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Abstract

Background: Advanced glycation end products (AGEs),
the final products of the Maillard reaction, have been
shown to impair endothelial proliferation and func-
tion, thus contributing to endothelial cell injury present
in diabetes, inflammatory and cardiovascular diseases.
Endoplasmic reticulum (ER) stress triggered under hyper-
glycemic, hypoxic and oxidative conditions has been
implicated in endothelial dysfunction through activa-
tion of the unfolded protein response (UPR). The present
study investigates the role of AGEs in ER stress induction
in human aortic endothelial cells exposed to variable AGE
treatments.

Methods: Human aortic endothelial cells (HAEC) were
treated with increasing concentrations (100, 200 ug/mL)
of AGE-bovine serum albumin (AGE-BSA) at different
time-points (24, 48, 72 h). The induction of ER stress
and the involved UPR components were investigated on
mRNA and protein levels. Apoptosis was quantitatively
determined by flow cytometry detecting propidium iodide
expression and annexin V binding simultaneously.
Results: AGEs administration significantly reduced HAEC
proliferation in a time- and dose-dependent manner. An
immediate induction of the ER chaperones GRP78, GRP94
and the transcriptional activator, XBP-1 was observed at
24 h and 48 h. A later induction of the phospho-elF2o. and
proapoptotic transcription factor CHOP was observed at
48 h and 72 h, being correlated with elevated early apop-
totic cell numbers at the same time-points.

Conclusions: The present study demonstrates that AGEs
directly induce ER stress in human aortic endothe-
lial cells, playing an important role in endothelial cell
apoptosis. Targeting AGEs signaling pathways in order to
alleviate ER stress may prove of therapeutic potential to
endothelial dysfunction-related disorders.
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Introduction

Advanced glycation end products (AGEs) are highly reac-
tive molecules resulting from the irreversible post-trans-
lational modification reactions of glucose with the amino
groups on proteins, lipids or nucleic acids [1, 2]. Increased
circulating AGE levels are a common finding and a
pathogenic mediator of hyperglycemic, oxidative and
inflammatory conditions including diabetes, polycystic
ovarian syndrome, neurodegenerative and cardiovascular
diseases [3-6]. However, exogenous intake of AGEs from
high fat and/or protein diets, beverages or cigarette smoke
may also contribute to increased AGEs tissue deposition
under normal physiology predisposing individuals to meta-
bolic, cardiovascular disorders and progressive aging
[7, 8]. AGEs have been shown to accumulate in almost all
major organs including vascular tissues mediating both
extracellular and intracellular functions [9].

Endothelial cells (ECs) have been proposed as primary
targets of AGEs, affecting their proliferation, migration and
adhesion [10]. Extracellular effects of AGEs in endothe-
lium involve irreversible crosslinking formation with
stable, long-lived extracellular matrix proteins such as col-
lagen, elastin or laminin [11]. At the same time they can
induce cell activation, proinflammatory cytokine release
and oxidative stress through interaction with their recep-
tor, RAGE, leading to endothelial injury and dysfunction
[12, 13]. The role of AGEs in the induction of aortic endothe-
lial apoptosis has not been adequately addressed. It has
been suggested that AGEs trigger oxidative stress and thus
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accelerate apoptosis of bovine aortic ECs contributing to
vascular complications associated with diabetes mellitus
[14]. This effect has been attributed to AGE-RAGE interac-
tion leading to increased intracellular accumulation of
reactive oxygen species and elevation of intracellular Ca*
concentration. Additionally, AGE-RAGE dependent activa-
tion promotes apoptosis of rat endothelial progenitor cells
and inhibits their migration [15]. Recently methyglyoxal,
the main AGE precursor has also been shown to induce
apoptosis of human aortic endothelial cells (HAEC),
through oxidative stress and by triggering the mitochon-
drial route of apoptotic machinery [16].

Relevant studies challenge the central role of mito-
chondria in apoptosis and suggest that some apoptotic
signals may bypass mitochondria to directly activate
caspases [17]. Endoplasmic reticulum (ER) stress pre-
sents such an alternative mechanism triggering apoptosis
without the involvement of mitochondria [18]. ER is the
major organelle involved in the synthesis and folding of
secreted and membrane bound proteins, calcium home-
ostasis and lipid biosynthesis [19]. The lumen of ER is
characterized by high Ca* concentration and a very oxi-
dizing environment [19]. Stressors that interfere with the
ER functions, such as oxidant or reducing agents, result in
the disruption of Ca** homeostasis or glucose deprivation
leading to the accumulation of unfolded and/or misfolded
proteins in the ER lumen, known as ER stress [20].

The mammalian ER stress response known as unfolded
protein response (UPR) can be separated into two phases,
adaptation and apoptosis. The cells initially adapt to the
accumulation of unfolded proteins by increasing the con-
centration of chaperones in the ER lumen, namely the glu-
cose-regulated protein 78 (GRP78) and glucose-regulated
protein 94 (GRP94). The UPR response is triggered by
the activation of three main sensors of ER stress: protein
kinase-like ER kinase (PERK), inositol requiring kinase 1
(IRE1) and the activating transcription factor 6 (ATF6) [20].
All these proteins are maintained in the inactive form by
binding the N-terminus of GRP78 that serves both as chap-
erone and sensor of ER stress. When misfolded proteins
accumulate, GRP78 is required for its chaperone function
and releases these sensors to initiate the UPR [21]. PERK,
upon activation, phosphorylates the eukaryotic transla-
tion initiation factor 2o (eIF20.), decreases mRNA transla-
tion and induces UPR-related genes [20]. Similarly, activa-
tion of IREloe and ATF6 also leads to regulation of various
UPR-related genes, such as protein chaperones and cal-
nexin [22]. However, if this adaptation does not prove suf-
ficient, the apoptotic response is initiated.

Previous studies have shown that ER stress is impli-
cated in endothelial dysfunction associated with diabetes
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mellitus and cardiovascular diseases indicating that ER
stress-induced apoptosis can be an important patho-
physiological factor [23, 24]. Furthermore, AGEs have been
shown to induce ER stress-mediated apoptosis in mouse
podocytes [25], human neuroblastoma cells and corti-
cal neurons [26]. However, the role of AGEs in ER stress-
induced apoptosis in human aortic ECs remains to be
elucidated. The present study aims to delineate ER stress
induction in human ECs exposed to different AGE concen-
trations at variable time-points, monitoring the series of
events leading to apoptosis.

Materials and methods

Reagents

All reagents were purchased from Life Technologies (Carlshad, CA,
USA) unless otherwise stated. AGE-bovine serum albumin (AGE-BSA)
was obtained from Abcam plc (ab51995; Cambridge, UK). Tunica-
mycin was purchased from AppliChem (Darmstadt, Germany). BSA,
TNF-o. and 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-
mide (MTT) were obtained from Sigma Aldrich (St Louis, MO, USA).

AGE-BSA characteristics

According to manufacturer’s instructions, glycated BSA has been
produced by reacting BSA with glycoaldehyde under sterile condi-
tions followed by extensive dialysis and purification steps. Fluores-
cence of AGEs was confirmed by fluorescence spectrophotometry
with Ex./Em.=370/440 nm. Glycated BSA showed 7000% increase in
fluorescence when compared to control BSA. The purity of the final
stock is >95% as analyzed by SDS-PAGE and filter sterilized using
0.22 um filter.

Culture of endothelial cells

HAEC were obtained as cryopreserved cells from European Collection
of Cell Cultures (ECACC) and were cultured in endothelial cell growth
medium M200 supplemented with Low Serum Growth Supplement
containing Fetal Bovine Serum (2% v/v), hydrocortisone, (1 g/mL),
human epidermal growth factor (10 ng/mL), basic fibroblast growth
factor, (3 ng/mL), heparin (10 g/mL), gentamicin (50 pg/mL) and am-
photericin B (50 ng/mL). Cells were cultured at 37°C in a humidified
95% air —5% CO, atmosphere and were split according to standard
procedures. HAEC were used in all assays between passage four and
eight.

Cell proliferation assay

For the proliferation assay, HAEC were plated on 96-well microplates
at a density of approximately 1x10* cells per well, and then treated
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with either unmodified BSA or AGE-BSA at concentrations of 100
and 200 pg/mL for 24, 48 and 72 h or with tunicamycin at concentra-
tion of 5 ug/mL for 24 h. Co-treatment with both tunicamycin at the
same concentration and AGE-BSA at concentrations of 100, 200 and
400 pg/mL was also performed. Cell viability was subsequently
determined by the MTT assay as described previously [27]. Each
experiment was conducted in triplicate.

RT-PCR analysis

Total RNA was isolated from cultured cells using RNeasy Mini Kit
(Qiagen, Hilden, Germany), according to the manufacturer’s instruc-
tions. cDNA was synthesized in a two-step reaction using iScript
cDNA synthesis kit (Biorad, Hercules, CA, USA).

For semi-quantitative PCR, cDNA was amplified using gene spe-
cific primer pairs in 25 cycles. Detailed PCR conditions have been de-
scribed previously [28]. PCR fragments were resolved on EtBr agarose
gel. Densitometric analysis of PCR fragments was performed using
image analysis software Image ] (La Jolla, CA, USA) after normaliza-
tion to actin levels. All experiments have been performed at least
three times. Data and densitometric analysis from one representative
experiment are presented.

Real-time quantitative PCR

Real-time quantitative PCR was performed using an iCycler real time
instrument (Biorad). RT-PCR product was amplified using the iQ SYBR
Green Supermix (Biorad) in a total reaction volume of 20 uL. Primer
efficiencies were calculated from a standard curve of serially diluted
cDNA. Product identity was confirmed by a single pick in the melt
curve. Relative expression values were calculated using the 240
formula. The data are presented as fold change in gene expression
normalized to GAPDH and relative to the untreated control. The prim-
ers used for the amplification of CHOP were forward 5’-agtgccacgga-
gaaagctaa-3’, and reverse primer, 5’-ccatacagcagcctgagtga-3’, and for
GAPDH were forward primer 5'-gggtgtgaaccatgagaagt-3’, and reverse
primer 5’-catgccagtgagcttccegttc-3'.

Western blot analysis

For immunoblot analysis cells were solubilized with ice-cold
RIPA buffer (Thermo Scientific, Rockford, IL, USA) supplemented
with protease inhibitor cocktail (Thermo Scientific). The protein
concentration in the lysates was determined by using Bradford
assay (Biorad). Equal amounts of total protein were resolved by
SDS-PAGE and immunoblotted with anti-GRP78 (#3177S; Cell
Signaling, Beverly, MA, USA), anti-CHOP (sc-71817; Santa Cruz
Biotechnology, Santa Cruz, CA, USA), anti-p-elF2o (#33985; Cell
Signaling), anti-XBP-1 (sc-7160; Santa Cruz) and anti-Actin (MAB-
150; Millipore, Bedford, MA, USA). Relative protein amounts were
evaluated by a densitometric analysis using Image J software and
normalized to the corresponding actin levels. All experiments
have been performed at least three times and representative re-
sults and the corresponding quantification data of one experiment
are shown.
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Assessment of apoptosis by flow cytometry

For the apoptosis assay, HAEC were seeded in six-well plates at a den-
sity of approximately 2x10° cells per well and then treated with BSA
or AGE-BSA at a concentration of 200 pug/mL for 48 h and 72 h, with
tunicamycin at a concentration of 5 pg/mL for 24 h and with both
AGE-BSA and tunicamycin at the same concentrations for 24 h. Cells
were then harvested, rinsed twice with PBS, collected by centrifuga-
tion at 2000 rpm for 5 min and annexin V-FITC apoptosis detection
kit (Trevigen, Gaithersburg, MD, Germany) was used according to the
manufacturer’s protocol. Samples were scanned with a fluorescence-
activated cell sorter (FACSCalibur, Becton Dickinson, USA), and the
data were analyzed with CellQuest software (Becton Dickinson).
A total of 10,000 events were measured per sample.

Plots in the annexin V-positive/propidium iodide-negative
quadrant were counted as apoptotic cells. Each experiment was per-
formed in triplicate.

Statistics

The data are presented as mean + SE for the number of experiments
indicated. Statistical analysis of the results was performed using Stu-
dent’s t-test. A p-value of <0.05 was considered to indicate statistical
significance.

Results

AGE-BSA administration inhibited
HAEC proliferation in a time- and
dose-dependent manner

In order to elucidate the impact of AGEs in endothelial
cell proliferation, HAEC were treated with increasing
concentrations (100, 200 pg/mL) of unmodified bovine
serum albumin (BSA) or AGE-BSA for different periods
of time (24, 48, 72 h). MTT proliferation assay indi-
cated that AGEs administration significantly reduced
HAEC viability in a time- and dose-dependent manner
(48 h-100 pg/mL AGE-BSA: p<0.01; 48 h-200 pg/mL
AGE-BSA: p<0.05; 72 h-100 pg/mL AGE-BSA: p<0.05;
72h—200 pg/mL AGE-BSA: p<0.001) (Figure 1A). In addi-
tion the administration of the ER stress-inducer tunica-
mycin had the same effect with the higher concentration
dose of AGE-BSA (200 pg/mL) and longer incubation
time (72 h) (p<0.001). The combined administration of
tunicamycin and increasing concentrations of AGE-BSA
indicated minor reduction of HAEC proliferation sug-
gesting a non-synergistic effect between these two
agents (Figure 1B).
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Figure1 Inhibition of HAEC proliferation by AGE-BSA and tunicamy-
cin treatment.

(A) Cells treated with BSA or AGE-BSA at concentrations of 100 and
200 ug/mL for 24 h, 48 h and 72 h were subjected to the MTT cell
proliferation assay. (B) Independent experiments with combined
administration of tunicamycin (5 ug/mL) for 24 h and increasing
concentration of AGE-BSA (100-400 pg/mL) were performed. The
viability of untreated cells (control) was considered 100%. *p<0.05,
**p<0.01, ***p<0.001.

AGE-BSA treatment-induced ER stress
in HAEC

Based on recent studies that describe the involvement of
AGEs in ER stress signaling, we investigated the possible
induction of ER stress and the expression of UPR components
upon AGE-BSA administration. Semi quantitative PCR analy-
sis demonstrated the up-regulation of chaperones GRP78
and GRP94, the major indicators of ER stress induction in
all conditions under study (Figure 2). We also observed an
increase in XBP-I mRNA levels at early time points (24 h,
48 h) and lower concentrations -100 pg/mL) and of the
spliced form of XBP-1 at 72 h, suggesting the early activation
of IRE-1 pathway upon AGEs presence (Figure 2B-D).
Furthermore, we assessed the protein levels of the
early GRP78, XBP-1 and late UPR effectors, p-elF2o. and
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CHOP following AGE-BSA incubation. GRP78 expression
was found to be up-regulated in all dose- and time-points
(Figure 3) being in accordance with the elevated mRNA
levels (Figure 2). Similar trend was also observed in XBP-1
protein expression levels that remained elevated at early
time points (24 h, 48 h) and decreased at 72 h at both
AGE-BSA concentrations (Figure 3). In order to investigate
the involvement of late UPR effectors in AGEs-induced ER
stress, key molecules of the PERK pathway were studied.
As shown in Figure 3, AGE-BSA administration in HAEC
increased the phosphorylated form of elF2o. and of the
pro-apoptotic transcription factor CHOP expression in a
time- and dose- dependent manner. Higher levels were
observed in 48 h (200 pg/mL AGE-BSA) and in 72 h (at both
concentrations).

AGE-BSA administration-induced ER
stress-mediated apoptosis in HAEC

In order to confirm the proapoptotic transcription factor
CHOP induction upon AGEs treatment, we monitored
CHOP mRNA expression levels using quantitative real
time PCR analysis. Our results demonstrated an even
higher statistically significant CHOP mRNA fold induction
compared with protein expression levels in 72 h treatment
at both concentrations (Figure 4).

This finding indicated the development of CHOP-
mediated apoptosis in HAEC upon AGEs treatment that
was further investigated by annexin V/propidium iodide
flow cytometric analysis (Figure 5). High concentration of
AGEs (200 ug/mL) for 48 h and 72 h incubation resulted
in a significant increase of the early apoptotic fraction
of HAEC (four- and eight-fold, respectively). In addition
tunicamycin and AGE-BSA co-treatment did not further
increase the early apoptotic cells compared to tunicamy-
cin alone (39.64% vs. 37.51% of gated cells). This result is
consistent with the proliferation data (Figure 1B), provid-
ing further evidence for a common mechanism between
AGEs and tunicamycin in inducing HAEC apoptosis via
activation of UPR signaling.

Discussion

Endothelial cells present primary dynamic structures
that actively regulate basal vascular tone and reactivity in
physiological and pathological conditions. They respond
to neurohumoral mediators and mechanical forces as
to maintain the balance between vasodilatation and
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Figure 2 AGE-BSA administration induces mRNA levels of UPR components in HAEC.

(A) ER stress induction in HAEC following AGE-BSA treatment. RT-PCR analysis of GRP78, GRP94 and XBP-1 mRNA expression after AGE-BSA
administration at increasing concentrations (100, 200 ug/mL) for different periods of time (24 h, 48 h, 72 h). The lower band represents the
spliced form of activated XBP-1(arrow). (B) The panel represents results of densitometric analysis of GRP78, GRP94 and XBP-1 PCR fragments
after normalization to actin levels. TNF-o. (50 ng/mL for 4 h) and tunicamycin (5 ug/mL for 24 h) treatments were used as positive ER stress
induction controls. All experiments have been performed at least three times and representative results as well as corresponding quantifi-

cation data of one experiment are shown (B-D).

vasoconstriction, restore blood fluidity and vessel wall
integrity [29]. Loss of endothelial function may be a criti-
cal and initiating factor for several conditions including
inflammation, diabetic micro- and macrovascular compli-
cations as well as cardiovascular diseases [29].

AGEs have been shown to contribute to endothelial
dysfunction and this has been clearly demonstrated in
diabetes, where levels of serum AGEs in patients with type
2 diabetes were negatively associated with the degree of
endothelium-dependent and endothelium independent
vasodilation [30]. Several mechanisms have been sug-
gested to explain the association. Among them, bioavaila-
bility and activity of the endothelium-derived NO has been
demonstrated to be reduced by AGEs [31]. AGE associated

induction of oxidative stress may quench and inactivate
endothelium-derived NO and uncouple endothelial NO
synthase (eNOS) activity through receptor-mediated phos-
phorylation and increased eNOS degradation [32, 33]. In
addition, AGEs may impair endothelial balance by reduc-
ing the endothelial production of prostacyclin [34] and
enhancing the expression of endothelin-1 [35]. They are also
capable of increasing endothelial permeability to macro-
molecules [36, 37] and modify the functions of endothelial
progenitor cells by promoting their apoptosis and migra-
tion [38]. Endothelial cell apoptosis due to AGEs has been
demonstrated in several studies using bovine and human
aortic ECs and has been mainly attributed to the induction
of oxidative stress and mitochondrial dysfunction [14, 16].
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Figure 3 AGE-BSA administration increases GRP78 and other UPR component protein levels.

GRP78, p-elF20, XBP-1and CHOP protein levels were assessed by Western blot analysis after AGE-BSA treatment of HAEC at increasing
concentrations (100, 200 pg/mL) for various time points (24 h, 48 h, 72 h) (A). The densitometric quantification of these results (normalized
to the actin levels) is shown in the graph (B). Tunicamycin (5 ug/mL for 24 h) treatment was used as positive ER stress induction control.

All experiments have been performed at least three times and representative results as well as corresponding quantification data of one

experiment are shown.
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Figure 4 Induction of proapoptotic transcription factor CHOP upon
AGE-BSA treatment.

CHOP mRNA levels were monitored by quantitative real time PCR
analysis in HAEC following treatment with AGE-BSA at increasing
concentrations (100, 200 pg/mL) for different time points. TNF-o
(50 ng/mL for 4 h) and tunicamycin (5 ug/mL for 24 h) treatments
were used as positive ER stress induction controls. *p<0.05,
**p<0.01, ***p<0.001.

Here, we show AGEs-induced apoptosis in ECs through
ER stress pathway, providing a novel molecular mecha-
nism for endothelial dysfunction in metabolic and cardio-
vascular disorders. ER is exquisitely sensitive to glucose
availability and depends on blood glucose levels for the
energy supply required for the protein folding process [39].
ECs always exposed to elevations and reductions of blood
nutrients, are very dynamic, metabolically active cells,
with a high volume of protein synthesis which predispose
them to ER stress [40]. In particular ECs cannot tolerate
the continued high glucose exposure, and thus ER stress
is commonly initiated in a diabetic milieu [41]. It was thus
hypothesized that ER stress may also be induced in HAECs
under conditions of increased exogenous glycated proteins
(AGEs) uptake. Indeed, incubation of HAEC with high AGE
levels for prolonged durations (48 h and 72 h) was capable
to significantly reduce cell proliferation. This reduc-
tion was accompanied by increased mRNA and protein
levels of ER stress sensors (GRP78, GRP94) indicative of
ER stress induction. Recent studies have also shown the
direct induction of ER stress by AGEs in murine podocytes,
human neuroblastoma cell lines and human chondrocytes
where they are implicated in inflammatory and oxidative
processes as well as cell death pathways [25, 26, 42].
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Figure 5 AGE-BSA induced apoptosis in HAEC in a time-dependent manner.

Apoptosis of HAEC was determined by annexin V/PI binding. HAEC were untreated (A), treated with AGE-BSA (200 pg/mL) for 48 h (B) and
72 h (C), with tunicamycin (5 ug/mL) for 24 h (D) and with both tunicamycin (5 ug/mL) and AGE-BSA (200 ug/mL) for 24 h (E). Percentage of
gated cells is shown in each quadrant (UL: % of necrotic cells, UR: % of apoptotic cells, LL: % of viable cells, LR: % of early apoptotic cells).

Notably, at early time points (24 h, 48 h) of AGE-BSA
administration, activation of the transcriptional activa-
tor, XBP-1 was observed that is a mediator of the adaptive
UPR response. The three UPR branches (IRE1, PERK, and
ATF6) have been reported to initially promote cell survival
by reducing misfolded protein levels but when ER stress
is not alleviated UPR signaling promotes apoptotic cell
death. This is also possible to occur under AGEs accumu-
lation, being capable of triggering both protective and cell
death responses depending on their concentration and
the duration of their presence. In accordance with this
hypothesis, we found that IRE1 activity (as demonstrated
by XBP-1 expression) was increased at early AGE-induced
ER stress (24 h) and attenuated by persistent ER stress
(48 h, 72 h). IRE1 is a transmembrane kinase (endoribo-
nuclease, RNAse) that upon activation, initiates the non-
conventional splicing of Xbp-1 mRNA [43, 44]. Spliced
Xbp-1 mRNA encodes a transcription activator that drives
transcription of genes such as ER chaperones, whose
products directly participate in ER protein folding [45].
By contrast, our data show that PERK signaling including

translational inhibition (by phosphorylation of elF2c)
and proapoptotic transcription regulator CHOP induction
was maintained at 48 h and 72 h incubation with AGEs.
PERK is a transmembrane kinase that phosphorylates the
eukaryotic translation initiation factor 2o (elF2cr), thus
reducing protein synthesis and counteracting ER protein
overload [46]. Additionally, CHOP is a B-ZIP transcrip-
tion factor induced by the PERK branch of the UPR that
promotes cell death [47]. Chop mRNA levels were signifi-
cantly increased at 48 h incubation with 200 pg/mL AGEs
compared to untreated control and remained elevated at
72 h at both concentrations, indicative of proapoptotic
signaling. These data were further confirmed by double
staining flow cytometric analysis of AGE-stimulated HAEC
using the early apoptotic marker, annexin V and nucleic
acid stain, propidium iodide. Significantly increased cell
numbers of early apoptotic cells were detected following
AGEs treatment for 48 h and 72 h. The modest increase
in early and late apoptotic cell population after treatment
with AGEs combined with tunicamycin compared to tuni-
camycin alone indicated that both agents share common
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UPR signaling pathways in the induction of apoptosis in
HAEC.

Several studies in other cell systems suggest that
apoptosis mediated by AGEs could be induced by an ER
pathway independent from mitochondria [25, 48]. More
specifically, AGE-induced GRP78 expression as an ER
stress sensor was associated with elevated intracellular
Ca?* and apoptosis in murine podocytes [25]. Addition-
ally, 3-deoxyglucosone, a precursor for AGEs, that is
highly upregulated in skin explants of diabetic cutaneous
wounds, was found to mediate ER stress-induced apopto-
sis through ROS formation in human dermal fibroblasts
via a RAGE-independent mechanism [48]. This is par-
ticularly interesting since previous studies limited AGE-
induced apoptosis in being mediated through increased
oxidative stress following interaction of AGEs with their
receptor RAGE [14-16].

It is therefore evident that due to the heterogeneity
of AGE compounds and the wide range of their precursor
molecules; different signaling may be selected depending
not only upon the cell type but the state of AGE molecules
being either in circulating or protein-bound form. Further
research is required in elucidating the necessity of RAGE
in endothelial ER stress induction under high AGE envi-
ronments. Additionally, since ER stress regulates mito-
chondrial bioenergetics, a potential crosstalk between
oxidative stress in ER stress-induced apoptosis cannot be
excluded and should be explored in detail.

However, our data show that ER function can be
modulated by AGEs affecting critically both ECs func-
tionality and cell fate. Thus, chemical enhancement

References

1. Brownlee M. Advanced protein glycosylation in diabetes and
aging. Annu Rev Med 1995;46:223-34.

2. Degenhardt TP, Thorpe SR, Baynes JW. Chemical modification
of proteins by methylglyoxal. Cell Mol Biol (Noisy-le-grand)
1998;44:1139-45.

3. Bierhaus A, Hofmann MA, Ziegler R, Nawroth PP. AGEs and their
interaction with AGE-receptors in vascular disease and diabetes
mellitus. I. The AGE concept. Cardiovasc Res 1998;37:586-600.

4. Diamanti-Kandarakis E, Piperi C, Kalofoutis A, Creatsas G.
Increased levels of serum advanced glycation end-products in
women with polycystic ovary syndrome. Clin Endocrinol (Oxf)
2005;62:37-43.

5. LiJ, Liu D, Sun L, LuY, Zhang Z. Advanced glycation end products
and neurodegenerative diseases: mechanisms and perspective.
J Neurol Sci 2012;317:1-5.

6. Barlovic DP, Thomas MC, Jandeleit-Dahm K. Cardiovascular
disease: what’s all the AGE/RAGE about? Cardiovasc Hematol
Disord Drug Targets 2010;10:7-15.

DE GRUYTER

of ER function to cope with cell apoptosis provides an
interesting approach to managing endothelial dysfunc-
tion. Pharmaceutical or chemical chaperones such as
trimethylamine N-oxide dehydrate, 4-phenyl butyric acid
and taurine-conjugated ursodeoxycholic acid are repre-
sentatives of a group of low-molecular weight compounds
known to stabilize protein conformation that improve ER
folding capacity and facilitate trafficking of mutant pro-
teins [49, 50]. The effectiveness of these molecules in alle-
viating endothelial injury either alone or in conjunction
with standard medications remains to be investigated.

Conflict of interest statement

Authors’ conflict of interest disclosure: The authors
stated that there are no conflicts of interest regarding the
publication of this article. Research support played no
role in the study design; in the collection, analysis, and
interpretation of data; in the writing of the report; or in the
decision to submit the report for publication.

Research funding: This research has been co-financed by
the European Union (European Social Fund - ESF) and
Greek national funds through the Operational Program
‘Education and Lifelong Learning’ of the National Stra-
tegic Reference Framework (NSRF) — Research Funding
Program: Heracleitus II. Investing in knowledge society
through the European Social Fund.

Employment or leadership: None declared.

Honorarium: None declared.

Received November 29, 2012; accepted February 7, 2013

7. Uribarri ), Cai W, Peppa M, Goodman S, Ferrucci L, Striker G,
etal. Circulating glycotoxins and dietary advanced glycation
endproducts: two links to inflammatory response, oxidative
stress, and aging. ] Gerontol A Biol Sci Med Sci 2007;62:427-33.

8. Gursinsky T, Ruhs S, Friess U, Diabate S, Krug HF, Silber RE,
etal. Air pollution-associated fly ash particles induce fibrotic
mechanisms in primary fibroblasts. Biol Chem 2006;387:
1411-20.

9. Schalkwijk CG, Miyata T. Early- and advanced non-enzymatic
glycation in diabetic vascular complications: the search for
therapeutics. Amino Acids 2012;42:1193-204.

10. Li H, Zhang X, Guan X, Cui X, WangY, Chu H, etal. Advanced
glycation end products impair the migration, adhesion and
secretion potentials of late endothelial progenitor cells.
Cardiovasc Diabetol 2012;11:46.

11. Goldin A, Beckman JA, Schmidt AM, Creager MA. Advanced
glycation end products: sparking the development of diabetic
vascular injury. Circulation 2006;114:597-605.



DE GRUYTER

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

Madonna R, De Caterina R. Cellular and molecular mechanisms
of vascular injury in diabetes — part Il: cellular mechanisms and
therapeutic targets. Vascul Pharmacol 2011;54:75-9.

Zhou Y], Yang HW, Wang XG, Zhang H. Hepatocyte growth
factor prevents advanced glycation end products-induced
injury and oxidative stress through a PI3K/Akt-dependent
pathway in human endothelial cells. Life Sci 2009;85:

670-7.

Xiang M, Yang M, Zhou C, Liu J, Li W, Qian Z. Crocetin prevents
AGEs-induced vascular endothelial cell apoptosis. Pharmacol
Res 2006;54:268-74.

Chen ), Song M, Yu S, Gao P, YuY, Wang H, et al. Advanced
glycation endproducts alter functions and promote apoptosis
in endothelial progenitor cells through receptor for advanced
glycation endproducts mediate overpression of cell oxidant
stress. Mol Cell Biochem 2010;335:137-46.

Oba T, Tatsunami R, Sato K, Takahashi K, Hao Z, Tampo Y.
Methylglyoxal has deleterious effects on thioredoxin in human
aortic endothelial cells. Environ Toxicol Pharmacol 2012;34:
117-26.

Finkel E. The mitochondrion: is it central to apoptosis? Science
2001;292:624-6.

Nakagawa T, Zhu H, Morishima N, Li E, Xu ], Yankner BA, et al.
Caspase-12 mediates endoplasmic-reticulum-specific apoptosis
and cytotoxicity by amyloid-beta. Nature 2000;403:98-103.
Gorlach A, Klappa P, Kietzmann T. The endoplasmic reticulum:
folding, calcium homeostasis, signaling, and redox control.
Antioxid Redox Signal 2006;8:1391-418.

Ron D, Walter P. Signal integration in the endoplasmic reticulum
unfolded protein response. Nat Rev Mol Cell Biol 2007;8:
519-29.

Bertolotti A, Zhang Y, Hendershot LM, Harding HP, Ron D.
Dynamic interaction of BiP and ER stress transducers in the
unfolded-protein response. Nat Cell Biol 2000;2:326-32.

Hetz C, Glimcher LH. Fine-tuning of the unfolded protein
response: assembling the IRElalpha interactome. Mol Cell
2009;35:551-61.

Chaube R, Kallakunta VM, Espey MG, McLarty R, Faccenda A,
Ananvoranich S, et al. Endoplasmic reticulum stress-mediated
inhibition of NSMase2 elevates plasma membrane cholesterol
and attenuates NO production in endothelial cells. Biochim
Biophys Acta 2012;1821:313-23.

Tabas I. The role of endoplasmic reticulum stress in the
progression of atherosclerosis. Circ Res 2010;107:839-50.
ChenY, Liu CP, Xu KF, Mao XD, Lu YB, Fang L, et al. Effect of
taurine-conjugated ursodeoxycholic acid on endoplasmic
reticulum stress and apoptosis induced by advanced glycation
end products in cultured mouse podocytes. Am ) Nephrol
2008;28:1014-22.

Yin QQ, Dong CF, Dong SQ, Dong XL, Hong Y, Hou XY, etal. AGEs
induce cell death via oxidative and endoplasmic reticulum
stresses in both human SH-SY5Y neuroblastoma cells and rat
cortical neurons. Cell Mol Neurobiol 2012;32:1299-3009.

Kassi E, Papoutsi Z, Pratsinis H, Aligiannis N, Manoussakis M,
Moutsatsou P. Ursolic acid, a naturally occurring triterpenoid,
demonstrates anticancer activity on human prostate cancer
cells. ) Cancer Res Clin Oncol 2007;133:493-500.

Dioufa N, Kassi E, Papavassiliou AG, Kiaris H. Atypical induction
of the unfolded protein response by mifepristone. Endocrine
2010;38:167-73.

Adamopoulos etal.: AGE-induced ER stress in endothelium =— 9

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

Basha B, Samuel SM, Triggle CR, Ding H. Endothelial
dysfunction in diabetes mellitus: possible involvement

of endoplasmic reticulum stress? Exp Diabetes Res
2012;2012:481840.

Tan KC, Chow WS, Ai VH, Metz C, Bucala R, Lam KS. Advanced
glycation end products and endothelial dysfunction in type 2
diabetes. Diabetes Care 2002;25:1055-9.

Bucala R, Tracey K], Cerami A. Advanced glycosylation products
quench nitric oxide and mediate defective endothelium-
dependent vasodilatation in experimental diabetes. ] Clin Invest
1991;87:432-8.

Xu B, Chibber R, Ruggiero D, Kohner E, Ritter ], Ferro A.
Impairment of vascular endothelial nitric oxide synthase activity
by advanced glycation end products. FASEB ] 2003;17:
1289-91.

Rojas A, Romay S, Gonzalez D, Herrera B, Delgado R, Otero K.
Regulation of endothelial nitric oxide synthase expression by
albumin-derived advanced glycosylation end products. Circ Res
2000;86:E50-4.

Yamagishi S, Fujimori H, Yonekura H, Yamamoto Y, Yamamoto H.
Advanced glycation endproducts inhibit prostacyclin production
and induce plasminogen activator inhibitor-1in human
microvascular endothelial cells. Diabetologia 1998;41:1435-41.
Quehenberger P, Bierhaus A, Fasching P, Muellner C,

Klevesath M, Hong M, et al. Endothelin 1 transcription is
controlled by nuclear factor-kappaB in AGE-stimulated cultured
endothelial cells. Diabetes 2000;49:1561-70.

Bierhaus A, Illmer T, Kasper M, Luther T, Quehenberger P,
Tritschler H, et al. Advanced glycation end product
(AGE)-mediated induction of tissue factor in cultured endothelial
cells is dependent on RAGE. Circulation 1997;96:2262-71.
Basta G, Schmidt AM, De Caterina R. Advanced glycation

end products and vascular inflammation: implications for
accelerated atherosclerosis in diabetes. Cardiovasc Res
2004;63:582-92.

Sun C, Liang C, Ren Y, Zhen Y, He Z, Wang H, et al. Advanced
glycation end products depress function of endothelial
progenitor cells via p38 and ERK 1/2 mitogen-activated protein
kinase pathways. Basic Res Cardiol 2009;104:42-9.

Zhang K. Integration of ER stress, oxidative stress and the
inflammatory response in health and disease. Int ] Clin Exp Med
2010;3:33-40.

Witte I, Horke S. Assessment of endoplasmic reticulum stress
and the unfolded protein response in endothelial cells. Methods
Enzymol 2011;489:127-46.

Sheikh-Ali M, Sultan S, Alamir AR, Haas M}, Mooradian AD.
Hyperglycemia-induced endoplasmic reticulum stress in
endothelial cells. Nutrition 2010;26:1146-50.

Rasheed Z, Haqqi TM. Endoplasmic reticulum stress induces the
expression of COX-2 through activation of elF2alpha, p38-MAPK
and NF-kappaB in advanced glycation end products stimulated
human chondrocytes. Biochim Biophys Acta 2012;1823:
2179-89.

Calfon M, Zeng H, Urano F, Till JH, Hubbard SR, Harding HP, et al.
IRE1 couples endoplasmic reticulum load to secretory capacity
by processing the XBP-1 mRNA. Nature 2002;415:92-6.

Yoshida H, Matsui T, Yamamoto A, Okada T, Mori K. XBP1

mRNA is induced by ATF6 and spliced by IRE1 in response to

ER stress to produce a highly active transcription factor. Cell
2001;107:881-91.



10

45.

46.

47.

= Adamopoulos et al.: AGE-induced ER stress in endothelium

Lee AH, Iwakoshi NN, Glimcher LH. XBP-1 regulates a subset 48.

of endoplasmic reticulum resident chaperone genes in the
unfolded protein response. Mol Cell Biol 2003;23:7448-59.

Harding HP, Zhang Y, Ron D. Protein translation and folding are
coupled by an endoplasmic-reticulum-resident kinase. Nature 49.
1999;397:271-4.

Zinszner H, Kuroda M, Wang X, Batchvarova N, Lightfoot RT, 50.

Remotti H, etal. CHOP is implicated in programmed cell death
in response to impaired function of the endoplasmic reticulum.
Genes Dev 1998;12:982-95.

DE GRUYTER

Loughlin DT, Artlett CM. Precursor of advanced glycation end
products mediates ER-stress-induced caspase-3 activation of
human dermal fibroblasts through NAD(P)H oxidase 4. PLoS One
2010;5:€11093.

Inagi R. Inhibitors of advanced glycation and endoplasmic
reticulum stress. Methods Enzymol 2011;491:361-80.

Piperi C, Adamopoulos C, Dalagiorgou G, Diamanti-Kandarakis E,
Papavassiliou AG. Crosstalk between advanced glycation and
endoplasmic reticulum stress: emerging therapeutic targeting for
metabolic diseases. J Clin Endocrinol Metab 2012;97:2231-42.



