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Abstract: We determined whether plasma concentrations of the receptor for advanced glycation end
products (RAGE) and the soluble (s) form of RAGE (sRAGE) in healthy individuals and patients with
type 2 diabetes (T2D) modulate vascular remodeling. Healthy individuals and patients with T2D
were divided into two age groups: young = <35 years old or middle-aged (3664 years old) and
stratified based on normal glucose tolerance (NGT), impaired (IGT), and T2D. Plasma titers of sSRAGE,
the RAGE ligands, AGEs, 5100B, S100A1, S100A6, and the apoptotic marker Fas ligand Fas(L) were
measured by enzyme-linked immunosorbent assay (ELISA). The apoptotic potential of the above
RAGE ligands and sRAGE were assessed in cultured adult rat aortic smooth muscle cells (ASMC).
In NGT individuals, aging increased the circulating levels of AGEs and S100B and decreased sRAGE,
S100A1 and S100A6. Middle-aged patients with T2D presented higher levels of circulating S100B,
AGESs and FasL, but lower levels of sSRAGE, S100A1 and S100A6 than individuals with NGT or IGT.
Treatment of ASMC with either AGEs or S100B at concentrations detected in T2D patients increased
markers of inflammation and apoptosis. Responses attenuated by concomitant administration of
sRAGE. In middle-aged patients with T2D, lower circulating plasma levels of SRAGE may limit decoy
and exogenous trapping of deleterious pro-apoptotic/pro-inflammatory RAGE ligands AGEs and
5100B, increasing the risk for diabetic complications.
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1. Introduction

Diabetes mellitus can result from insulin deficiency (Type 1-T1D) or insulin resistance (Type 2-T2D)
and constitutes a worldwide epidemic [1-3]. Several biological changes influence the onset and
pathogenesis of diabetes, but the accumulation of advanced glycation end products is indispensable
for the disease [4,5]. AGEs exert their effects in several ways, including modulation of the
receptor for advanced glycation end products (RAGE) [6-8]. Evidence in the literature supports
the hypothesis that AGEs and non-AGEs ligands of the RAGE accumulate in the plasma/serum of
human subjects with diabetes, potentially serving as unreported biomarkers for diabetes-induced
complications [6-8]. RAGE is a pattern recognition receptor that recognizes diverse ligands, including
AGEs, some S100/calgranulins, amyloid-beta peptide, and High Mobility Group Box 1 protein
(HMGB1), all of which are collectively called damage-associated molecular patterns (DAMPS) [9-13].
Serum accumulation of RAGE ligand AGEs initiates and drives the progression of diabetes [14-16].
The commonly identified clinical variant of AGEs demonstrates nonfluorescent modification of lysine,
N-carboxymethyl-lysine (CML), on circulating proteins such as albumin [17]. Studies in animal models
indicate that decreased CML may protect against diabetes, while human studies similarly show
increased tissue/circulating CML concentrations to be predictive of diabetic complications [18,19].

RAGE is a membrane-bound protein that is structurally composed of three extracellular Ig-like
domains, a single transmembrane helix, and a short intracellular domain [20]. Ligand binding to
RAGE activates several pathways, including mitogen-activated protein kinases (MAPKs) and nuclear
factor (NF)-«B, promoting inflammatory gene transcription, cell migration, and cell adhesion [21,22].
Under physiological conditions, RAGE is predominantly expressed in the lungs; however, RAGE levels
rise when induced by ligands accumulated at injured sites in patients with diabetes [23,24]. A soluble (s)
form of RAGE (sRAGE) is also present in the circulation and consists of shed membrane-bound RAGE
ectodomain and secreted endogenous RAGE (esRAGE) [25,26]. Shed and esRAGE can be detected in
the plasma but do not transduce signal upon ligand binding [25-27]. It has been postulated that sSRAGE
functions as a decoy molecule to bind excess RAGE ligand and, therefore, serve a protective role [25-27].
However, it is equally possible that increased sSRAGE production is the result of reduced cell surface
receptor expression, limiting the degree of cellular activation. Whether levels of sSRAGE are associated
with a better or worse outcome may, in part reflect these two roles. The production of soluble receptors,
as a general concept, is regarded as a common feature of cytokine biology with implications for
inflammatory disease progression and therapy. Maintaining high levels of circulating sSRAGE isoforms
can be advantageous for the host. In a rat model of type 1 diabetes, the administration of anti-RAGE
antibodies or sSRAGE blocked the increased vascular permeability [28]. In atherosclerosis-prone
apoE-null mice made diabetic with streptozotocin sSRAGE treatment markedly reduced the size and
complexity of atherosclerotic lesions as well as the accumulation of RAGE ligands AGEs and S100s in
the vessel wall. These experiments have been replicated in TD2 models with similar results [29,30] and
demonstrate the feasibility of RAGE inhibition as a means of avoiding diabetic complications.

Cross-sectional human population studies report that circulating sSRAGE is a potential biomarker
of several pathologies, although conflicting data exists in the context of diabetes and cardiovascular
diseases [31]. Decreased levels of circulating SRAGE have been reported in patients with hypertension,
metabolic syndrome, coronary artery disease, T1D, T2D, and obesity, suggesting that sRAGE is
an early predictor of cardiovascular risk [32-37]. In T2D, lower plasma sRAGE has been inversely
correlated with HbA . [38]. Interestingly, in an apparently healthy population, sSRAGE levels declined
with age and were inversely associated with body mass index (BMI) [38]. Alternatively, studies
have also demonstrated no difference or elevated total sSRAGE levels in T1D and T2D compared
with BMI-matched controls with no relationship to necessary measures of insulin sensitivity [39-41].
Furthermore, in T1D, increased sRAGE was associated with increased all-cause and cardiovascular
mortality, potentially reflecting the activation and production of RAGE in the context of accelerated
vascular disease [42]. The divergent data regarding circulating SRAGE concentrations in patients with
diabetes are likely a consequence of the applied study designs.
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These findings identify sSRAGE to be a marker of diabetic complications. However, none of these
studies address a key gap in our current knowledge—quantifying RAGE ligand levels, specifically the
5100 proteins, in parallel with plasma sRAGE expression. Since diabetes may differentially impact
the mechanisms controlling RAGE ligand generation and clearance, determining sRAGE levels in
parallel with circulating RAGE ligands could be useful for assessing diabetic risk factors. In this study,
we aimed to quantify total SRAGE, the RAGE ligands AGEs, S100B, S100A1 and S100A6 in a young,
lean, healthy human reference group and middle-aged individuals stratified according to glucose
tolerance status (GTS). We hypothesized that impaired glucose tolerance (IGT) and T2D reduces
circulating sSRAGE in comparison to a lean, healthy reference group. To validate our findings, we used
a rodent abdominal aortic vascular smooth muscle cell (ASMC) culture model to determine whether
circulating concentration of SRAGE acts as a decoy for cytoprotection against high glucose and/or
RAGE ligand inflammatory/apoptotic actions.

2. Results

2.1. Anthropometric and Metabolic Characteristics

Table 1 presents the basic characteristics of the study population stratified by glucose tolerance
status. There was an equal proportion of males and females in all groups. NGT-A individuals had
a younger age and a decreased BMI compared to NGT-B, IGT and T2D. Comparing NGT-B, IGT,
and T2D, weight and BMI were highest in T2D. Individuals with IGT and T2D had higher triglycerides
and lower HDL cholesterol compared to NGT-B. The liver enzyme alanine aminotransferase was
decreased in the IGT and T2D groups compared with NGT-B. Individuals with T2D had higher fasting
glucose and insulin compared to NGT-B. Compared to NGT-B, 2-h administration of glucose or insulin
was higher in IGT and T2D.

Table 1. Patient Characteristics. NGT-normal glucose tolerance; IGT-impaired glucose tolerance;
T2D-type 2 diabetes; Weight; BMI-body mass index; HDL-high density lipoprotein; LDL-low density
lipoprotein; AST-aspartate aminotransferase; ALT-alanine aminotransferase; GT-glutamy-ltransferase.
# p < 0.05 vs. control (young), * p < 0.05 vs. control (aged), ' p < 0.05 vs. IGT.

Variable NGT-A NGT-B IGT T2D
Young Middle-Aged Middle-Aged Middle-Aged
n(%men) 10 (50) 10 (50) 10 (50) 10 (70)
Age, years 321+15 59.6 +1.2% 59.8 +1.6# 59.8 +1.6%
Weight, kg 739 +4.7 75.1+29 80.5 4.3 915+31%
BMI, kg/m? 24.0+09 279 +07% 28.1 + 0.66 * 31.8 0.9 *
Serum Lipids
Triglycerides, mg/dL 114 + 16.1 140 £20.2* 140 £21.8*
Total Cholesterol, mg/dL 229 +11.3 215 +13.1 217 £ 13.6
HDL Cholesterol, mg/dL 59.7 + 4.5 51.8 +4.7 442 +39*
LDL, Cholesterol, mg/dL 138 + 8.9 129 +11.9 140 £9.7
Liver Enzymes
AST, U/L 32(17,62) 30 (19, 47) 28 (12, 54)
ALT, U/L 54 (15, 124) 43 (27, 80) * 44 (26, 65) *
g-GT, U/L 60 (12, 138) 57 (12, 174) 63 (6, 165)
Measures of Glycemia
Fasting glucose, mg/dL 86.1+3.3 825+3.9 1082 £ 9.3 *
2-h glucose, mg/dL 113+ 4.3 154.8 +4.7* 2519 + 155
Fasting insulin, pU/mL 108 +1.4 11.3+1.3 159 +28*
2-h insulin pU/mL 943 +16.9 162.2 +37.4*% 150.9 +22.1*
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2.2. Serum sRAGE, S100A1, S100A6, AGEs, S100B and FasL Levels Are Differentially Regulated with
Age and Diabetes

The plasma level of the decoy sRAGE, that bind excess RAGE ligands, was decreased in
middle-aged individuals with NGT-B, IGT and T2D compared to younger individuals with NGT-A
(Figure 1A). Compared to NGT-A individuals, the plasma level of the RAGE ligands S100A6 and
S100A1 was decreased in NGT-B and a further reduction was observed in IGT and T2D (Figure 1B,C).
The death receptor pathway ligand FasL and the RAGE ligands AGEs and 5100B were increased in
T2D (Figure 1D-F). Strong negative correlations were observed between S100B and the decoy sRAGE
(r = 0.629) and between S100A6 and AGEs (r = 0.699) (Figure 1G,H).
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Figure 1. Plasma levels of SRAGE (A), the RAGE ligands S100A6 (B), S100A1 (C), S100B (D), AGEs (E)
and the death receptor ligand FasL (F) in young individuals with normal glucose tolerance (NGT)
and middle-aged with NGT, impaired GT, or Type II diabetics (T2D). Plasma levels as measured
by enzyme-linked immunosorbent assay (ELISA) are presented as box plots showing median and
interquartile range. * p < 0.05 vs. NGT-young; ! p < 0.05 vs. NGT-middle-aged. Negative correlations
between S100B and sRAGE in type II diabetics (T2D) (G), and S100A6 and AGEs in individuals with
impaired glucose tolerance (IGT) (H). n = 10.
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2.3. RAGE Ligands (AGES, S100B, S100A1, S100A6) and sRAGE Differentially Requlate Parameters of
Apoptosis (BAX/BCL2 Ratio-Mitochondrial Pathway; Fas Ligand, Fas Receptor-Death Receptor Pathway)
and Markers of Inflammation (TNF-a) in ASMC

In cultured adult rodent abdominal ASMC, 24 h exposure to AGEs at a concentration (50 pug/mL)
seen in the plasma of T2D increased the expression of S100B and RAGE and reduced S100A1 and
S100A6 expression (Figure 2A). The addition of SRAGE at a concentration (1.5 ng/mL) observed in the
plasma young NGT-A individuals to AGEs reduced the expression of S100B and RAGE and increased
the expression of S1I00A1 and S100A6 to basal (vehicle) levels (Figure 2A). Treatment of ASMC with
S100B at a concentration (100 pg/mL) seen in T2D increased the expression of the apoptotic gene ratio
BAX/BCL2 reflective of mitochondrial apoptosis, the death receptor ligand FasL and the inflammation
marker TNF-« (Figure 2B). Treatment of ASMC with AGEs (50 pug/mL), increased the expression of
FasL, its receptor Fas and TNF-« (Figure 2C). Interestingly, the addition of HG (4.5 g/L) [43] to ASMC
increased only the expression of the apoptotic ratio BAX/BCL2 (Figure 2B). HG in combination with
S100B increased the expression of FasL and TNF-«, whereas HG in combination with AGEs increased
the expression of the BAX/BCL2 ratio, FasL and TNF-« (Figure 2C). The addition of sSRAGE to either
S100B, AGEs, or HG alone or in combination abolished the observed increases in the apoptotic and
inflammatory markers (Figure 2B,C).
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Figure 2. High glucose (HG), AGEs and sRAGE differentially regulate ligands of RAGE (A) and
parameters of apoptosis (BAX/BCL2 ratio-mitochondrial pathway; FasL, Fas receptor and marker of
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inflammation (TNF-«) (B,C). Cultured adult rodent abdominal aortic smooth muscle cells were exposed
to vehicle (PBS), sSRAGE (1.5 ng/mL), high glucose (4.5 g/L), AGEs (50 pug/mL), or S100B (100 pg/mL)
alone or in combination for 24 h. Gene mRNA expression was analyzed by real-time quantitative RT-PCR.
All values are mean + SEM of the ratio gene/18S relative to the vehicle. * p < 0.05 vs. vehicle. n = 6.

To determine whether the RAGE ligands AGEs, S100B, S100A1, and S100A6 directly induce ASMC
early and late apoptosis, ASMC were treated for 24 h with either vehicle (PBS), sSRAGE (1.5 ng/mL),
S100B (100 pg/mL), AGEs (50 ug/mL), S100A6 (1.5 ng/mL-concentration observed in the plasma
of young NGT-A), or S100A1 (10 ng/mL-concentration observed in young NGT-A) (Figure 3A-C).
Treatment with only the RAGE ligands S100B and AGEs increased early apoptosis as quantified by the
proportion of Annexin V positive cells, responses abrogated in the presence of sSRAGE (Figure 3A,B).
Interestingly, late apoptotic events were not observed with any of the RAGE ligands (Figure 3A,C).
Apoptosis is mediated by activation of the caspase cascades [44].
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Figure 3. sSRAGE inhibits smooth muscle cell apoptosis induced by either S100B or AGEs. Cultured
adult rodent abdominal aortic smooth muscle cells were exposed to vehicle (PBS), sSRAGE (1.5 ng/mL),
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S100A1 (10 ng/mL), S100A6 (1.5 ng/mL), AGEs (50 pug/mL) or S100B (100 pg/mL) alone or in combination
with sSRAGE (5100B, AGEs) for 24 h. Representative images of apoptosis as determined by flow cytometric
analysis using the FITC Annexin V-Apoptosis kit are shown (A). Values are mean + SEM of % Annexin
positive cells relative to vehicle in early (B) and late (C) apoptosis. * p < 0.05 vs. vehicle. n = 6.

To define the cellular mechanisms by which RAGE ligation leads to apoptosis, we evaluated the
cleavage of the initiator death receptor pathway caspase-8 and the executioner mitochondria-dependent
caspase-3. A co-immunoprecipitation strategy followed by Western blot analysis demonstrated
heterodimerization of caspase-8 and RAGE in ASMC cell lysates treated with vehicle (PBS), HG,
AGEs, S100B, or S100A6 (Figure 4A). As represented in Western blots and quantified by densitometry,
exposure of ASMC to either HG, AGEs or S100B alone or in combination resulted in increased cleavage
of both caspase-8 and -3, responses abrogated in the presence of sSRAGE (Figure 4B).
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Figure 4. RAGE ligands regulate caspase-3, -8 activation and MAPK (ERK1/2, JNK) signaling. Cultured
adult rodent abdominal aortic smooth muscle cells were exposed to vehicle (PBS), sSRAGE (1.5 ng/mL),
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high glucose (HG) (4.5 g/mL), AGEs (50 ng/mL) or S100B (100 pg/mL) alone or in combination with
sRAGE for 24 h. Representative immunoprecipitation assay showing an association of RAGE and
caspase-8 following treatment with vehicle (PBS), high glucose (HG), AGEs or S100B (A). Representative
Western blots show cleaved, mid-form (MF) and total caspase-8, cleaved and total caspase-3 (B).
Densitometry values are mean + SEM of cleaved/total relative to the vehicle. Representative Western
blot shows phospho and total ERK1/2 and JNK (C). Densitometry values are mean + SEM relative to
vehicle (PBS). * p < 0.05 vs. vehicle. n = 3.

2.4. RAGE-Ligand Binding Induces the MAPK Signaling Pathway

The MAPK signaling pathway plays an important role in diabetic vascular damage [17,22].
Therefore, we examined the effect of RAGE ligands on the activation of the MAPK signaling pathway in
AVSM. AVSM were treated with either HG, the proapoptotic RAGE ligands AGEs or S100B alone, or in
combination with sRAGE, and phosphorylation of ERK1/2 and JNK was determined by resolving cell
lysates on Western blots (Figure 4C). Densitometry measurements demonstrated treatment with HG,
AGEs, or S100B alone or in combination increased the phosphorylation of ERK1/2 and JNK (Figure 4C).
The addition of SRAGE abrogated ERK1/2 and JNK phosphorylation (Figure 4C).

3. Discussion

To our knowledge, the present study is the first to report circulating concentrations of SRAGE
with the RAGE ligands AGEs, S100B, S100A1 and S100A6 in the context of young, healthy human
individuals and middle-aged individuals who are either healthy, have impaired glucose tolerance,
or T2D. Our primary findings show young individuals present the highest concentration of sSRAGE,
anti-apoptotic S1I00A1, and S100A6 and the lowest concentration of pro-apoptotic AGEs and S100B
when compared to middle-aged individuals with NGT, IGT or T2D. These findings are consistent with
previous reports showing lower sRAGE expression in patients with obesity and impaired glucose
tolerance [33-37]. Importantly, in ASMC, we demonstrate that T2D circulating concentrations of AGEs
and 5100B induce signaling pathways resulting in inflammatory and apoptosis responses that are
attenuated in the presence of sSRAGE at a concentration seen in the plasma of young NGT individuals.

Our data are, admittedly, limited by the number of individuals per group and not being
age-matched across all groups, but do show that chronological age plays an essential role in sSRAGE
concentration. Secondly, we acknowledge that this study was completed at a single site with one
demographic population (Greek). Finally, our data is limited by the measurement of only total sSRAGE
using the R&D ELISA kit. Total SRAGE levels decrease with advancing age. Total SRAGE consists of
two circulating soluble isoforms: esRAGE derived from alternative splicing and cRAGE generated
by proteolytic cleavage of RAGE by ADAM10 and/or membrane-bound RAGE proteolysis (MMPs).
esRAGE does not vary during aging and eventually represents the predominant circulating sSRAGE
isoform in the elderly [45]. Conversely, cRAGE is the most abundant circulating SRAGE in young
individuals and decreases with age dropping to dismal levels in the elderly [45]. In our study, the high
circulating SRAGE concentration in young individuals may be reflective of the cRAGE isoform that
decreases with age.

Interestingly, in middle-aged individuals, circulating SRAGE in states of impaired glucose tolerance
and T2D remains comparable to NGT. Conflicting results have been reported regarding circulating
sRAGE and T2D [32-37]. In contrast to our data, others have reported higher circulating sSRAGE
levels in type 2 diabetic patients compared to nondiabetic subjects and positively associated with the
presence of coronary artery disease in diabetes [39—41]. The endogenous sSRAGE level may be elevated
in diabetes as a counter-system against endothelial cell damage and could reflect enhanced RAGE
expression in the diabetic vasculature. Alternatively, attenuated total SRAGE has been independently
reported with obesity, prediabetes, and T2D, and low total SRAGE was associated with greater risk of
developing T2D and cardiovascular mortality in nondiabetic individuals [31-37]. Differences in the
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makeup of the T2D subjects, along with the type of ELISA kit used to measure sSRAGE may account for
the discrepant results.

Our study also reveals that aging also decreases the concentration of the cytoprotective
RAGE ligands S100A1 and S100A6 with a further decrease in states of IGT and T2D whereas
pro-apoptotic/inflammatory circulating AGEs and S100B accumulate in T2D. Additionally, inverse
correlations between sRAGE and S100B in T2D, and S100A6 and AGEs in IGT characterize middle age
states of IGT and T2D by a shift from cytoprotective (S100A1, S100A6) to pro-apoptotic/pro-inflammatory
(S100B, AGEs) RAGE ligands. However, the juxtaposition of the T2D phenotype against a young,
healthy phenotype demonstrates the degree to which circulating sSRAGE, S100A1, S100A6, AGES,
and S100B in states of IGT, and advanced age deviate from optimum health. We have demonstrated here
that dysregulation of sSRAGE and ligands of RAGE is associated with different phenotypes, and therefore
are likely under parallel regulation. The progressive decrease of SRAGE and cytoprotective SI00A1
and S100A6 with aging may result in the accumulation of AGEs and S100B, fueling signaling pathways
favoring the diabetic state.

It is well established that the binding of RAGE with ligands drives a cascade of signaling
that converges at NF-kB, promoting inflammatory and apoptotic processes [17,22]. RAGE triggers
the inflammatory intracellular signal transduction pathways of a variety of cells, promoting the
secretion of pro-inflammatory cytokines such as TNF-«, leading to acute inflammation and cellular
dysfunction. Since vascular SMC plays pivotal roles in the occurrence of diabetic complications
such as atherosclerosis, we investigated the role of sRAGE in reducing the harmful effects of
high-glucose (HG) or the RAGE ligands AGEs and S100B in cultured ASMC, and identified associated
molecular mechanisms. RAGE engagement by a myriad of ligands is linked to an array of signaling
pathways. These include the activation of NF-kB, MAPKs, PI3K/Akt, Rho GTPases, Jak/STAT,
and Src family kinases, among others [17,22]. This variety of reported RAGE signal transduction
pathways is quite extraordinary. However, the diverse nature of the RAGE ligands, and possibly
their contaminating elements, coupled with the broad expression pattern of RAGE may account for
such an assortment of signals. RAGE is known to transduce differential signals depending on the
ligand concentration. In the picomolar range, S100B behaves like a neurotrophin protecting neuronal
cells against neurotoxic stimuli through stimulation of ERK1/2 and NF-«kB-mediated upregulation
of the anti-apoptotic mediators, whereas at the nano- to micromolar doses, it is neurotoxic through
excess MAPK stimulation and ROS production [12]. S100B in the plasma of young and middle-age
individuals is found in picomolar amounts and increases in T2D patients. Exposure of ASMC to
T2D circulating concentrations of AGEs and S100B provokes inflammatory and apoptotic signaling
resulting in increased expression of TNF-«, the apoptotic BAX/BCL2 ratio, and the death receptor
pathway component FasL. AGEs/S100B-induced apoptosis is largely dependent on the effector caspase,
caspase-3, which is activated through both the extrinsic cell death pathway (caspase-8-dependent) and
mitochondrial intrinsic cell death (BAX/BCL2 dependent) pathway. Our results align with reports in the
literature that indicate caspase-8 regulates not only cell death but also inflammation signaling [44,46,47].
The concurrent pro-inflammatory and apoptotic events induced by AGEs and S100B are inhibited
in the presence of the decoy receptor sSRAGE at a concentration seen in young NGT individuals.
Thus, with advancing age, the decline in sSRAGE and cytoprotective SI00A1 and S100A6 is permissive
for AGEs/S100B RAGE-dependent inflammatory/apoptotic events. In SMCs, MAPK appears to be the
principal kinases activated by RAGE ligands. Indeed, ERK1/2 is a direct RAGE-binding partner [48].
AGEs or 5100B via RAGE signaling elevate the level of ERK and JNK phosphorylation. Activation
of both JNK and ERK, components of the intracellular downstream signal transduction pathway of
RAGE, is associated with inflammation and/or apoptosis, which is consistent with our results.

RAGE is a pattern-recognition receptor that predominately binds to endogenous molecules that
are generated or released during cellular, physiological, or pathological stresses [9-13]. It has been
proposed that tissue damage releases endogenous DAMPs, which are quintessential for initiating the
restoration of tissue homeostasis. DAMP molecules include the RAGE ligands AGEs and members of
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the 5100 family. Our data suggest that AGEs and S100B released from damaged cells in response to
the diabetic state stimulate inflammatory and apoptotic responses in ASMC by oligomerizing with
the RAGE receptor. Importantly, the use of ASMC from healthy rats may be sufficient in evaluating
RAGE ligand-induced apoptotic and inflammatory responses but, it is not equivalent to ASMC from
middle-aged patients with T2D.

4. Materials and Methods

4.1. Study Populations

A large number of middle-aged (36-65 years) Greek diabetic patients with an initial diagnosis
different from insulin-dependent diabetes mellitus (IDDM) (type 1 diabetes) were evaluated at the
outpatient Diabetic Clinic of Attikon University General Hospital in Athens, Greece, between June 2009
and May 2012 after giving their informed consent. Patients with infection, liver disease, or pregnancy
were excluded from the study. Upon enrollment into the study, height and weight measurements
were collected from each patient. After overnight fasting, data from a 75-g oral glucose tolerance test
(OGTT) was collected from each patient. In parallel, blood samples were obtained through peripheral
venipuncture at 0 and 120 min to measure plasma glucose, serum insulin, and serum C-peptide
concentrations. Patients with a known history of diabetes or a fasting plasma glucose >126 mg/dL did
not undergo an OGTT and were excluded from the study. A total of 30 patients were enrolled in the
study and classified according to the criteria by the American Diabetes Association into 10 individuals
with normal glucose tolerance (NGT), 10 with impaired glucose tolerance (IGT) and 10 with type 2
diabetes (T2D). Ten healthy control individuals (<35 years of age) were used as a reference group.
All subjects had no family history of diabetes mellitus, demonstrated normal blood glucose levels,
and provided informed consent.

4.2. Ethics Statement

The institutional review board of “Attikon” University General Hospital approved this study
during the 19th meeting 11 March 2009. All patients gave their written informed consent.

4.3. Laboratory Analyses

Serum cholesterol (total, low-density lipoprotein (LDL), and high-density lipoprotein (HDL)),
triglycerides, aspartate transaminase (AST), alanine aminotransferase (ALT), and gamma glutamyl
transferase (y-GT) were assessed using a Cobas 8000 analyzer (Roche, Basel, Switzerland).
Plasma glucose was measured using the glucose oxidase method (YSI, Yellow Springs Instruments,
Yellow Springs, CO, USA). Serum C-peptide and insulin levels were quantified using the respective
radio-immunoassays from Millipore (St. Charles, MO, USA).

4.4. Blood Sampling and Laboratory Methods

Total plasma sRAGE in humans was determined by a commercial enzyme-linked immunosorbent
assay (ELISA) (DY1145, R&D Systems, Minneapolis, MN, USA). S100B (DY18020-5, R&D System:s,
Minneapolis, MN), AGEs (STA-817, Cell Biolabs, San Diego, CA, USA), and FasL (DY126, R&D
Systems, Minneapolis, MN, USA) levels were determined by enzyme immunometric assay according
to manufacturer instructions. For the human S100A1 ELISA, a 96-well plate was coated with a rabbit
anti-S100A1 antibody (ab11428, Abcam, Cambridge, MA, USA) and incubated overnight at 4 °C
temperature. Recombinant S100A1 (#10-663-45642, Genway, San Diego, CA, USA) serving as a standard,
and experimental samples were added and incubated overnight at 4 °C. Sheep anti-human S100A1
(dilution of 1/5000, AF4476, R&D systems, Minneapolis, MN, USA) was added, followed by incubation
for 3 h at room temperature. Donkey anti-sheep antibody (sc-2473, Santa Cruz, Santa Cruz, CA, USA)
was added and further incubated for 2 h at room temperature. TMB substrate (ADI-80091, Enzo Life
Sciences, Farmingdale, NY, USA) was added followed by incubation for 20 min at room temperature in



Molecules 2020, 25, 5235 11 of 15

the dark. The reaction was stopped by adding stop solution, and the color was read at 450 nm with
a correction at 570 nm. For the S100A6 ELISA, a 96 well plate was coated with sheep anti-S100A6
(AF4584, R&D Systems, Minneapolis, MN, USA) overnight at 4 °C then washed and blocked overnight.
Aliquots of recombinant S100A6 (Swant, Marly, Switzerland) serving as a standard and experimental
samples were added and incubated overnight at 4 °C. Chicken anti-S100A6 (1:500, GW22597F, Millipore
Sigma, St. Louis, MO, USA) solution was added followed by a 3 h incubation at room temperature.
Goat anti-chicken HRP (ab6877, Abcam, Cambridge, MA, USA) was added and the samples were
incubated for an additional 2 h. TMB substrate was added followed by a 20 min incubation for 20 min
at room temperature. The reaction was stopped by the addition of stop solution and the color was read
at 450 nm with a correction at 570 nm.

4.5. Cell Culture

Primary cultures of vascular smooth muscle cells (SMC) were initiated by enzymatic dissociation
from the abdominal aortas (A) of eight-week-old Sprague Dawley rats, as previously described [49].
Cultured ASMC were exposed to vehicle (PBS), sSRAGE (1.5 ng/mL; PRO-601, Prospec Protein Specialists,
East Brunswick, NJ, USA), high glucose (4.5 g/L), AGEs (50 ug/mL; ab51995, Abcam, Cambridge,
MA, USA), S100B (100 pg/mL; 1820-SA-050, R&D Biosystems, Minneapolis, MN, USA), S100A1
(10 ng/mL; #10-663-45642, Genway, San Diego, CA, USA), or S100A6 (1.5 ng/mL; Swant, Marly,
Switzerland) alone or in combination for 24 h.

4.6. Immunoprecipitation and Western Blot Analysis

Cell lysates were prepared from frozen powder, and immunoprecipitation studies and Western
blotting were performed as described previously [43,46,50]. In brief, for immunoprecipitation, 0.5 mg
of cell lysates were incubated with the primary antibody RAGE (5 mL, ab216329, Abcam, Cambridge,
MA, USA) or caspase-8 antibody (5 pL, #9746, Cell Signaling Technology, Danvers, MA, USA)
overnight on a rotating shaker. Following washing, the mixture was incubated with A/G Agarose
beads suspension (Santa Cruz, Santa Cruz, CA, USA) for 1 h at room temperature. Following washing
(3-5 times), the pellet was re-suspended in SDS loading buffer and boiled for 5 min. Supernatants were
loaded and gel electrophoresis was performed. Blots were stripped and probed with the appropriate
antibodies. Western blot analysis was performed with phosphorylated (phospho)-extracellular related
kinase (ERK)1/2, total ERK1/2 (#9911, Cell Signaling Technology, Danvers, MA, USA), phospho-c-Jun
N-terminal kinase (JNK), total JNK (#9250, Cell Signaling Technology, Danvers, MA, USA), cleaved and
total caspase-3 (cleaved AB3623, total AB1899, Millipore Sigma, St. Louis, MO, USA) and caspase-8
(#9746, Cell Signaling Technology, Danvers, MA, USA) antibodjies.

4.7. Real-Time Quantitative RT-PCR

RNA was extracted from primary cultures of abdominal aortic vascular smooth muscle cells using
Trizol (Sigma, St. Louis, MO, USA) and reverse transcribed using QuantiTeck kit (Qiagen, Alameda,
CA, USA). Real time quantitative (RT)-PCR was performed according to the instructions of the
manufacturer (Qiagen) and as previously described [43,50]. In brief, 1 puL of gene-specific 10 uM PCR
primer pair stock of gene of interest (rodent S100B, S100A1, S100A6, Rage, B-cell lymphoma (BCL)2,
Bcl2-associated X (BAX), Fas ligand (L), Tumor necrosis factor (TNF)-c, Fas receptor, 185-proprietary
sequences) (Qiagen, Waltham, MA, USA) and 1 uL of cDNA (template) underwent a two-step cycling
program, 40 cycles, 10 min at 95 °C, 15 s at 95 °C, and 1 min at 60 °C. In separate experiments,
the threshold cycle (Ct) values for the housekeeping gene 185 and the gene of interest in each sample
were determined. For each gene of interest, the mean fold-change is shown relative to vehicle/control.
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4.8. Measurements of Apoptosis

Cellular apoptosis was determined by flow cytometric analysis using the FITC Annexin
V-Apoptosis detection kit (BD Bioscience, San Diego, CA, USA). Caspase-3 activity was measured
using Enzchek™ caspase-3 Assay kit #2 (Molecular Probes Inc., Eugene, OR, USA).

4.9. Statistical Analysis

The study sample characteristics are given as percentages for categorical variables,
mean and standard error of the mean (SEM) for continuous variables with normal distribution,
and median (25th and 75th percentiles) for continuous variables without normal distribution.
The Kolmogorov-Smirnov test was used to test for normal distribution of data. Group comparisons
for these variables were performed using Fisher’s exact test, t-test, or ANOVA with Dunnett’s
multiple comparison test (for two or more groups) and Kruskal-Wallis test with Dunn’s multiple
comparison test for more than two groups, respectively. Correlations were assessed as partial Spearman
correlation coefficients adjusting for the variables indicated. p values lower than 0.05 were considered
statistically significant.

5. Conclusions

In conclusion, younger individuals exhibit high circulating levels of the decoy sRAGE.
In middle-aged individuals, particularly those with T2D, decreased plasma sRAGE may limit decoy
and exogenous trapping of deleterious RAGE ligands AGEs and S100B, increasing the risk for diabetic
complications. Our in vitro results with ASMC support pro-inflammatory and proapoptotic effects of
AGEs and S100B at concentrations observed in the plasma of T2D. Taken together, these studies suggest
that clinically measuring SRAGE and RAGE associated ligands, namely AGEs and 5100 proteins,
may serve as a feasible diagnostic and/or prognostic marker to assess the risk of developing diabetes
and diabetes-induced complications as individuals age. Importantly, prospective clinical trials will
have to define the impact of SRAGE and RAGE ligands as biomarkers of cardiovascular risk in T2D.
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