidence intervals)], following
covariates, was included into full models: age ≥ 65 years, gender, history of vascular disease, current smoking, body mass index ≥30 kg/m2,
hypertension, LDL cholesterol ≥2.5 mmol/L, treatment with statins, overt diabetes (in “all subjects” analysis only), and estimated glomerular
filtration <60 mL/min (for definitions and frequencies see Table 1).
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sRAGE in pathophysiology of arterial stiffness. We have
already shown in a cross-sectional population-based study
that nondiabetic hypertensive subjects with decreased
sRAGE (<918 pg/mL) have significantly higher aortic PWV
than those with higher circulation concentration levels [15].
In line with this finding, also Dimitriadis et al. [14]
demonstrated an inverse relation between sRAGE and aortic
PWV, and another study group showed an association
between sRAGE and pulse pressure [9]. Finally, our recent
study demonstrated even in a prospective cohort design, that
high status of circulating sRAGE at baseline acted protec-
tively against accelerated age-dependent increase in aortic
PWV during follow-up [16]. With one exception, only
smaller and usually highly selected population studies were
available to confirm the association between skin auto-
fluorescence AGEs and arterial stiffness. Watfa et al. [26]
found an association between aortic PWV and skin AGEs in
55 nondiabetic individuals, younger than 65 years (but not
in older subjects). Similar association was reported in 120
patients with end-stage renal disease plus 110 control sub-
jects [27], and additionally, also in 105 type I diabetic
patients in another cross-sectional study [28]. The largest part
of the evidence represents the Maastricht study that confirmed
the independent relation between aortic PWVV and skin
AGEs in 862 participants (including normoglycemic subjects,
those with impaired glucose metabolism, as well as type II
diabetic patients). However, no study was dealing with the
ratio to circulating sRAGE, and no one tested the PWV as a
longitudinal prospective variable, until now.

In this study, we did not find any relation between
ΔPWV/year (or just PWV at the follow-up visit) and cir-
culating AGEs (serum CML), either as a single factor or in
ratio with sRAGE. In contrast, a study by McNulty et al.
[12] reported a positive association between CML and
arterial stiffness in hypertensive patients, and similar asso-
ciation was found in older subjects in another general
population-based cross-sectional analysis [13]. In line with
these two observations, we performed an exploratory sub-
analysis, limited to hypertensive patients, aged ≥65 years
(not mentioned in “Results”). A marginally significant
association (with p= 0.030) was found between ΔPWV/
year and circulating AGEs (as continuous variables and by
multivariate linear regression), but the subsample used was
rather limited (n= 191). Indeed, an association between
CML and PWV was reported in diabetic patients [29], but
we were not able to repeat this analysis (due to low sample
size). The missing association of CML with arterial stiffness
in our study can be explained by biological behavior of this
factor. Namely, this substance represents a non-cross-
linking member of “AGEs family”, i.e., it is able to bind
to only one protein residue [30]. Thus, circulating status of
CML probably does not give the best information, in the
context of the fact that the pathophysiological target of

glycation is solid tissue, and plasma concentrations of
AGEs give only indirect information. It can be speculated
that circulating CML reflects the increased activity of the
AGE–RAGE axis only, and especially in more affected
subjects, while in generally healthy persons lacking the
necessary sensitivity. That would mean we just chose a less-
sensitive biomarker of the circulating status of AGEs, while
another can be more appropriate (e.g., high-mobility group
box 1, a cross-linking member of “AGEs family” [31]).

It holds true that individual dynamics of tissue deposition
of AGEs is completely different in patients with overt dia-
betes, and moreover, antidiabetic treatment can play a role
in these terms. Therefore, we repeated the main analysis
also after excluding all patients with overt diabetes, i.e.,
those already treated with any antidiabetic drugs or with
fasting glycemia ≥7 mmol/L (see Table 3), or also excluding
those with treatment (not mentioned in “Results”); the
results were confirmatory to the main findings. We also
performed exploratory analysis only in subjects with overt
diabetes (not mentioned in “Results”). The predictive power
raised for low sRAGE (<918 pg/mL) [with adjusted odds
ratio for ΔPWV/year ≥ 0.2 m/s was 5.21 (1.22–22.32), p=
0.026], but surprisingly was no more significant for skin
AGEs/sRAGE ratio [3.25 (0.87–12.11), p= 0.08]. How-
ever, the subsample of diabetic patients was too small (n=
56) to draw more conclusions.

Potential clinical implications

The mandatory question in any kind of biomarker is its
relevance regarding subsequent specific treatment or any
other clinical application (stratification of disease, personali-
zation of therapeutic approach, etc.). Currently, no specific
AGE- or arterial stiffness-directed treatment exists. The clin-
ical development of alagebrium, a nonenzymatic breaker of
AGEs, causing cross-links between collagen fibers, was
interrupted several years ago [32]. Exogenous administration
of recombinant sRAGE was also tested, but only in animal
models [33, 34]. Nearly all types of antihypertensives
decrease arterial stiffness, but its potential benefit through this
mechanism can be only hardly substantiated from their pri-
mary therapeutic effects (decrease in BP). More promising
seems to be in this way new classes of antidiabetics, namely
SGLT-2 (sodium–glucose cotransporter-2) inhibitors. It has
been suggested that evident renoprotective effect of SGLT-2
inhibitors is mediated through a pathway involving HMGB1,
another member of AGE family [35]. Treatment with SGLT-2
inhibitor was also followed by a decrease in aortic PWV in
diabetic patients [36]. The beneficial effect mediated by the
AGE–RAGE axis was reported also in another newer group
of antidiabetics, glucagon-like peptide-1 receptor agonists,
[37, 38], and also this kind of drugs has potential to decrease
arterial stiffness [37]. The crucial advantage of these new
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classes of antidiabetics is that they can be safely used also in
nondiabetic subjects, and one of its potential indications can
be supposedly vascular protection against AGEs. We can
speculate that a biomarker in the form of proposed skin
AGEs/sRAGE ratio may be potentially useful to identify the
target population, and to objectify the effect of the treatment.

Study limitations

First of all, as indicators of the activity of AGE–RAGE axis,
we used the individual values from the follow-up visit and
not from baseline (which is more conventional in pro-
spective studies). The reason is technical: the analysis
allows two measurements of PWV, but the autofluorescence
quantification of skin AGEs was not available to us in 2008.
Moreover, we have not availed serum aliquots to estimate
the baseline serum AGEs (after more than 10 years from
baseline visit). On the other hand, the age-dependent stif-
fening and AGE deposition are probably continuous and
linear processes, and only its dynamics (steepness) may
individually vary. Hence, it may be less important to which
part of the continuum the factors relate. We are able to
compare the association between ΔPWV/year and either
baseline or follow-up concentration of sRAGE, with vir-
tually similar results. We believe that the time factor will
not play a major role in other parameters as well.

Second, we did not measure esRAGE, another circulat-
ing species of RAGE with presumed similar physiological
properties, like sRAGE. Since the physiological levels of
sRAGE are about five times higher than esRAGE, the skin
AGEs/sRAGE seems to be a more sensitive biomarker than
skin AGEs/esRAGE.

Finally, our study cohort is based on a random popula-
tion sample, but as in other surveys, we strongly depend on
the willingness of volunteers to attend the examination
program (in our case, twice—at baseline and again after ≈8
years). It is a well-known phenomenon that this kind of
survey is attended paradoxically by a relatively healthier
part of the population. Thus, our results are not fully
generalizable.

Conclusions

Both low concentration of circulating sRAGE and high
status of skin AGEs were associated with individually
accelerated age-dependent increase in aortic PWV, in
middle-aged general population. However, as the most
sensitive biomarker seems to be a ratio of both factors, it
gives complex information about target damage (AGE
deposition) and activity of the protective mechanism in
one joint parameter. In contrast, circulating status of
AGEs and its ratio to sRAGE were unrelated to individual

dynamics of arterial stiffening. To our knowledge, our
analysis demonstrated these facts for the first time in a
prospective design.

Study highlights

What is already known

● Advanced vascular end-product deposition is a pivotal
process of vascular aging.

● This process is naturally balanced by a specific soluble
receptor (sRAGE).

What this study adds

● Individual course of arterial stiffening during ≈8 years
was ascertained.

● Skin AGE to sRAGE ratio showed an independent
association with this process.
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