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ORIGINAL ARTICLE

Glycolaldehyde-derived advanced glycation end products
(glycol-AGEs)-induced vascular smooth muscle cell dysfunction is
regulated by the AGES-receptor (RAGE) axis in endothelium

Mi-Hyun Nama, Won-Rak Sona, Young Sik Leeb and Kwang-Won Leea

aDepartment of Biotechnology, College of Life Science and Biotechnology, Korea University, Seoul, South Korea; bDivision of
Biotechnology, College of Life Sciences and Biotechnology, Korea University, Seoul, South Korea

ABSTRACT
Advanced glycation end-products (AGEs) are involved in the development of vascular smooth
muscle cell (VSMC) dysfunction and the progression of atherosclerosis. However, AGEs may indir-
ectly affect VSMCs via AGEs-induced signal transduction between monocytes and human umbil-
ical endothelial cells (HUVECs), rather than having a direct influence. This study was designed to
elucidate the signaling pathway underlying AGEs-RAGE axis influence on VSMC dysfunction using
a co-culture system with monocytes, HUVECs and VSMCs. AGEs stimulated production of reactive
oxygen species and pro-inflammatory mediators such as tumor necrosis factor-a and interleukin-
1b via extracellular-signal-regulated kinases phosphorylation and nuclear factor-jB activation in
HUVECs. It was observed that AGEs-induced pro-inflammatory cytokines increase VSMC prolifer-
ation, inflammation and vascular remodeling in the co-culture system. This result implies that
RAGE plays a role in AGEs-induced VSMC dysfunction. We suggest that the regulation of signal
transduction via the AGEs-RAGE axis in the endothelium can be a therapeutic target for prevent-
ing atherosclerosis.
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Introduction

Advanced glycation end products (AGEs) are formed by
non-enzymatic glycation of proteins with other substan-
ces, such as carbohydrates or lipids (Basta et al. 2004).
An increase in AGEs is one of the most important risk
factors in the pathogenesis of accelerated atheroscler-
osis in patients with diabetes (Basta et al. 2004). In add-
ition, the interaction of AGEs with their receptor (RAGE)
on the cell surface causes upregulation of transcription
factors such as nuclear factor (NF)-jB, leading to the
expression of various pro-inflammatory cytokines and
cell adhesion molecules that cause increased recruit-
ment of monocytes into endothelial cells (ECs). This
implies that AGEs-RAGE interactions are key steps in EC
dysfunction and atherosclerosis (Davignon & Ganz 2004;
Sitia et al. 2010; Mudau et al. 2012). In the pathogenesis
of vessel disease, the proliferation of vascular smooth
muscle cells (VSMCs) is an important event in the pro-
gression and rupture of atherosclerotic plaque, which
subsequently contributes to heart disease (Ross 1993).
Moreover, a recent study showed that VSMC cell cycle

regulation is affected by inflammatory cytokines (Moon
et al. 2003). Several studies have reported on vascular
intercellular communication using co-culture systems.
Monocytes co-cultured with ECs can promote the adhe-
sion, activation, and transmigration of monocytes or
lymphocytes, as well as increase the generation of cyto-
kines including tumor necrosis factor (TNF), interleukin
(IL), and monocyte chemoattractant protein (MCP)-1
(Lukacs et al. 1995; Tsouknos et al. 2003). However, the
monocyte-derived mediators, which activate ECs have
not yet been fully elucidated. Furthermore, monocytes
alone or those treated with VSMC-conditioned media
were found not to secrete matrix metalloproteinases
(MMPs) (Lee et al. 1995). On the other hand, compared
to when VSMCs were cultured alone, the secretion of
MMPs was increased more than 20-fold when VSMCs
were co-cultured with monocytes or treated with
monocyte-conditioned media, suggesting that mono-
cytes may play an important role in the pathogenesis of
VSMCs. Although those authors provided a special cellu-
lar environment (Wu et al. 2008), the co-culture system
with ECs and VSMCs could not exactly simulate an
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in vivo situation because of the absence of various
extracellular matrix components, inflammatory cells,
and some physical phenomena. Based on the results of
previous studies, our research group established a co-
culture model system through simultaneous co-cultiva-
tion of monocytes, HUVECs, and VSMCs to provide
more in-vivo-like conditions (Nam et al. 2011). AGEs
induced the production of IL-6 and TNF-a from mono-
cytes and HUVECs in the co-culture system. Increased
IL-6 and MCP-1 gene expression in VSMCs was induced
by TNF-a, mediated primarily through stimulation by
AGEs from HUVECs and monocytes.

Therefore, the present study was designed to investi-
gate the effects of signaling pathways mediated by the
AGEs-RAGE axis on the EC dysfunction observed during
the initial period of atherosclerosis, as well as their con-
tribution to VSMC proliferation and pathogenesis, using
a co-culture system with THP-1 cells, HUVECs, and
VSMCs.

Materials and methods

Chemicals

Endothelial cell basal medium-2 with supplemental
growth factors (EGM-2) was purchased from Lonza
Cambrex (Nottingham, UK), and Kaighn’s modification
of Ham’s F-12K (F-12K) medium was purchased from
Sigma Chemical (St. Louis, MO). RPMI 1640 medium and
all other tissue culture reagents were obtained from
GIBCO (Grand Island, NY). Endothelial cell growth sup-
plement (ECGS), the multiwall insert system, and the
trans-well insert system were purchased from BD
Bioscience (Bedford, MA). Specific antibodies were
obtained from Cell Signaling Technology Inc. (Danvers,
MA) or Santa Cruz Biotechnology, Inc. (Heidelberg,
Germany).

Cell culture

Human aortic VSMCs were obtained from ATCC
(Manassas, VA), and cultured in F-12K medium con-
taining 10% (v/v) FBS supplemented with insulin-
transferrin-selenium, 10mM HEPES, 0.05 g/L ascorbic
acid, 0.03 g/L ECGS, 100U/mL penicillin, and 100U/mL
streptomycin. VSMCs in passages 16 to 22 in active
growth conditions were used for the experiments.
Primary cultured human umbilical endothelial cells
(HUVECs) were purchased from Lonza (Seoul, Korea).
The cells were cultured in endothelial growth
medium-2 (EGM-2) with 2% FBS. The human mono-
cytic leukemia cell line THP-1 was grown in RPMI
1640 medium with 0.05mM 2-mercaptoethanol and

10% (v/v) heat-inactivated fetal bovine serum (FBS).
VSMCs were seeded at a density of 2� 104 cells/well
on the bottom of 6-well plates using the complete
media and culture environment described above.
HUVECs were seeded at a density of 5� 104 cells/well
in 0.4 lm transwell inserts and allowed to grow over-
night in the above-mentioned conditions. The next
day, the HUVECs cultured on the membrane transwell
insert were placed into the 6-well plates containing
the cultured VSMCs, and THP-1 monocytes were
seeded at a density of 1� 105 cells/well in the insert.
All cultures were grown in EGM-2 medium and incu-
bated for 24 h. The THP-1 monocytes and HUVECs
were grown in the co-culture system for 24 h, and
then the media was aspirated and replaced with fresh
EGM-2 medium without FBS.

Preparation and treatment of glycated bovine
serum albumin

Bovine serum albumin (BSA; 20mg/mL) was incubated
with 20mM glycolaldehyde and 1mM diethylene tria-
mine penta acetic acid (DTPA) in potassium phosphate
buffer (PBS; 0.01 M potassium phosphate buffer, pH 7.4,
0.138 M NaCl and 2.7mM KCl) at 37 �C for 7 d. To pre-
vent an unpredictable reversible glycation reaction, BSA
was then directly reduced with 80mM sodium borohy-
dride for 30min. Unincorporated glycolaldehyde and
low molecular weight reactants were then removed
through extensive dialysis with PBS. HUVECs and THP-1
cells were stimulated with 100 lg/mL of glycolalde-
hyde-derived AGEs (glycol-AGEs) with 1.5mL of upper
compartment media in the inner side of the insert,
while VSMCs were treated with 2.5mL of media alone
in the bottom of the well.

Cell transfection with siRNA

Human umbilical endothelial cell and THP-1 cells were
transfected at 40-60% confluence using LipofectamineVR

2000 (Invitrogen, Grand Island, NY), according to the
manufacture�rs protocol. One day before transfection,
approximately 5� 104 cells/well were seeded in 6-well
plates overnight. For transfection of each well, 20 pmol
siRNA was diluted in 100lL of Opti-MEM reduced
serum medium and mixed gently. Next, 3 lL of
LipofectamineVR 2000 was diluted in 100 lL of Opti-MEM
reduced serum medium and mixed gently. The diluted
mixtures were then combined and incubated for 20min
at room temperature, after which 200 lL of the siRNA-
Lipofectamine complexes were added to each well. This
produced a final volume of 2000lL and a final RNA
concentration of 10 nM. After 4 h, the complexes were
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removed and the cells were cultured in complete
medium and incubated for 48 h at 37 �C in a CO2 incu-
bator until ready to be assayed for gene knockdown.
HUVECs were transfected with RAGE-specific siRNA (5'-
TAGCT CCTGGTGGAACCGTAA-3”) or negative control
siRNA (Qiagen, Hilden, Germany).

Measurement of intracellular reactive oxygen
species production

The production of intracellular ROS was determined
using 2',7'-dichlorofluorescein diacetate (DCF-DA) by
fluorescence spectrophotometry. HUVECs were incu-
bated with 10 lM DCF-DA in EGM-2 media for 30min in
a CO2 incubator, after which the cells were washed
using 0.1 M PBS. The HUVECs were then treated with
100 lg/mL glycol-AGEs and incubated for a further 3 h.
The HUVECs were pre-incubated with inhibitors (10 lM)
for 1 h prior to treatment with glycol-AGEs. Cells were
analyzed directly using a spectrofluorometer
(VICTOR3TM Perkin-Elmer, Wellesley, MA) at an excita-
tion wavelength of 485 nm/emission wavelength of
535 nm.

Real-time reverse transcription-PCR

mRNA expression was determined with quantitative
real-time reverse transcriptase-polymerase chain reac-
tion (qRT-PCR). Total RNA was extracted using TRIzol
reagent, according to the manufacturer's protocol
(TaKaRa Korea Biomedical Co, Seoul, Korea) and reverse-
transcribed into cDNA using the LeGene Express 1st
Strand cDNA Synthesis System (Legene, San Diego, CA).
Real-time PCR was performed using TOPrealTM qPCR 2X
PreMIX SYBR green (Enzynomics, Seoul, Korea) and an
iQ5 thermal cycler (Bio-Rad, Hercules, CA). The primers
were purchased from Cosmo Genetech (Seoul, Korea).
The primers for amplification of specific human mRNA
were as follows: RAGE (199 bp), 5'-
GGAATGGAAAGGAGACCAAG-3' and 5'-
CCCTTCTCATTAGGCACCAG-3'; TNF-a (80 bp), 5'-
CCCAGGGACCTCTCTCTAATCA-3' and 5'-GCTACAGGC
TTGTCACTC GG-3'; IL-1b (391 bp), 5'-AAACAGATGAAGTG
CTCCTTCCAGG-3' and 5'-TGGAGA ACACCACTTGTTGC
TCCA-3'; IL-6 (81 bp), 50-GGTACATCCTCGACGGCATCT-30

and 50-GTGCCTCTTTGCTGCTTTCAC-30; MCP-1 (161 bp),
50-TCGCGAGCTATAGAAGAATCA-30 and 50-TGTTCAAGTC
TTCGGAGTTTG-30; Plasminogen activator inhibitor (PAI)-
1 (112 bp), 50-CAGAAAGTGAAGATCGAGGTGAAC-30 and
50-GGAAGGGTCTGTCCATGATGA-30; GAPDH (250 bp), 5'-
GAAGGTGAAGGTCGGAGT-3' and 5'-GAAGATGGTGATGG
GATTTC-3' (sense and antisense, respectively). The levels
of RAGE, TNF-a, IL-1b, IL-6, MCP-1, and PAI-1 mRNAs

were normalized to the corresponding levels of GAPDH
mRNA.

Preparation of nuclear extracts

After termination of the reactions by washing twice
with ice-cold PBS, the cells were harvested and ana-
lyzed. HUVECs were collected in ice-cold PBS with pro-
tease inhibitors by scraping, and then pelleted by
centrifugation at 12,000g for 5min at 4 �C. The cells
were then resuspended in 200lL of 1X hypotonic buf-
fer (10mM Hepes, pH 7.8, 10mM KCl, 0.1mM EDTA,
1mM DTT, and 0.8% NP-40). After moderate vortexing,
the cells were centrifuged at 12,000g for 5min at 4 �C.
At this time, the supernatant contained the cytoplasmic
fraction, while the pellet contained the nuclear fraction.
The nuclear pellets were resuspended in 100lL nuclear
extraction buffer (50mM Hepes, pH 7.8, 50mM KCl,
300mM NaCl, 0.1mM EDTA, 1mM DTT ,and 20% gly-
cerol). After vortexing vigorously for 10min at 4 �C, the
cell pellet was centrifuged at 12,000g for 10min, and
the supernatant (nuclear extract) was collected, and
stored at -80 �C for further experiments. Protein content
in the nuclear extract was quantified by the BCA protein
assay (Pierce Biotechnology, Rockford, IL).

Western blotting assay

After each experiment, cells were washed twice with
ice-cold PBS, and resuspended in RIPA lysis buffer con-
taining protease and/or phosphatase inhibitors. Cell
homogenates were centrifuged at 10,000g for 20min at
4 �C. The resulting supernatant was used as the cellular
protein. Equal amounts of protein samples were sub-
jected to 10% sodium dodecyl sulfate (SDS) polyacryl-
amide gel electrophoresis, and transferred onto
polyvinylidene fluoride membranes (Millipore, Billerica,
MA). Afterwards, non-specific binding on the mem-
branes was blocked with 5% non-fat milk in TBST
(20mM Tris–HCl, 500mM NaCl, and 0.1% Tween 20) at
room temperature for 1 h. The membranes were then
incubated overnight at 4 �C with specific primary anti-
bodies, including those for nuclear factor kappa B
(NF-jB), proliferating cell nuclear antigen (PCNA), c-Jun
NH2-terminal kinase (JNK), p-JNK (1:400) (SantaCruz
Biotechnology, Santa Cruz, CA), p38 mitogen-activated
protein kinase (p38-MAPK), p-p38, extracellular regu-
lated kinase (ERK), p-ERK (1:1000) (Cell Signaling
Technology, Boston, MA) and GAPDH (1:1000)
(Millipore, Billerica, MA). The membranes were then
probed with horseradish peroxidase-conjugated sec-
ondary antibodies at room temperature for 45min. The
protein–antibody complexes were detected with
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enhanced chemiluminescence reagents (iNtRON
Biotechnology, Seongnam, Korea), and scanned with a
luminescence image analyzer (Fuji Film LAS-4000,
Tokyo, Japan). The bands were quantitated with ImageJ
software (NIH, Bethesda, MD), and the protein signals
were normalized to GAPDH or PCNA levels.

Immunofluorescence staining

Cells were washed with ice-cold PBS twice, then fixed
with 3.7% formaldehyde in 1X PBS for 20min at 4 �C.
Cell membranes were then permeabilized with 0.1%
Triton X-100 in PBS, and non-specific binding sites were
blocked with 1% BSA in PBS for 1 h at RT. Cells were
incubated with primary antibody (RAGE, NF-jB and Ki-
67, 1:50, SantaCruz Biotechnology, Santa Cruz, CA) at
4 �C overnight. After incubation, the cells were rinsed
with ice-cold PBS, and then incubated further with Alexa
488 green-fluorescent dye (1:1000) in PBS for 2 h at RT.
Nuclei were stained with DAPI for 10min at RT, and the
cells were then observed under a confocal laser-scan-
ning microscope (Carl-Zeiss, Oberkochen, Germany).

Gelatin zymography

MMP-2 and MMP-9 activities were detected by gelatin
zymography on 8% polyacrylamide gels containing
0.2% gelatin using the media from the lower com-
partment of the glycol-AGEs-treated co-culture system.
The gels were loaded with samples diluted in 1:1
non-reducing buffer (12.5% 0.5 M Tris–HCl pH 6.8,
10% glycerol, 4% SDS, and 0.05% bromophenol blue),
and electrophoresis was carried out at 4 �C using a
constant current of 40mA for approximately 2 h. After
electrophoresis, the gel was removed, and incubated
with 2.5% Triton X-100 for 30min at room tempera-
ture with gentle agitation. The gel was equilibrated
for 30min with 1 X Zymogram Developing Buffer
(Koma Biotech, Seoul, Korea), and then incubated
with fresh 1 X Zymogram Developing Buffer overnight
at 37 �C. The bands were visualized by staining for
60min with a solution containing 0.1% Coomassie R-
250 in 40% ethanol and 10% acetic acid, followed by
destaining for 2 h at room temperature in a solution
containing 10% ethanol and 7.5% acetic acid. The
gels were washed with distilled water and scanned.
Band intensities were measured using ImageJ soft-
ware (NIH, Bethesda, MD).

Statistical analysis

SAS software version 9.3 (SAS Institute, Cary, NC) was
used for all statistical analyses. Data are expressed as

mean± standard deviation (SD) of three independent
experiments performed in triplicate. Significant differen-
ces between means were determined by Duncan’s mul-
tiple range test.

Results

Gene silencing of RAGE and AGEs-induced
intracellular ROS production

Human umbilical endothelial cells were transfected with
either non-silencing control siRNA or RAGE-specific
siRNA (20 nM), and RAGE expression was assessed by
real-time PCR and Western blot analysis at 48 h post-
transfection. Transfection of RAGE-specific siRNA caused
a decrease in the mRNA and protein levels to about 40
and 80%, respectively, compared with those of the non-
silencing control (Figure 1(A)). After exposure to 100 lg/
mL of BSA or glycol-AGEs for 24 h at 48 h post-transfec-
tion, the levels of RAGE mRNA were again determined
(Figure 1(B)). AGE treatment significantly increased RAGE
expression prior to gene silencing of RAGE, but the
effects of AGE exposure were no longer observed com-
pared with the negative control-treated groups after
silencing of RAGE. Immunofluorescence confocal micros-
copy was used to confirm that RAGE was expressed on
the HUVEC cell membranes and that the siRNA reduced
the expression levels of RAGE protein (Figure 1(C)). The
effect of glycol-AGEs on endothelial ROS production was
then investigated. To explore the sources of ROS,
HUVECs were pretreated with apocynin (10lM), a spe-
cific inhibitor of NADPH oxidase (Riganti et al. 2008), or
rotenone (10lM), a specific inhibitor of the mitochon-
drial electron transport chain (Zhao et al. 2014), for 1 h
before treatment with glycol-AGEs (Figure 1(D). The
results showed that treatment with glycol-AGEs induced
a significant increase in ROS generation, which could be
inhibited by an addition of apocynin or rotenone. This
suggests that glycol-AGEs-induced ROS generation was
mainly derived from both mitochondria and NADPH oxi-
dase. Binding of glycol-AGEs to RAGE induced the gener-
ation of intracellular ROS, which was also inhibited by
RAGE-specific siRNA (Figure 1(E)).

Effects of RAGE on mitogen-activated protein
kinase phosphorylation

To determine the pathways involved in glycol-AGEs-
induced signaling, the levels of phosphorylation of
MAPK family proteins (ERK, JNK, and p38-MAPK) were
measured in HUVECs stimulated with glycol-AGEs at
100lg/mL for 10min. As shown in Figure 2, knock-
down of RAGE expression with RAGE-specific siRNA
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attenuated glycol-AGEs-induced phosphorylation of
ERK in HUVECs. However, JNK and p38 phosphoryl-
ation displayed no significant differences in the RAGE
knock-down HUVECs. Taken together, these results
imply that glycol-AGEs elevate RAGE expression
mainly via the ERK pathway in HUVECs.

Nuclear translocation of NF-jB

To verify the downstream action of glycol-AGEs-induced
ERK in HUVECs, the nuclear translocation of NF-jB p65
was observed. Quiescent HUVECs (transfected with
RAGE-specific siRNA) were treated with glycol-AGEs at
100 lg/mL for 1 h, after which NF-jB p65 activation was
determined in the nuclear cell extracts by Western blot-
ting. Stimulation of HUVECs with glycol-AGEs was
shown to induce nuclear translocation of NF-jB, but
translocation was significantly inhibited by RAGE knock-
down (Figure 3(A)). NF-jB nuclear translocation was
also monitored using immunofluorescence staining,
and the nuclei were visualized with DAPI (blue). NF-jB
(green) and DAPI were found to be co-localized in the
nuclei of HUVECs stimulated with glycol-AGEs. However,
RAGE knockdown blocked translocation of NF-jB, with

the green stain remaining localized to the cytoplasm.
These results indicate that blocking of RAGE expression
in HUVECs prevents the translocation of NF-jB upon
glycol-AGEs stimulation (Figure 3(B)).

Inflammatory cytokine expression in co-culture
systems

Based on our previous study (Nam et al. 2011) of a co-
culture system with THP-1 monocytes, HUVECs and
VSMCs are required to investigate the effects of the
AGEs-RAGE axis on intercellular interactions occurring
among these cells. As shown in Figure 4, qRT-PCR
revealed significant increases in the expressions of
RAGE, TNF-a, and IL-1b mRNA in glycol-AGEs-induced
HUVECs and THP-1 cells in the upper compartment of
the insert during co-culture with VSMCs for 4 h. Under
these experimental conditions, only HUVECs, but not
THP-1 cells, were knocked down. However, only the
group in which RAGE was knocked down in both
HUVECs and THP-1 cells displayed a marked decrease in
RAGE expression in the presence of glycol-AGEs
(Figure (4)). In addition, we confirmed that the mRNA
expression levels of TNF-a and IL-1b were decreased
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Figure 1. Knockdown of the receptor for AGE (RAGE) inhibits advanced glycation end-products (AGEs)-induced intracellular react-
ive oxygen species (ROS) formation in HUVECs. (A) Examination of the receptor for advanced glycation end products (RAGE)
expression upon knockdown with siRNA, assessed by real-time polymerase chain reaction (PCR) and Western blot. (B) The effect
of AGEs on RAGE mRNA expression, with or without knockdown of RAGE. (C) HUVECs were transfected with non-silencing control
siRNA or RAGE-specific siRNA for 48 h, then stimulated with BSA or glycol-AGEs for 24 h. The level of RAGE was analyzed by
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upon treatment with glycol-AGEs when both HUVECs
and THP-1 cells were concurrently knocked down.
Furthermore, it was observed that RAGE, IL-6, MCP-1,
and PAI-1 mRNA expression was increased in VSMCs
when the cells were co-cultured with THP-1 and
HUVECs in the presence of glycol-AGEs for 24 h,
whereas double knockdown in THP-1 and HUVECs
caused a significant decrease in the expression levels of
RAGE, MCP-1, IL-6, and PAI-1in VSMCs (Figure 5).

Impact of glycol-AGEs on VSMC function in the
co-culture system

The lower compartment media from the co-culture sys-
tem was next investigated for proteolytic activity.
Treatment of HUVECs and THP-1 cells with glycol-AGEs
stimulated proteolytic activity of MMP-2 and MMP-9
(Figure 6(A)). The mRNA levels of Pro-MMP-9, which has
a molecular weight of 96 kDa and of activated MMP-9,
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which has a molecular weight of 88 kDa, were increased
in the glycol-AGEs-treated group, whereas this was not
the case in the RAGE knockdown groups. A slight induc-
tion of pro-MMP-2 and activated MMP-2, which have
molecular weights of 72 kDa and 64 kDa, respectively,
was shown in the glycol-AGEs-treated group but was
significantly decreased in the RAGE knockdown groups.
By contrast, the upper compartment media did not
appear to change the activity of MMP-2, and did not
produce a detectable MMP-9 band (Figure 6(A)), indicat-
ing that the MMPs did not arise from the upper insert
layer (HUVECs or THP-1 cells). As shown in Figure 6(B),
treatment of HUVECs and THP-1 cells in the upper trans-
well insert with glycol-AGEs was found to trigger higher
levels of VSMC proliferation (detected by Ki-67 staining
in the nucleus) than did stimulation with BSA. The
increased levels of Ki-67 expression were remarkably
inhibited by RAGE knockdown in either HUVECs or both
HUVECs and THP-1 cells.

Discussion

RAGE, existing in the plasma membrane, is a member of
the immunoglobulin superfamily; it binds to AGEs on
the cell surface, leading to a signaling cascade (Stern
et al. 2002). The AGEs-RAGE interaction raises the per-
meability of ECs and promotes the invasion of mole-
cules through the EC barrier (Basta et al. 2002). The
AGEs-RAGE axis may induce intracellular ROS formation,
stimulating NADPH oxidase (Wautier et al. 2001). In add-
ition, other sources of ROS have been reported, includ-
ing nitric oxide synthase, cytochrome P450 oxidase and
several other enzymes, which may contribute to the
generation of intracellular O2_ and H2O2 in monocytes,
ECs, and VSMCs (Puddu et al. 2008).

Our data showed that the glycol-AGEs-induced ROS
generation was mainly derived from both the mito-
chondrial respiratory chain and NADPH oxidase in ECs
(Figure 1(D)). The AGEs–RAGE interaction was previously
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reported to stimulate various signaling cascades involv-
ing MAPKs, such as ERK-1/2, JNK, and p38 (Ott et al.
2014).

However, in the present study, RAGE deletion mark-
edly inhibited the phosphorylation of ERK, but not JNK
or p38, in HUVECs, suggesting that the induction of
pro-inflammatory cytokine expression by glycol-AGEs
may be ERK-dependent (Figure 2). Also, Yu et al. (2013)
reported that AGEs activated the time-dependent phos-
phorylation level of ERK, JNK, and p38. However, the
ERK inhibitor PD98059 abolished AGE-RAGE axis-
induced gene regulation. ERK phosphorylation is
involved in the AGE-RAGE system. Glycol-AGEs
enhanced ROS formation and activation of the ERK

pathway could lead to activation of NF-jB. In our pre-
sent study, control cells treated with siRAGE also
showed NF-jB p65 staining (green), but p65 staining
remained localized to the cytoplasm (Figure 3(B)).
Addition of BSA alone to HUVECs transfected with non-
silencing control siRNA stimulated translocation of NF-
jB, as evidenced by immunofluorescence staining. It
was reported that human serum albumin transactivated
NF-jB in human proximal tubular HK-2 cells (Morigi
et al. 2002). In that study, PKC-dependent ROS gener-
ation induced by albumin was related to the expression
of the NF-jB-dependent MCP-1 gene.

The activation of NF-jB is followed by translocation
into the nucleus for gene regulation. In addition, our

R
A

G
E

 e
xp

re
ss

io
n 

(f
ol

d)

0

1

2

3

4 BSA
AGEs

BSA
AGEs

BSA
AGEs

Non-silence EC siRAGE EC/THP-1
siRAGE

b

b

a

b

a

b

T
N

F-
al

ph
a 

ex
pr

es
si

on
 (

fo
ld

)
0.0

0.5

1.0

1.5

2.0

d

cd

Non-silence EC siRAGE EC/THP-1
siRAGE

ab
bc

a
ab

IL
-1

be
ta

 e
xp

re
ss

io
n 

(f
ol

d)

0.0

0.5

1.0

1.5

2.0

Non-silence EC siRAGE EC/THP-1
siRAGE

c

b

a

ab

d
d

Figure 4. Expression of pro-inflammatory cytokines in co-culture with HUVECs and THP-1 cells. HUVECs and THP-1 cells were co-
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74 M.-H. NAM ET AL.



Non-
silence

EC
siRAGE

EC/THP-1
siRAGE

Non-
silence

R
A

G
E

 e
xp

re
ss

io
n 

(f
ol

d)

0.0

0.5

1.0

1.5

2.0

2.5 BSA
AGEs

BSA
AGEs

BSA
AGEs

BSA
AGEs

bc

a

b

c

IL
-6

 e
xp

re
ss

io
n 

(f
ol

d)

0.0

1.0

2.0

3.0

4.0

Non-
silence

EC
siRAGE

EC/THP-1
siRAGE

Non-
silence

b

b

b

a

M
C

P-
1 

ex
pr

es
si

on
 (

fo
ld

)

0

2

4

6

Non-
silence

EC
siRAGE

EC/THP-1
siRAGE

Non-
silence

b
b

b

a

PA
I-

1 
ex

pr
es

si
on

 (
fo

ld
)

0

1

2

3

4

b

ab

b

Non-
silence

EC
siRAGE

EC/THP-1
siRAGE

Non-
silence

a

Figure 5. Expression of inflammatory cytokines in transfected HUVECs and THP-1 monocytic cells co-cultured with VSMCs.
HUVECs and THP-1 cells were co-cultured with VSMCs for 24 h after transfection with non-silencing control siRNA or RAGE-specific
siRNA for 24 h. The co-cultivated cells were then stimulated with 100 lg/mL of glycol-AGEs for 24 h, and then the VSMCs were
collected from the lower sides of the co-cultures. The mRNA expression levels of RAGE, IL-6, monocyte chemoattractant protein
(MCP)-1, and plasminogen activator inhibitor (PAI)-1 are shown as fold changes (mean ± S.D.) compared with those in BSA-treated
non-silenced controls. The bar graphs show the quantification of cytokine expression, normalized to the corresponding value for
GAPDH mRNA. EC siRAGE, knock-down RAGE in HUVECs; EC/THP-1 siRAGE, knock-down RAGE in both HUVECs and THP-1 cells.
Bars with different letters (a, b, and c) differ significantly from each other (p< 0.05).

BSA
AGEs

M
M

P-
2 

ac
tiv

ity
 (

%
)

0

20

40

60

80

100

120

140 BSA
AGEs

b
a

c

d

Non-
silence

EC
siRAGE

EC/THP-1
siRAGE

Non-
silence

M
M

P
-9

 a
ct

iv
it

y 
(%

)

0

20

40

60

80

100

120

140 a

b

c

c

Non-
silence

EC
siRAGE

EC/THP-1
siRAGE

Non-
silence

(A)

BSA
AGEs

K
i-

67
 p

os
iti

vi
ty

 (
fo

ld
 in

du
ct

io
n)

0.0

0.5

1.0

1.5

2.0

2.5

3.0

a

c

b

Non-
silence

EC
siRAGE

EC/THP-1
siRAGE

Non-
silence

c

(B)

Figure 6. Effects of AGEs on MMP expression and VSMC proliferation. HUVECs and THP-1 cells were co-cultured with VSMCs for
24 h after being transfected with non-silencing control siRNA or RAGE-specific siRNA. They were then treated with BSA or glycol-
AGEs (100lg/mL) for another 24 h. (A) Gelatin zymogram revealing the effects of glycol-AGEs and RAGE knockdown on inducible
MMP-2 and MMP-9 activities in conditioned medium from co-cultures with HUVECs and THP-1 cells (upper), VSMCs (lower), the
lower compartment was used to perform image analysis. (B) Effects of glycol-AGEs on VSMC proliferation (Ki-67 expression)
induced by co-culture with HUVECs and THP-1 cells. The cells were stained with primary Ki-67 antibody and Alexa fluorVR conju-
gated (green) secondary antibody. Magnification: 100� (top), 200� (bottom). Lower panels, statistical analysis of Ki-67 cell posi-
tivity as fold induction compared to the BSA-treated non-silenced control group. Each value represents the mean ± S.D. of three
independent determinations. EC siRAGE, knock-down RAGE in HUVECs; EC/THP-1 siRAGE, knock-down RAGE in both HUVECs and
THP-1 cells. Bars with different letters (a, b, c, and d) differ significantly from each other (p< .05).

CELL COMMUNICATION & ADHESION 75



in vivo study showed that ROS can stimulate a cascade
leading to NF-jB activation, which elevated the expres-
sion of TNF-a in type 2 diabetic mice (Gao et al. 2008).
Upon translocation to the nucleus, NF-jB increases the
transcription of pro-inflammatory cytokine genes
including IL-1b and TNF-a (Goldin et al. 2006).

In a previous study, we reported that all three cells
types, including THP-1 monocytes, HUVECs, and SMCs,
are required together to gain an understanding of the
synergistic effects of AGEs on intercellular interactions
(Nam et al. 2011). Co-culture of HUVECs and SMCs in
the presence of glycol-AGEs and co-culture of HUVECs,
SMCs, and THP-1 in the absence of glycol-AGEs, resulted
in no significant increase in the proliferation of SMCs,
whereas co-culture of all three cell types concurrently
with glycol-AGEs treatment significantly enhanced SMC
proliferation. In addition, significant induction of IL-6
and MCP-1 protein in the SMCs, which was stimulated
by treatment with glycol-AGEs, was observed when cells
were co-cultured with HUVECs and THP-1 cells. In the
present study, glycol-AGEs were shown to be a potent
stimulator of NF-jB p65 activation through ERK signal-
ing and acted to regulate pro-inflammatory cytokines
such as TNF-a or IL-1b when THP-1, HUVECs and VSMCs
were co-cultured (Figure 4). Moreover, NF-jB activation
by AGEs has been reported to mediate the gene expres-
sion of cytokines such as IL-6 and MCP-1 in ECs and to
induce VSMC activation (Hattori et al. 2002; Brasier
2010). These factors have important functions in the
regulation of the inflammatory and proliferative
responses in VSMCs, which are a major component of
blood vessels (Chistiakov et al. 2015). In addition,
VSMCs showed increased proliferation and production
of fibronectin owing to AGEs-induced inflammatory
cytokine production (Kume et al. 2000; Sakata et al.
2000; Lee et al. 2012). In our experiments, glycol-AGEs
were found to increase the expressions of RAGE, MCP-1,
IL-6, and PAI-1 in VSMCs for 24 h when cells were co-
cultured with HUVECs and THP-1 cells (Figure 5). Figure
S1 shows that BSA in the media of the upper insert
moved across the membrane, but glycer-AGEs in the
same media hardly passed through the insert. Under
these conditions, glycer-AGEs were less likely to directly
affect VSMCs; however, increased expression of RAGE,
TNF-a, and IL-1b in the glycol-AGEs-induced HUVECs
and THP-1 cells in the upper compartment of the insert
may trigger RAGE expression during co-culture with
VSMCs in the lower compartment.

Abnormal conditions of inflammatory cells and cyto-
kines are one of the pathological steps in the develop-
ment of vascular lesions and play an important role in
VSMC migration and control of the process of vascular
wall remodeling (Siebenlist et al. 1994; Basta et al. 2002;

Cullen et al. 2005). MCP-1 directs the migration of
attached monocytes to the vascular wall, and was previ-
ously detected in atherosclerotic lesions, but not in nor-
mal arteries (Gu et al. 1998). IL-6 also plays an
important role in the vessel wall, as a VSMC growth fac-
tor (Chistiakov et al. 2015). Moreover, PAI-1 is upregu-
lated by various stimuli in cultured ECs, including TNF-a
and IL-1b. Increased expression of PAI-1 attenuates
apoptosis of VSMCs but is associated with significant
proliferation after injury to arteries in rats (DeYoung
et al. 2001). In addition, in the co-cultured system with
HUVECs and VSMCs, a significant increase in both PAI-1
secretion from HUVECs and intracellular PAI-1 expres-
sion in VSMCs were observed (Gallicchio et al. 1994).
Physiological fibrinolysis in VSMCs is controlled by spe-
cific molecules and affected by the presence of other
cytokines secreted from adjacent cells (Lacolley et al.
2012).

On the other hand, THP 1 cells have been widely
used to create a monocyte model system, because they
are easily accessible without other blood contaminants
and their use abolishes donor variability. Several reports
have shown that the interaction between THP-1 and
ECs is comparable to that between human primary
monocytes and ECs (Kaplanski et al. 1998; Schildberger
et al. 2013). However, THP-1 cells do not completely
represent the phenotype of blood monocytes.
Therefore, we investigated whether glycer-AGEs can
also stimulate inflammatory mediators in ECs and
human peripheral blood mononuclear cells (PBMCs) iso-
lated from healthy donors. THP-1 and PBMCs showed
comparable responses to inflammatory mediators such
as TNF-a and IL-1b (Schildberger et al. 2013). Our find-
ings show that glycer-AGEs clearly invoke the expres-
sion of inflammatory cytokines in HUVECs cultured with
both THP-1 cells and PBMCs (Figure S2(A)), and treat-
ment of PBMCs with glycer-AGEs released TNF-a and IL-
1b to an even greater extent than did THP-1. Figure
S2(B) shows that VSMCs upregulated inflammatory cyto-
kines in the same manner when co-cultured with
HUVECs and THP-1 or PBMCs.

Monocytes mature into macrophages in atheroscler-
otic lesions and secrete high concentrations of inflam-
matory cytokines and matrix metalloproteinases
(MMPs), contributing to the progression of atheroscler-
otic plaque (Libby 2012). MMPs were implicated in ECM
degradation and remodeling, which was another factor
involved in vascular lesions, such as migration and
intimal thickening (Lee & Moon 2005). Especially, MMP-
9 is a crucial enzyme for regulating the migration and
proliferation of VSMCs (Galis et al. 2002). The release of
MMP-9, which was expressed upon treatment with
TNF-a, was also reported to be mediated by
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transcriptional factors such as NF-jB and AP-1 via activa-
tion of the Ras/ERK pathways (Cho et al. 2000; Moon
et al., 2003, 2004). MMP-2 and MMP-9 especially play
pathogenic roles in the development of vascular remod-
eling by degrading various components of the ECM, and
allowing invasion of collagen into the intimal layer
(Rodriguez et al. 2007). Our results suggest that glycol-
AGEs stimulate monocytes, ECs, and VSMCs in the vas-
cular co-culture system, lead to activation of MMP-2 and
9, and can promote proliferation of VSMCs through
regulation of inflammatory cytokines, NF-jB and ERK
signaling (Figure 6). ERK signaling promotes VSMC
growth while inhibition of NF-jB decreases the prolifer-
ation of VSMCs (Maruyama et al. 1997). In addition,
increased expression of PAI-1 inhibits apoptosis and
promotes cell proliferation in VSMCs through down-
stream mediators (Chen et al. 2006). Our results clearly
show that knockdown of RAGE inhibits ERK phosphoryl-
ation, NF-jB translocation to the nucleus, and conse-
quent cytokine expression in HUVECs, as well as
secretory MMP-2 and -9 activity and VSMC proliferation
in our co-culture system. The results support that a co-
culture system with monocytes, ECs, and VSMCs is
effective for investigation of the involvement of AGEs in
the intercellular signaling that occurs among these cells.

Conclusion

In conclusion, AGEs activate several signals in the endo-
thelium, including ERK phosphorylation, NF-jB activa-
tion, and induction of inflammatory mediators, which
affects VSMC proliferation and vascular remodeling. We
showed that AGEs induced VSMC activation without dir-
ect treatment with inflammatory mediators such as
TNF-a or IL-1b. These findings may advance the current
understanding of vascular endothelial dysfunction, and
may indicate a role of AGEs in the crosstalk among
monocytes, ECs, and VSMCs. These results suggest that
employment of a co-culture system is necessary to
investigate the synergistic effects of the AGEs-RAGE axis
on intercellular interactions, creating a more in-vivo-like
environment to examine the implications of AGEs in
atherosclerosis research.
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