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Abstract

The advanced glycation end products (AGEs)-receptor for AGE (RAGE) axis is implicated in diabetic vascular complications.
Administration of soluble form of RAGE (sRAGE) to mice has been shown to block the AGE-elicited tissue damage by acting as a decoy. These
observations suggest that endogenous sSRAGE may capture and eliminate circulating AGEs and decrease its serum levels. However, because
AGESs up-regulate tissue RAGE expression and endogenous SRAGE could be generated from the cleavage of cell surface RAGE, sSRAGE may
be positively, rather than inversely, associated with circulating AGEs by reflecting tissue RAGE expression. In this study, we investigated the
association of SRAGE with serum levels of AGEs in humans. Data for fasting serum sRAGE and AGE levels of 184 nondiabetic subjects were
obtained from a general population in Japan. We also measured body mass index (BMI), waist circumference, blood pressure, and blood
biochemistries in this population. Uni- and multivariate analyses were applied for the determinants of serum sSRAGE levels. The average sSRAGE
levels were 0.40 + 0.17 ng/mL in males and 0.43 & 0.14 ng/mL in females, respectively. In the univariate analysis, BMI ( P < .05, inversely),
waist circumference (P < .05, inversely), AGEs (P <.05), and alcohol intake ( P < .05, inversely) were significantly associated with SRAGE
levels. After performing multivariate analyses, BMI (P < .05, inversely) and AGEs (P < .05) still remained significant independently. The
present study is the first demonstration that serum sRAGE levels were positively associated with circulating AGEs in the nondiabetic general
population. Endogenous sSRAGE levels are elevated in parallel with serum AGE levels.
© 2006 Elsevier Inc. All rights reserved.

1. Introduction pathogenesis of diabetic vascular complications [5-9].
Furthermore, recently, administration of a recombinant
soluble form of RAGE (sRAGE) consisting of the extra-
cellular ligand-binding domain has been shown not only to
suppress the development of atherosclerosis, but also to
stabilize established atherosclerosis in diabetic apolipopro-
tein E-null mice [10,11]. These observations suggest that
exogenously administered SRAGE may capture and elimi-
nate circulating AGEs, thus protecting against the AGE-
elicited tissue damage by acting as a decoy.

Based on these observations, endogenous sRAGE could
be one of the determinants of circulating AGE levels, and
therefore, inversely correlated with serum AGEs. However,
because AGEs up-regulate RAGE expression in various
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Reducing sugars can react non-enzymatically with amino
groups of protein to form Amadori products. These early
glycation products undergo further complex reaction such as
rearrangement, dehydration, and condensation to become
irreversibly cross-linked, heterogeneous fluorescent deriva-
tives, termed advanced glycation end products (AGEs)
[1-4]. The formation and accumulation of AGEs have been
known to progress at an accelerated rate in diabetes. Recent
understanding of this process confirmed that the AGE-
receptor for AGE (RAGE) axis was implicated in the
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Table 1
Characteristics of 184 subjects
Men Women Total
(n = 62) (n = 122) (N = 184)
Age (y) 66.7 + 9.1 65.0 £ 9.5 65.6 £ 9.4
BMI (kg/m?) 232+ 37 235+ 33 234 + 34
Waist circumference 87.8 £ 6.5 89.1 + 7.8 88.7 £ 7.5
(cm)
Systolic BP 1319 £ 154 139.4 £ 19.9 136.8 £ 18.8
(mm Hg)
Diastolic BP 82.6 £ 11.5 814 £+ 12.6 81.8 £ 12.2
(mm Hg)
AGEs (U/mL) 4.1 £0.7 41 +09 4.1 £0.38
sRAGE (ng/mL) 0.40 = 0.17 043 £ 0.14 042 + 0.15
Total cholesterol 191.4 + 343 207.6 + 34.1 202.0 + 34.9
(mg/dL)
LDL-C (mg/dL) 106.7 £ 27.7 123.7 £ 314 1179 + 31.2
HDL-C (mg/dL) 58.6 £ 15.8 60.4 + 13.9 59.8 = 14.6
Triglycerides 93.7 £ 16.6 94.8 + 40.2 100.6 + 36.5
(mg/dL)*
Glucose (mg/dL)* 99.6 £ 11.7 915 £ 11.2 947 + 11.3
HbA . (%) 5.13 £ 0.32 5.18 £ 0.31 5.16 £ 0.32
Insulin (xU/mL)* 43 £25 40+ 19 42 + 2.1
HsCRP (mg/dL)? 0.047 £ 0.012 0.033 £ 0.011 0.037 £ 0.014
Ccr (mL/min) 81.7 £ 27.8 80.7 £ 229 80.0 + 24.7
Uric acid (mg/dL) 5.7+ 14 46 £ 1.1 5013
Total protein (g/dL) 72+ 04 74 £ 04 73 £ 04
Frequency (%)
HT medication 25.8 30.3 28.8
HL medication 7.8 9.0 8.6
Alcohol intake 73.0 14.8 34.6
Current smoking 234 0.8 8.6

Values are expressed as mean = SD or percentage, unless indicated
otherwise. LDL-C indicates low-density lipoprotein cholesterol; HDL-C,
high-density lipoprotein cholesterol; Ccr, creatinine clearance (calculated
by the Cockcroft-Gault equation); HT, hypertension; HL, hyperlipidemia.

* Log-transformed values were used for the calculation of means and
SD and exponentiated geometric means are presented.

actions of matrix metalloproteinases [12,13], SRAGE may
be positively, rather than inversely, associated with circu-
lating AGEs and may reflect tissue RAGE expression.
Therefore, in this study, we measured serum levels of
SRAGE and AGEs simultaneously and investigated the
relationship between these 2 parameters in humans.

2. Methods
2.1. Subjects

In 2004, in a fishing community in southwestern Japan
(Uku town), a total of 204 people received a health
examination. This town is an isolated island near Fukue city,
located in Nagasaki prefecture, and the total population is
about 3700. We have been performing an epidemiologic study
every year for 4 years. The subjects’ demographic back-
grounds of this year were almost same to those of the previous
years. Of these, 8 subjects rejected blood test. We excluded 12
diabetic subjects (hemoglobin A;. [HbA;.] levels of >6.5%
and/or fasting plasma glucose of >126 mg/dL). Finally,
complete data set for 184 nondiabetic subjects (62 males and
122 females) was available in this study.

2.2. Data collection

The medical history, smoking, and alcohol intake were
ascertained by a questionnaire. Smoking and alcohol intake
were classified as current habitual use or not. Height and
weight were measured, and body mass index (BMI; weight
in kilograms divided by the square of height in meters) was
calculated as an index of obesity. Blood pressure (BP) was
measured in the sitting position (first) and supine position
(second) at 3-minute interval using an upright standard
sphygmomanometer. Vigorous physical activity and smok-
ing were avoided for at least 30 minutes before BP
measurement. The supine BP with the fifth-phase diastolic
pressure was used for analysis.

Blood was drawn from the antecubital vein in the
morning after 12-hour fast for determinations of lipids (total
cholesterol, high-density lipoprotein cholesterol, low-densi-
ty lipoprotein cholesterol, and triglycerides), fasting plasma
glucose, glycosylated HbA ., insulin, creatinine, uric acid,
total protein, high-sensitivity C-reactive protein (hsCRP),
AGEs, and sSRAGE. Serum AGE levels were measured with
an enzyme-linked immunosorbent assay (ELISA) as de-
scribed previously [14]. In this study, 1 U corresponds to
2 ug of glyceraldehyde-derived AGE-bovine serum albu-
min standard as described previously [14]. The sRAGE
levels were determined with a commercially available
ELISA kit (R&D systems, Minneapolis, MN). Interassay
(n = 40) and intra-assay (n = 20) coefficient of variations of
the SRAGE ELISA were 7.7% and 5.7%, respectively. Other
chemistries (enzymatic assay method) were measured at a
commercially available laboratory (The Kyodo Igaku
Laboratory, Fukuoka, Japan). Creatinine clearance was
estimated with the Cockcroft-Gault equation [15]. The
mayor and the welfare section of Uku town approved this
study. The ethical committee of the Kurume University also
approved this study. All participants gave informed consent.

2.3. Statistical methods

Because of skewed distributions, the natural logarithmic
transformations were performed for triglycerides, glucose,
insulin, and hsCRP. Mean values with upper and lower 95%
confidence intervals (CI) were exponentiated and presented
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Fig. 1. Distributions of serum sRAGE levels in men and women.
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Table 2
Association between SRAGE and other parameters
p SE P

Age —.062 0.001 .360
Sex .097 0.023 298
BMI —.177 0.003 .023
Waist circumference —.175 0.001 .028
Systolic BP —.017 0.001 .682
Diastolic BP .010 0.001 918
AGEs 152 0.013 .039
Total cholesterol .050 0.001 .597
LDL-C .108 0.001 234
HDL-C .078 0.001 .165
Triglycerides® —.034 0.025 924
Glucose® —.138 0.015 232
HbA . .015 0.035 .842
Insulin® —.037 0.014 617
HsCRP? —.041 0.010 581
Cer —.135 0.001 .067
Uric acid —.027 0.009 720
Total protein .047 0.028 .601
HT medication —.107 0.024 .149
HL medication 121 0.039 101
Alcohol intake —.155 0.023 .033
Current smoking .029 0.039 710

f indicates standardized regression coefficients. Men = 0, women = 1;
medication: no = 0, yes = 1.
? Log-transformed values were used.

as geometric mean * SD, where the SD was approximated
as the difference of the exponentiated CI divided by 3.92,
which is the number of SD in a 95% CI where data are
normally distributed. Results are presented as mean £ SD.
The medications for hypertension and hyperlipidemia were
coded as dummy variables. Univariate analysis was
performed for determinants of serum sRAGE levels.
Multiple linear regression analysis was performed to
determine independent determinants of sRAGE levels.
Statistical significance was defined as P < .05. All statistical
analyses were performed with the use of the SPSS system
(SPSS, Chicago, IL).

3. Results

Backgrounds of the subjects are presented in Table 1.
Mean BMI in both sexes was 23.5 kg/m”. Only 15 subjects
(8.2%) met the new criteria of the metabolic syndrome for
Japanese proposed by the International Diabetes Federation
[16]. The levels of SRAGE did not differ between men and
women. Fig. 1 shows distributions of SRAGE levels in men
and women, which shows normal distributions in both
sexes. Table 2 shows results of univariate analysis for
determinants of serum sRAGE levels. Parameters statisti-
cally and significantly related to SRAGE levels were AGEs
(P < .05), BMI (P < .05, inversely), waist circumference
(P < .05, inversely), and alcohol intake (P < .05,
inversely). Because these significant parameters could be
closely correlated each other, multiple linear regression
analysis was performed. Finally, BMI (P < .05, inversely)
and AGE levels (P < .05) remained significant (Table 3)

and were independently related to serum sRAGE levels
(R? = 0.145). The metabolic syndrome was not associated
with sRAGE levels (P = .698). Alcohol intake or waist
circumference did not affect the levels of sSRAGEs by
multivariate analysis. Even after including 12 diabetic
patients, BMI (P < .05, inversely) and AGE levels (P <
.05) still remained significant.

4. Discussion

In the present study, we demonstrated for the first time
that serum sRAGE levels in nondiabetic subjects were
positively, rather than inversely, associated with AGE levels.
Age-, sex- and BMI-adjusted AGE levels were significantly
increased, but not decreased, in proportion to the increasing
levels of SRAGE (data not shown). These findings suggest
that endogenous sRAGE could not efficiently capture and
eliminate circulating AGEs in vivo. Because AGEs are
positive regulators of cell expression of RAGE [17-19], our
present observations suggest that circulating SRAGE levels
may reflect tissue RAGE expression and may be elevated in
parallel with serum AGE levels as a counter-system against
the AGE-elicited tissue damage, even in a nondiabetic
general population without apparent cardiovascular disease
or renal disease.

The concept that endogenous sSRAGE may reflect tissue
RAGE expression is supported by several observations. (1)
The receptor for AGE is a cell surface receptor that belongs
to the immunoglobulin superfamily such as intracellular
adhesion molecule 1 (ICAM-1) and vascular cell adhesion
molecule 1 (VCAM-1) [5]. Levels of the soluble form of
ICAM-1 and VCAM-1 are elevated in various disorders by
reflecting up-regulation of these molecules in endothelial
cells (ECs) [20]. (2) Angiotensin II increases RAGE
messenger RNA levels in ECs and subsequently stimulates
SRAGE formation. Treatments with telmisartan, an angio-
tensin Il type 1 receptor blocker, not only inhibits the
angiotensin Il—elicited sSRAGE generation by ECs, but also
decreases serum levels of SRAGE in patients with essential
hypertension [21]. (3) Vitreous levels of sRAGE are
increased in proliferative retinal diseases by reflecting
enhanced expression of RAGE in epiretinal membranes of
the eyes [22].

4.1. Subject selection

We limited our analysis to nondiabetic subjects without
apparent cardiovascular disease or renal disease for some

Table 3

Multiple stepwise regression analysis to determine sSRAGE levels
Parameters b SE P
BMI —.167 0.003 .019
AGEs 157 0.013 .032
Alcohol intake —.143 0.023 .053
Waist circumference —.119 0.024 113
R = 0.145.
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reasons. First, serum AGEs levels are reported to be
elevated in diabetic or nondiabetic subjects with coronary
artery disease or renal dysfunction, which could confound
the relationship between serum AGE and sRAGE levels
[23-25]. Second, among 204 subjects enrolled in this study,
only 12 patients had diabetes. Although about 30% of our
subjects received medication for hypertension (Table 1), it is
unlikely that antihypertensive drugs could confound the
present results because univariate analysis revealed no
significant correlation between the medication for hyper-
tension and serum sRAGE levels (Table 2).

4.2. Serum levels of SRAGE

As far as we know, there are 2 articles to report SRAGE
levels in nondiabetic general population without apparent
cardiovascular disease or renal disease [26,27]. Koyama et al
[26] reported that SRAGE levels in nondiabetic Japanese
were inversely associated with BMI. These observa-
tions were consistent with the present finding that SRAGE
levels were inversely correlated with BMI. However, our
results were not consistent with another observation by
Geroldi et al [27]. They showed that sSRAGE was decreased in
patients with hypertension compared with normotensive
controls (1.21 vs 1.36 ng/mL, P < .01) and that pulse
pressure was the only determinant of SRAGE levels in white
Italians. Their values were much higher than those in our
study, and BMI had no relationship with SRAGE levels in
their study. We do not know the reasons for the different
results and different values of SRAGE levels between our
study and theirs. The difference of subject population (age)
and ethnicity could account for the discrepancies.

Recently, Falcone et al [28] reported that low levels of
sRAGE were independently associated with the presence of
coronary artery disease in nondiabetic men, thus suggesting
that decreased levels of circulating SRAGE may represent a
marker and/or mediator of vulnerability to atherosclerosis.
Because we measured here serum levels of sSRAGE in
nondiabetic subjects without apparent cardiovascular dis-
ease or renal disease, the association of sRAGE with
cardiovascular disease is not known from our study.

Hemoglobin A;. is one of the early glycation products.
Therefore, we studied here the correlation between HbA,,
and sRAGE in our subjects. In this study, we did not find
any association of HbA;. with serum sRAGE levels
(Table 2). This lack of association may be caused by a
different turnover in AGEs and HbA . [22].

5. Limitation

First, because endogenous sSRAGE could be generated
from the cleavage of cell surface RAGE proteins or novel
splice variants of RAGE [12,29-31], the assay used here
does not distinguish the types of endogenous sRAGE.
Therefore, although we have already shown that the splice
variant-derived SRAGE was capable of binding AGEs [29],
we do not know whether all the material that we measured

here was active and capable of binding AGEs. Second, it
would be interesting to analyze the relationship between
sRAGE and other known biomarkers of cardiovascular
disease such as soluble forms of ICAM-1 and VCAM-1,
although sRAGE levels were not correlated with hsCRP in
our subjects. Third, our study was limited to nondiabetic
subjects without apparent cardiovascular disease or renal
disease. It is interesting to study a large number of subjects
including nondiabetic as well as diabetic subjects with or
without cardiovascular disease or renal disease. Fourth, our
study was a cross-sectional one and, therefore, does not
elucidate the causal relationships between AGEs and
SRAGE levels. Eventually, a longitudinal study is needed
to clarify the causal relationship between sRAGE levels and
tissue damage or cardiovascular events. We would continue
the study and collect the data over several years for more
detailed evaluation.
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