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Introduction

Advanced glycation end products (AGEs) and their recep-
tor (RAGE), the so-called AGE—RAGE axis, have gained
attention in recent years in cardiovascular diseases. The
role of AGEs in the pathogenesis of atherosclerosis [1] and
coronary artery disease [2], their prognostic value after an
acute myocardial infarction [3,4] and in chronic heart
failure (HF) [5,6], and its relationship with heart rhythm
[7] have been evidenced. AGEs are chronically produced
and accumulated in plasma and vascular tissues, where
they can directly interact with the extracellular matrix
leading to arterial stiffness and decreased elasticity [8].
Moreover, AGEs can also exert their deleterious effects
through their interaction with their multi-ligand receptor
(RAGE) at the surface of endothelial cells, vascular smooth
muscle cells, and monocytes [9]. Therefore, AGEs could
participate in the cardiovascular disease continuum, which
allows us to hypothesize that they could be new thera-
peutic targets against cardiovascular disease.

Besides the membrane form, there is also a soluble form
of RAGE (sRAGE). These two forms are the main contrib-
utors to SRAGE levels: endogenous secretory RAGE (esR-
AGE) formed by a splicing variant of RAGE gene, and
cleaved RAGE (cRAGE), which comes from the degradation
of membrane RAGE [10]. It is unclear what pathophysio-
logical processes are linked to an increase of each of these
forms of RAGE in plasma. As a consequence, the behavior
of both forms could be different, and the levels of each
form might vary independently in different pathological
situations. In short, the role of each sRAGE variant in car-
diovascular disease is unknown, although its therapeutic
potential is indisputable [11]. It has been proposed that
raising the levels of sSRAGE might be a new therapeutic
approach to prevent vascular damage and other inflam-
matory diseases [12]. However, there is also evidence for
the opposite idea: the hypothesis that sRAGE is an indi-
cator of coronary heart disease [13] and might even be an
independent predictor of HF or serve to stratify the car-
diovascular risk [14], as also suggested by our previous
results [4]. Therefore, in this work, we perform a
comparative analysis of the levels of the AGE—RAGE axis
and their relationship with clinical outcomes in two co-
horts of age- and gender-matched patients with HF or
acute coronary syndrome (ACS). Since it is not clear what
is the best parameter to characterize the AGE—RAGE axis
activity, circulating AGEs, glycated albumin (as a possible
precursor of AGEs) and all the soluble forms of RAGE were
measured. From these parameters integrative indexes as
AGE/RAGE ratios were also calculated and explored.

Methods
Subjects

This was a prospective and observational study of two
cohorts of patients with the following characteristics. The
first cohort was composed by consecutive outpatients
attending to the HF Unit of our hospital between July 2008

and April 2009 [6]. After that, patients admitted to our
coronary care unit (CCU) with ACS and fitting our inclusion
criteria were included between October 2009 and January
2011 [15]. Patients from both cohorts were matched by age
and gender, resulting in a final population of 204 patients
(102 on each cohort). The consort flow diagram of the
study is summarized in Fig. 1.

Inclusion criteria for patients were to have a confirmed
diagnosis of HF or an ACS according to the diagnostic
criteria for HF or ACS proposed by the guidelines of the
European Society of Cardiology [16]. The exclusion criteria
for all patients were those known to likely modify
AGE—RAGE axis levels transiently by acute inflammatory
processes or clinical conditions previously associated with
changes on these levels. So, exclusion criteria were preg-
nancy, chronic inflammatory or malignant diseases, severe
kidney  dysfunction [glomerular filtration rate
(GFR) < 30 mL/min/1.73 m?, liver dysfunction, active or
recent infections (last month) or hematological disorders,
or had previous major trauma or surgery (within 3
months).

In the cohort of HF, patients with acute coronary syn-
drome and/or who had undergone myocardial revascu-
larization in the previous 3 months were also excluded, to
avoid the influence of concomitant coronary artery disease
at the moment of inclusion. In the cohort of ACS, patients
with previous myocardial infarction, a history of HF, car-
diomyopathy or moderate/severe valvular heart disease,
prior stroke, arterial or venous thromboembolic disease or
peripheral artery disease were excluded, to avoid simul-
taneity of HF and previously established symptomatic
ischemic disease. Written informed consent was obtained
from each included subject according to the protocol
approved by the Ethics Committee for Human Studies at
Galicia (our Spanish region), in accordance to the 1975
Declaration of Helsinki and its following updates.

For all included patients, detailed information was
gathered from medical history and appropriate physical
examination and recorded in a database. Also, blood
samples were obtained for local laboratory analysis
(hemogram, basic biochemistry and coagulation rate, lipid
profiles, as well as specialized parameters such as levels of
AGE, soluble RAGE of all forms). Peripheral venous blood
was collected in EDTA-anticoagulated tubes between 8
and 10 AM after an overnight fast in HF patients and
during the 24 h post-infarction in the ACS cohort. Plasma
was separated by centrifugation (10 min. 1800xg, room
temperature) and stored at —40 °C until analysis. An
electrocardiogram and echocardiogram were also per-
formed on each patient.

Definitions and laboratory data

Diagnosis of type-2 diabetes was determined according to
the criteria of the American Diabetes Association (ADA)
[17]. Hypertension was defined as systolic/diastolic blood
pressure > 140/90 mmHg or current use of any antihy-
pertensive medication. Similarly, dyslipidemia was
defined by total cholesterol > 569 mmol/L,
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Figure 1 Consort flow diagram of the study.

triglyceride > 1.69 mmol/L, high-density lipoprotein
cholesterol (HDL-C) < 1.04 mmol/L, or current use of anti-
hyperlipidemic drugs. Left ventricular ejection fraction
(LVEF) was estimated using Simpson’s method according
to current international recommendations [18]. LVEF was
considered depressed when <40%, according to the 2016
ESC HF guidelines [16].

Estimated GFR was calculated by the MDRD-4 formula
[19]. Serum lipid levels were measured by enzymatic
colorimetric test (Boehringer Ingelheim, Mannheim, Ger-
many) and low-density lipoprotein cholesterol was calcu-
lated from the Friedewald formula. Hemoglobin Alc was
measured by a latex-enhanced turbidimetric immuno-
assay (Cobas Integra System, Roche Diagnostics, Man-
nheim, Germany). Fructosamine determination was done
by colorimetric assays in a global analyzer (Cobas Integra
System). Glycated albumin was measured in plasma using
a commercially available colorimetric assay, according to
manufacturer’s instructions (SpinReact, Japan). Briefly,
endogenous glycated amino acids were eliminated in a
previous reaction of the sample with ketoamine oxidase.

Then, albumin was specifically decomposed on its amino
acids to further react with ketoamine oxidase and produce
hydrogen peroxide that will be quantitatively detected
colorimetrically.

Fluorescent AGEs (fAGE) were measured by quantitative
fluorescence spectroscopy analysis of plasma [in arbitrary
units (a.u.) at 360/40:460/40 nm (excitation: emission)]
following the protocol previously described [15]. By this
method, we could measure multiple AGE modifications
simultaneously (e.g., crossline, fluorolink, pyrropyridine,
and vesperlysine), for which there are currently no
immunological-based methods available. Briefly, plasma
was aliquoted into black 96-well plates in duplicate, and
fluorescence (360/40:460/40 nm; excitation:emission)
was measured in a multi-mode microplate reader (Synergy
2, Biotek, Potton, United Kingdom) at room temperature to
estimate the levels of fAGE. Readings were subtracted from
those of plasma-free wells to obtain measurements in
arbitrary units (a.u.) and the mean of duplicated readings
calculated. The intra-assay and inter-assay coefficients of
variation were <4 and <10%, respectively.
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Plasma SRAGE levels were determined using a
commercially available enzyme-linked immunosorbent
assay (ELISA) kit (Quantikine; R&D Systems, Minneapolis,
MN, USA) according to the manufacturer’s protocol. Mea-
surements were performed in duplicate, and the results
were averaged. This intra-assay and inter-assay co-
efficients of variation values were <5% and <8%, respec-
tively. Plasma esRAGE levels were measured by ELISA kit
(B-Bridge International, Inc. CA, USA) following the man-
ufacturer’s instructions. This intra-assay and inter-assay
coefficients of variation values were <8% and <10%,
respectively. Plasma cRAGE levels were indirectly calcu-
lated from the difference between sRAGE and esRAGE
levels. The ratios fAGE/sRAGE, fAGE/esRAGE, and fAGE/
cRAGE, were calculated from the above parameters in
order to explore their possible value as integrative vari-
ables of the AGE—RAGE axis.

Follow-up and endpoints

Follow-up data were based on patients’ records available
at our outpatient clinic. The primary endpoint was cardiac
death, as noted and confirmed by review of the death
certificate, hospital chart, and physician’s records. Sec-
ondary endpoints were the incidence non-fatal myocardial
infarction, evidenced by the appropriate combination of
symptoms, electrocardiogram, and enzyme changes, or HF
readmission. The combined endpoint was the incidence of
major adverse cardiovascular events (MACE; cardiac death,
reinfarction or HF readmission).

Data analysis

The statistical analyses were performed with SPSS (Sta-
tistical Package for the Social Sciences), version 17.0. The
categorical or dichotomous variables were expressed as
absolute values and percentages and were compared with
the Pearson y? test. In the case of continuous variables,
normality was checked with the Kolmogorov—Smirnov
test. When normally distributed, variables were
described as the mean + standard deviation (SD), and
when not, as the median and inter-quartile range. The
student t-test was used for the comparisons of continuous
variables between groups of patients (two tail distribution
and equal variances between samples) when variables
fulfilled the condition of normality, whereas
Mann—Whitney U test was used when not. Continuous
data from more than two groups were compared with
ANOVA followed by Tukey’s test. Non-normal distributed
variables were compared with Wilcoxon text for two
groups or Kruskal-Wallis test (unrelated data) or Fried-
man test (related data) for comparisons of more than two
groups. Correlations between variables were calculated by
Pearson’s or Spearman'’s tests according to the normality
or not of the variable, respectively. Predictive value of in-
dividual variables for new cardiovascular events was
analyzed by receiver operating characteristic (ROC) curves.
Different Cox proportional hazard analyses were carried
out to assess the independence of AGEs or sRAGE levels to

predict MACE and data were presented as hazard ratios
(HR) with 95% confidence intervals. Kaplan—Meier curves
(analyzed with the log-rank test) were performed to
evaluate the prognostic value of AGEs or sRAGE during
follow-up. A p-value of <0.05 was considered statistically
significant.

Results
Baseline characteristics and laboratory data

A total of 204 consecutive patients fulfilling the inclu-
sion criteria and distributed in two cohorts of 102 age-
and gender-matched HF or ACS patients were included
in the study. Basal characteristics in the moment of the
inclusion are presented in Table 1. The mean age for the
total population was 69.4 + 11.7 years, and 32% were
female. Statistical differences between cohorts were
observed for the percentage of patients with reduced
LVEF, highly increased in the HF cohort, as expected, and
for dyslipidemia and body mass index, which was also
higher in HF cohort. Although no differences in the
number of patients with diabetes mellitus were
observed, percentages of glycated hemoglobin and gly-
cated albumin were significantly higher in the HF cohort,
whereas glycemia was higher in the ACS cohort. On the
other hand, the proportion of smokers and estimated
GFR were significantly higher in the ACS cohort, and
HDL-cholesterol was lower (Table 1). Particularly, fAGE
and cRAGE levels were higher in the HF cohort, whereas
no significant differences were observed for the other
soluble forms of RAGE.

Classical glycation parameters were positively related,
as expected: glucose levels were positively related with
fructosamine and glycated hemoglobin in both HF and ACS
cohorts, and fructosamine and glycated hemoglobin also
correlated (Supplementary Table S1). However, glycation
parameters related with AGE—RAGE axis showed different
associations. Levels of fAGE and fructosamine were directly
related in both cohorts, whereas glycated albumin was
directly related with fructosamine in the ACS cohort, but
did not associate in the HF cohort (Supplementary Table
S1). Moreover, glycated albumin was positively related
with glycated hemoglobin and fAGE levels in HF cohort,
but it was not in the ACS cohort (Supplementary Table S1).
Interestingly, the levels of the three forms of sSRAGE (total
SRAGE, esRAGE and cRAGE) were positively related with
fructosamine levels in the HF cohort, but no relation was
observed in the ACS cohort (Supplementary Table S1). On
the other hand, fAGE levels were positively and signifi-
cantly related to esRAGE levels (Supplementary Table S1)
only in the HF cohort.

A marked positive association was observed for SRAGE
and esRAGE levels, both in the HF (rs = 0.912, p < 0.001)
and ACS (rs = 0.885, p < 0.001) cohorts. These associations
were slightly more pronounced than those observed be-
tween esRAGE and cRAGE (r; = 0.656, p < 0.001 and
rs = 0.600, p < 0.001, for HF and ACS cohorts,
respectively).
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Table 1 Baseline characteristics of the patients stratified by cohorts.

Variable HF cohort (n = 102) ACS cohort (n = 102) p Value®
Anthropometry

Age, years 69.5 + 11.8 693 + 11.6 0.919

Female, % (n) 33.3(34) 304 (31) 0.652

BMI, kg/m? 282 +42 264 + 34 0.006
Vascular risk

HT, % (n) 64.7 (66) 58.8 (60) 0.387

DLP, % (n) 60.4 (61) 46.1 (47) 0.041

DM, % (n) 36.3 (37) 33.3(34) 0.659

Smokers, % (n) 7.8 (8) 21.6 (22) 0.006
Cardiac function

Heart rate, bpm 74.0 [63.0—85.0] 71.5 [60.0—87.2] 0.618

rLVEF, % (n) 75.8 (75) 18.6 (19) <0.001
Kidney function

eGFR, mL/min/1.73 m? 675+ 214 79.1 + 16.1 <0.001
Glycemic control

Glycemia, mmol/L 6.16 [5.49—7.44] 7.44 [6.23—10.94] <0.001

Fructosamine, mmol/L 236.0 [201.0—310.5] 182.0 [156.5—253.0] < 0.001

HbA1C, % 6.0 [5.7—7.3] 5.7 [5.5—6.7] 0.028

Glycated albumin, % 22.9[17.9-28.2] 18.8 [15.2—22.7] < 0.001
Blood lipids

TC, mmol/L 4.66 [4.06—5.48] 4.74 [3.96—5.59] 0.962

LDL, mmol/L 2.84 [2.16—3.43] 2.92 [2.11-3.42] 0.798

HDL, mmol/L 1.06 [0.83—1.29 0.92 [0.72—1.20] 0.032

TG, mmol/L 1.16 [0.78—1.56] 1.34[0.93—1.79] 0.074
AGE—RAGE axis

fAGE, a.u. 62.0 [50.4—78.4] 42.7 [34.4—-52.0] <0.001

SRAGE, pg/mL 941.1 [635.2—1472.6] 822.5 [536.0—1178.3] 0.120

esRAGE, pg/mL 384.5 [266.5—765.2] 377.0 [255.0—606.7] 0.443

cRAGE, pg/mL 494.1 [343.7—735.8] 393.8 [276.4—683.0] 0.031

BMI: body mass index; DLP: dyslipidaemia; DM: diabetes mellitus; eGFR: estimated glomerular filtration rate; fAGE: fluorescent advanced
glycation end-products; HbA1C: glycated hemoglobin; HDL: high density lipoprotein cholesterol; HT: hypertension; LDL: low density lipoprotein
cholesterol; RAGE: receptor for advanced glycation end products (cRAGE, esRAGE and sRAGE for cleaved, endogenously secreted and soluble
RAGE, respectively); rLVEF: reduced left ventricular ejection fraction; TC: total cholesterol; TG: triglycerides.

2 Statistically difference between cohorts: p value for Student’s ¢ test or Mann—Whitney U test for normal and non-normal, respectively when

continuous variables; Pearson y? test for categorical variables.

Levels of fAGE and sRAGE were inversely related with
the estimated GFR in HF (r; = —0.714, p < 0.001 and
rs = —0.227, p = 0.023, for fAGE and sRAGE, respectively)
and ACS (rs = —-0.205, p = 0.040 and rs = -0.240,
p = 0.016, for fAGE and sRAGE, respectively) cohorts, as
expected by the known relation between AGE—RAGE axis
and kidney disease, but cRAGE levels were related with
estimated GFR only in the HF cohort (r; = -0.253,
p = 0.011), whereas no association was observed in the
ACS cohort. Surprisingly, esRAGE levels were not associ-
ated with estimated GFR in any cohort. Associations with
age were also found for fAGE (r; = 0.453, p < 0.001) and
SRAGE (rs = 0.227, p = 0.025) in the HF cohort and for
SRAGE (rs = 0.222, p = 0.025) and esRAGE (r; = 0.263,
p = 0.010) in the ACS cohort.

Follow-up and prognosis

The median follow-up of event-free patients was 5.0
years for both cohorts under study. None of the 204 pa-
tients were lost to follow-up. During this period, 54 car-
diac deaths (39 in HF and 15 in ACS cohort) and 88 events
(56 in HF and 32 in ACS cohort) were registered in the

whole population. The clinical parameters for the events-
and event-free groups of patients on each cohort are
presented in Table 2 and Supplementary Table S2. Pa-
tients with events (MACE, including cardiac death) were
significantly older in HF, but not in the ACS. Reduced LVEF
was more prevalent in the event groups of both cohorts.
Patients with events in the HF cohort showed reduced
GFR and a higher percentage of glycated albumin and
esRAGE levels. In the ACS cohort, more patients were
diabetic, and they presented higher glycated hemoglobin
levels. No differences in any of the index ratios calculated
between fAGE and the different forms of soluble RAGE
were observed. Only the data for the fAGE/sRAGE index is
showed in Table 2. The clinical parameters stratified by
the type of event (death or secondary events) in the
event-group of each cohort are presented in
Supplementary Table S2. Some variables that were unre-
lated with prognosis considering the combined endpoint,
showed an association only with death. These were the
cases of smoking habit, fAGE and sRAGE in HF cohort, and
LDL and HDbAIC levels in ACS cohort (Supplementary
Table S2).

The value of the AGE—RAGE axis to predict new events
during the follow-up period was analyzed by receiver
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Table 2 Baseline characteristics of patients stratified by event- and event-free-group in the two cohorts.

Variable HF cohort ACS cohort

Event-free (n = 45) Event (MACE) (n = 57) p Value® Event-free (n = 69) Event (MACE) (n = 33) p Value®

Age, years 66.2 + 11.8 72.1 £ 11.3 0.011 68.0 +11.8 72.0 + 10.6 0.098
Female, % (n) 31.1 (14) 35.1 (20) 0.672 31.9 (22) 27.3 (9) 0.636
HT, % (n) 71.1 (32) 59.6 (34) 0.229 53.6 (37) 69.7 (23) 0.123
DLP, % (n) 57.8 (26) 62.5 (35) 0.630 449 (31) 48.5 (16) 0.736
DM, % (n) 28.9 (13) 42.1 (24) 0.168 26.1 (18) 48.5 (16) 0.025
Smokers, % (n) 13.3(6) 3.5(2) 0.067 21.7 (15) 21.2 (7) 0.952
Heart rate, bpm 73.5 [64.0—86.5] 75.0 [62.0—85.0] 0.827 70.0 [60.0—85.0] 77.0 [60.5—89.5] 0.629
rLVEF, % (n) 65.9 (29) 83.6 (46) 0.041 13.0 (9) 30.3 (10) 0.036
BMI, kg/m? 28.5 4+ 4.6 279 + 4.0 0.584 269 + 34 254 4+ 10.6 0.046
eGFR, mL/min/1.73 m? 73.2 + 20.4 63.2 £21.3 0.020 80.7 £ 16.0 75.8 £ 16.2 0.161
TC, mmol/L 4.71 [4.08—5.48] 4.64 [3.72—5.47] 0.619 4.68 [4.10—5.57] 443 [3.42—5.67] 0.147
LDL, mmol/L 2.84 [2.30-3.52] 2.84 [2.02—3.40] 0.502 2.93 [2.33—-3.39] 2.51 [1.74—3.54] 0.399
HDL, mmol/L 0.98 [0.83—1.25] 1.14 [0.83—1.32] 0.397 0.92 [0.72—1.30] 0.90 [0.74—1.16] 0.735
TG, mmol/L 1.24 [0.89—1.65] 1.08 [0.78—1.43] 0.243 1.42 [0.95—1.73] 1.15 [0.86—1.92] 0.396
HbA1C, % 6.0 [5.7—6.7] 6.0 [5.7—7.9] 0.529 5.7 [5.4—6.3] 6.1 [5.5—-7.6] 0.043
Glycated albumin, %  20.0 [17.1-24.3] 25.6 [18.6—30.9] 0.005 19.2 [15.7—22.7] 16.9 [13.4—22.2] 0.270
fAGE, a.u. 60.0 [44.0—71.0] 64.5[52.5—-79.5] 0.099 42.0 [33.0-51.0] 43.0 [36.7—-58.2] 0.350
SRAGE, pg/mL 815.1 [615.8—1185.0] 1022.2 [632.8—1622.0] 0.080 812.0 [532.0—1092.0] 989.0 [533.7—1433.9] 0.192
esRAGE, pg/mL 352.5 [205.0—525.7] 456.5 [293.6—854.0] 0.035 331.0 [255.0—519.0] 494.0 [222.0—787.0] 0.133
cRAGE, pg/mL 4594 [330.9—710.4] 528.6 [371.0—815.1] 0.543 391.0 [295.7—586.9] 413.0 [226.8—891.1] 0.829
fAGE/sRAGE 0.064 [0.046—0.110] 0.065 [0.038—0.097] 0.564 0.052 [0.035—0.074] 0.047 [0.026—0.086] 0.619

BMI: body mass index; DLP: dyslipidaemia; DM: diabetes mellitus; eGFR: estimated glomerular filtration rate; fAGE: fluorescent advanced
glycation end-products; HbA1C: glycated hemoglobin; HDL: high density lipoprotein cholesterol; HT: hypertension; LDL: low density lipoprotein
cholesterol; RAGE: receptor for advanced glycation end products (cRAGE, esRAGE and sRAGE for cleaved, endogenously secreted and soluble
RAGE, respectively); rLVEF: reduced left ventricular ejection fraction; TC: total cholesterol; TG: triglycerides.

2 Statistically difference between cohorts: p value for Student’s t test or Mann—Whitney U test for normal and non-normal, respectively when

continuous variables; Pearson x? test for categorical variables.

operating characteristic (ROC) curves in each cohort. So,
fAGE [0.703, 95% CI (0.597—0.809), p = 0.001], sRAGE
[0.623, 95% CI (0.512—0.734), p = 0.038], and esRAGE
[0.621, 95% CI (0.510—0.7132), p = 0.042], but not cRAGE
(p = 0.178), presented statistical significant areas under
the ROC curves for cardiac death in the HF cohort. None of
these variables showed significant areas under the ROC
curve in the ACS cohort.

The same analysis was done for the secondary endpoint
(reinfarction and HF readmission), with different results:
glycated albumin [0.680, 95% CI (0.574—0.786), p = 0.002]
and esRAGE [0.631, 95% CI (0.521-0.741), p = 0.024],
showed statistically significant areas under the ROC curves
for events in the HF cohort, but none of them, nor AGE or
other forms of sRAGE, presented this association in the
ACS cohort. The integration of the AGE—RAGE axis on an
index ratio such as AGE/sRAGE did not show any rela-
tionship with events (death or MACE) in any cohort (data
not shown).

Finally, only glycated albumin [0.668, 95% CI
(0.561-0.775), p = 0.005] and esRAGE [0.622, 95% CI
(0.512—-0.733), p = 0.035] maintained their prognosis
value in the HF cohort for the combined endpoint (MACE).
No relationships were observed in the ACS cohort for these
variables with long-time prognosis.

From these analyses, cut-off values for predicting death
or MACE were selected as follows: 58 a.u. for fAGE, 1100
and 435 pg/mL for sRAGE and esRAGE, respectively. These
cut-off values were used in the following statistical anal-
ysis of prognosis. Cumulative survival curves for esRAGE
are shown in Fig. 2.

All relevant variables for prognosis were analyzed by
univariate Cox regression tests for cardiac death, second-
ary events (reinfarction or HF readmission), and the
combined endpoint (MACE). Hazard ratios for these ana-
lyses are presented in Supplementary Tables S3-S5. From
this analysis, age, diabetes mellitus, reduced LVEF, esti-
mated GFR, plasma proteins or albumin, glycated albumin,
fAGE, and esRAGE were found to be significantly related to
cardiovascular events. Those variables with statistical sig-
nificance in the univariate analysis and others considered
important, such as gender or plasma lipids, were further
adjusted in a multivariate regression model for long-term
prognosis to achieve the best prediction models for the
different endpoints.

Final regression models were adjusted by age, gender,
diabetes mellitus, reduced GFR and reduced LVEF. It was
found that the AGE—RAGE axis was independently associ-
ated with long-term cardiovascular prognosis in the HF
cohort, and the best prognostic parameter of this axis was
esRAGE > 435 pg/mL, whatever the endpoint considered
(Table 3). However, in the ACS cohort, the AGE—RAGE axis
did not show such value for long-time prognosis. Age,
reduced LVEF or diabetes mellitus were the best markers
for long-time prediction of cardiovascular events in this
cohort. The best regression models are presented in Table 3.

Discussion

Here, for the first time (to the best of our knowledge) the
components of the AGE—RAGE axis were compared in two
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Figure 2 Kaplan—Meier curves and the results of the log-rank test for the stratification by 435 pg/mL esRAGE level in HF (a) and ACS cohort (b).
Number of patients at risk for each time and group are indicated in the bottom rows of the figure.

age- and gender-matched cohorts of HF and ACS. The
levels of each specific SRAGE form (esRAGE or cRAGE) were
also compared on these settings. Higher glycation param-
eters were observed in HF patients. On the contrary, no
differences in soluble RAGE forms were found between HF
and ACS cohorts, except for cRAGE, which was also higher
in HF. The relationships between glycation parameters and
soluble forms of RAGE were not the same in HF as in ACS,
suggesting a different role for the receptor on each car-
diovascular disease. This was also evidenced in the rela-
tionship between the AGE—RAGE axis with long-term

Table 3 Multivariate analysis for AGE—RAGE axis (esRAGE) to
predict follow-up cardiac mortality, secondary events (reinfarction
or HF readmission) and the combined endpoint (MACE), adjusted by
age, gender, GFR, rLVEF and DM.

Variable  HF (death) ACS (death)
HR (95% CI) p Value HR (95% CI)  p Value
Age 1.061 (1.021—1.103) 0.002 1.112 0.005

(1.032-1.198)
esRAGE.35 2.141 (1.111-4.125) 0.023

HF (secondary events) ACS
(secondary events)

esRAGE,35 1.883 (1.097—3.233) 0.022
HF (MACE)
1.893 (0.912—3.933) 0.087

ACS (MACE)

2243
(1.057—4.759)
esRAGE,35 1.756 (1.019—3.026) 0.043

ACS: acute coronary syndrome; DM: diabetes mellitus; eGFR: esti-
mated glomerular filtration rate; esRAGE435: endogenously
secreted receptor for advanced glycation end products > 435 pg/
mL; HF: heart failure; MACE: major adverse cardiovascular events;
N.A.: non-adjusted; rLVEF: reduced left ventricular ejection fraction.

rLVEF 0.035

prognosis on each cohort. Whereas esRAGE showed an
independent prognostic value for cardiac death or non-
fatal cardiovascular events in the HF cohort, the AGE—R-
AGE axis variables were not independent predictors for
long-term prognosis in the ACS cohort.

The molecular mechanisms underlying the role of the
AGE—RAGE axis in HF [20] and cardiovascular ischemic
diseases [2] are far from clear, so comparing the effects of
this axis on different clinical settings is crucial to gain
knowledge about the possibility of common molecular
mechanisms and to take advantage of the possible thera-
peutic opportunities. In our comparison, the possible ef-
fects from age or gender were eliminated by the matching,
and no differences were observed in the incidence of
conventional risk factors, such as diabetes mellitus or hy-
pertension between cohorts, although renal function was
worse in the HF cohort. Body mass index was higher in HF.
A negative association has been found previously between
SRAGE levels and accumulation of visceral fat in healthy
women [21] and also in HF patients between sRAGE or
AGE and body mass index or percentage of body fat [22].
However, no differences on total SRAGE between cohorts
were observed in the present study. Only cRAGE was
higher in HF, but no association was found with body mass
index.

Elevated fasting glucose plasma levels have been asso-
ciated with an increased risk of myocardial infarction [23],
which might explain the highest levels of glucose found in
ACS compared to HF cohort. In contrast, the glycation pa-
rameters (fructosamine, fAGE, glycated albumin and gly-
cated hemoglobin) were significantly higher in the HF
cohort suggesting that glucose-independent glycation
might be related to an increased risk of developing HF.
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Moreover, all the forms of SRAGE were shown to be related
with fructosamine levels in the HF, but not in the ACS
cohort, and esRAGE levels were positively associated with
fAGE and glycated albumin in the HF cohort. The absence
of an association between sRAGE forms and glycation pa-
rameters in the ACS cohort suggest an AGE-independent
mechanism involved in the regulation of soluble RAGE
forms in ACS or that glycated proteins have a greater
impact on sRAGE forms in HF. The association between
esRAGE and fAGE in HF might indicate a positive feedback
between sRAGE, specially esRAGE, and fAGEs levels in this
cohort, and would support the data from Colhoun et al.
[24], which point to the increase in esRAGE as being
responsible for the increase in SRAGE. AGE-induced
changes might result in the development and progres-
sion of diastolic and systolic dysfunction, and subsequent
HF [25,26], but also vascular dysfunction [20]. Higher
levels of AGEs in the HF cohort could reflect the progres-
sion of HF since a direct association has recently been re-
ported between fAGE and HF evolution after an acute HF
decompensation [22].

Regarding sRAGE, only cRAGE levels showed significant
differences between cohorts, which suggests a possible
difference in the contribution of each soluble form of RAGE
to each cardiovascular pathology. It has been previously
shown that cRAGE levels are increased in HF patients with
respect to control subjects, and also related with the
severity of the disease, independently of diabetes [27]. An
association between total sSRAGE and the severity of HF
was also observed by us in our HF cohort [6].

The hypothesis of the AGE—RAGE axis being more
important in HF is supported by the fact that esRAGE
remained as an independent prognostic factor of long-
term mortality and cardiovascular events in HF after
adjustment by other variables. Nevertheless, neither fAGE
nor any soluble form of RAGE were predictors of cardiac
death in the univariate Cox regression analysis in the ACS
cohort. It seems that the possible value of this axis on ACS
progression is reduced to a shorter period. In our previous
studies, elevated levels of sRAGE were associated with
worse in-hospital (few days) prognosis, whereas high fAGE
levels were associated with cardiovascular events during a
follow-up period of 366 [273—519] days [15]. As suggested
in that time, the prognostic meaning of the different pa-
rameters of the AGE—RAGE axis change over the time:
total SRAGE levels are predictive of events in the very short
time (several days), whereas fAGE concentration is on the
medium-long period (up to 3 years) [3], but not so much as
five years after the ACS. However, in the HF cohort, sSRAGE
levels have been predictive of cardiac death in the
medium-long period (12 years) [5], but they retain their
predictive value, at least in the form of esRAGE, after a
prolonged period (up to 5 years), as demonstrated in the
present work (Fig. 3).

Attending to our results, we propose a single value of
435 pg/mL esRAGE as the cut-off value for stratification of
patients with cardiovascular disease already developed.
Total sRAGE levels in healthy volunteers have been re-
ported to be 1300—1600 pg/mL, from which, esRAGE

represents only the 20% (~350—400 pg/mL), leaving the
remaining 80% for cRAGE (~1000 pg/mL) [10,28—31].
These levels allow sRAGE to function as a decoy for AGEs,
limiting their interaction with RAGE and conferring
vascular protection [32]. Supporting this, in a cohort from
the ARIC study without a history of coronary artery dis-
ease, stroke or HF, lower circulating levels of SRAGE were
independently associated with the development of HF
over a median of 20 years of follow-up [33]. However,
under several pathological conditions, such as hyperten-
sion [29], hypercholesterolemia [34], inflammation [35] or
coronary artery disease [28,31], levels of SRAGE become
reduced, limiting its ability to work as a decoy. This could
explain why the average levels of SRAGE and its forms in
our cohorts are lower than those presented above since
the subjects of this study are all patients with established
cardiovascular problems.

During the pre-symptomatic stage of the disease, low
levels of SRAGE would be predictors of bad prognosis [36].
Once the disease has been already initiated, a change of
trend seems to happen: higher levels of sSRAGE would be
predictors of various cardiovascular outcomes [5,14,24]. For
this reason, we think that sRAGE level dynamics (and also
esRAGE) during a cardiovascular process is the key factor to
understand its possible role in the disease. In the case of HF,
the point of change of trend for SRAGE might be an acute
decompensation [22] or another type of complication. Pre-
liminary reports suggest sRAGE to be a potential clinical
indicator of HF prognosis and mortality [37]. However, none
of these works analyzed esRAGE and cRAGE separately. In
the populations of this study, the levels of esRAGE repre-
sented almost half of the total SRAGE in both cohorts (with a
mean value of 46.2% for ACS and 45,3% for HF). This impor-
tant finding differs from healthy subjects [10,28—31], and
might suggest that variations in this ratio can be involved in
the development of cardiovascular disease or be a conse-
quence of this pathological condition. This hypothesis is
supported by the similar percentage of esRAGE found in ACS
patients (47.5%) by Park et al. [38].

Regarding cRAGE levels, a significant decrease (by half) is
observed in both cohorts of our population with respect to
normal values from healthy volunteers previously reported
[10,28—31]. The low levels of cRAGE in HF patients might
play an important role in the early development of the dis-
ease, as suggested by the results of the ARIC study [33].
Altogether, the reduction in cRAGE and the increase in esR-
AGE levels, suggest that the increase in total SRAGE levels
found in ACS patients just after the acute event [39] would be
more related to an increase in esRAGE production, than an
increase in proteolytic cleavage of membrane RAGE. As a
consequence, esRAGE could be a better marker than total
SRAGE for cardiovascular outcomes. Nevertheless, due to the
differences found at this point in the prognostic role of the
different soluble forms of RAGE for each disease, the evolu-
tion of each pathological condition might be different. Thus,
the implication of both soluble forms in the progression of
these cardiovascular conditions might also be different. In
fact, esSRAGE was a predictor of long-term prognosis in HF,
but not in ACS cohort.
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Figure 3 AGE—RAGE axis dynamics on cardiovascular disease progression. Advanced glycation end products (AGEs) are spontaneously formed from
the interaction of sugars with proteins in sequential steps until the development of the disease. Soluble receptor for AGE (sRAGE) levels also change
from healthy subjects to cardiovascular patients, but little is known about the levels during chronic disease. Several parameters of the axis (SRAGE
and fluorescent AGE (fAGE)) are related with the severity of the disease, once developed, but differently related with glycation. They also can serve as
prognostic markers of clinical outcomes in heart failure (HF) or after acute coronary syndrome (ACS), at different times.

The different roles of each soluble form of RAGE on each
cardiovascular setting could help explain the absence of a
significant association between AGE/sRAGE index and
prognosis, at least in the conditions of our study. This
index has been proposed for the identification of non-ST
elevation myocardial infarction [40] or for prediction of
endothelial dysfunction [41], previously.

Limitations

This is a unicentric, prospective, and observational study
with the limitations inherent to this type of study design.
The design of the study does not allow conclusions about the
causality of AGE/RAGE axis components in HF and ACS
populations. The number of patients included is small but is
comparable to other studies that assessed similar objectives
and outcomes, and the results are statistically significant,
and therefore we believe that this issue will have future
clinical relevance. Second, our study was made only in pa-
tients with HF or ACS, so the findings might be different in
other cardiovascular patients. Also, we did not include the
medications of the patients that could influence our results.
Finally, our study was performed in ambulatory HF patients,
so the extrapolation of our results to patients with acute HF
would need to be supported by appropriate data collection.

Conclusions

Our results show a different role of the AGE—RAGE axis in
HF and ACS. All forms of sRAGE were directly related with

glycation parameters in HF, but not in ACS. The indepen-
dent value of each sRAGE form on each cardiovascular
disease was supported by esRAGE being an independent
predictor of bad long-term prognosis only in HF, not in
ACS. To properly stratify risk in the population, further
studies in larger populations monitoring all the sRAGE
forms are needed to correctly establish their roles in
disease.
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