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Abstract

The accumulation of advanced oxidation protein products (AOPPs) has been linked to vascular lesions in dia-
betes, chronic renal insufficiency, and atherosclerosis. However, the signaling pathway involved in AOPPs-in-
duced endothelial cells (ECs) perturbation is unknown and was investigated. AOPPs modified human serum
albumin (AOPPs-HSA) bound to the receptor for advanced glycation end products (RAGE) in a dose-depen-
dent and saturable manner. AOPPs-HSA competitively inhibited the binding of soluble RAGE (sRAGE) with
its preferential ligands advanced glycation end products (AGEs). Incubation of AOPPs, either prepared in vitro
or isolated from uremic serum, with human umbilical vein ECs induced superoxide generation, activation of
NAD(P)H oxidase, ERK 1/2 and p38, and nuclear translocation of NF-�B. Activation of signaling pathway by
AOPPs-ECs interaction resulted in overexpression of VCAM-1 and ICAM-1 at both gene and protein levels.
This AOPPs-triggered biochemical cascade in ECs was prevented by blocking RAGE with either anti-RAGE
IgG or excess sRAGE, but was not affected by the neutralizing anti-AGEs IgG. These data suggested that AOPPs
might be new ligands of endothelial RAGE. AOPPs-HSA activates vascular ECs via RAGE-mediated signals.
Antioxid. Redox Signal. 10, 1699–1712.
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Introduction

ACCELERATED ATHEROSCLEROSIS AND VASCULAR DISEASE are
the major complications of diabetes and chronic renal

insufficiency, constituting the leading cause of morbidity
and mortality in these ubiquitous disorders (11, 18, 27). Many
underlying factors could contribute to this outcome, includ-
ing abnormalities in lipid metabolism, hypertension, and re-
nal dysfunction. Diabetes and renal insufficiency are associ-
ated with increased modification of protein. Numerous
studies have demonstrated that the formation and accumu-
lation of advanced glycation end products (AGEs), the 
products of nonenzymatic glycation/oxidation of proteins/
lipids, induce vascular perturbation mainly through interac-
tion of AGEs with the cell surface receptor for AGEs (RAGE)
(46).

In addition to AGEs, a newly identified family of oxidized
protein compounds, termed advanced oxidation protein
products (AOPPs), has emerged as novel mediators of in-
flammation. AOPPs are the dityrosine-containing and cross-
linking protein products which were first isolated from ure-
mic plasma (43). Accumulation of AOPPs was subsequently
found in patients with diabetes (15) and coronary artery 
disease (8, 16), as well as subjects with obesity (3). AOPPs
can be formed in vitro by exposure of serum albumin 
to hypochlorous acid (HOCl). In vivo, plasma AOPPs are
mainly carried by albumin, and their concentrations are
closely correlated with the levels of dityrosine (6, 43). There-
fore, AOPPs have been considered as novel markers of ox-
idative stress (43).

Our recent study demonstrated that intravenous infusion
of AOPPs–albumin significantly increases macrophage infil-
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tration in atherosclerotic plaques in hypercholesterolemic
rabbits (24) and in glomeruli in the remnant kidney model
(20), suggesting that AOPPs are not only the markers of ox-
idative stress, but potential inducers of vascular inflamma-
tion. Consistent with the observation, accumulation of
AOPPs has been found in both experimental and human ath-
erosclerotic lesions (9, 24) and has been linked to endothe-
lial cells (ECs) dysfunction and monocyte activation (26, 44).

Although these reports support a role for AOPPs in me-
diating vascular cellular perturbation, the molecular basis of
proinflammatory effect of AOPPs remains largely unknown.
It is still not clear whether AOPPs induce ECs perturbation
by receptor-mediated mechanisms, and, if it is the case, what
receptor(s) might be involved in this pathway. Moreover, the
intracellular signal transduction processes triggered by
AOPPs have not been well understood.

In this study, we focused on elucidating the receptor and
the signaling pathway activated by AOPPs–albumin in hu-
man ECs. Our data demonstrated that AOPPs, as a class of
new ligand of RAGE, activated vascular ECs through a
RAGE-mediated signals involving PKC, NAD(P)H oxidase,
ERK1/2, p38, and nuclear transcription factor �B (NF-�B).
These data provide new insight on how AOPPs might prime
vascular inflammation in diverse disorders such as diabetes,
chronic renal insufficiency, and atherosclerosis.

Materials and Methods

Cell culture

Human umbilical vein endothelial cells (HUVECs) were
prepared and cultured as described (13). The experiment uti-
lized confluent cultures grown in RPMI 1640 (HyClone, Lo-
gan, Utah) and pooled, heat-inactivated human group AB
serum (20%). Only first-passage cells from one umbilical
cord were used for one experiment.

AOPPs and AGEs preparation

AOPPs–human serum albumin (HSA) was prepared in
vitro as described previously (44). Briefly, fatty acid-free 
HSA (Sigma, St. Louis, MO) was exposed to 200 mmol/L
HOCl (Fluke, Buchs, Switzerland) for 30 min in the absence
of free amino acid/carbohydrate/lipids to exclude forma-
tion of AGEs-like structures. The preparation was dialyzed
overnight against PBS to remove free HOCl.

To prepare high-molecular-weight AOPPs fraction
(AOPPs-F) formed in vivo (43), serum was isolated from pa-
tients with uremia. AOPPs-F was prepared by using HiPrep
16/60 Sephacryl S-300 HR column (GE Healthcare Bio-Sci-
ences AB, Uppsala, Sweden) according to the manufacturer’s
protocol. The concentration of AOPPs-F in patient’s serum,
calculated by total protein amount of AOPPs-F/serum sam-
ple volume, was �200 �g/ml. The collected AOPPs-F was
concentrated 100 times by Amicon Ultra-15 centrifugal filter
devices (Millipore Corporation, Billerica, MA).

To remove AGEs likely contained in the serum, the pre-
pared AOPPs-F was passed through an anti-AGEs IgG im-
mobilized Affi-Gel 10 column (BioRad Hercules, CA) as de-
scribed (45). The material that did not adhere to this column
was used for the experiments. Samples were also passed
through a Detoxi-Gel column (Pierce, Rockford, IL) to re-
move any contaminated endotoxin. Endotoxin levels in the

preparation were determined with the amebocyte lysate as-
say kit (Sigma) and were found to be below 0.025 EU/ml.

AOPPs content in the preparation was determined as de-
scribed previously (44). The content of AOPPs was 72.4 �
9.8 nmol/mg protein in prepared AOPPs-HSA, 52.6 � 7.6
nmol/mg protein in isolated AOPPs-F, and 0.2 � 0.02
nmol/mg protein in native HSA. The components of AGEs,
including N�-(carboxylmethyl) lysine (CML), pentosidine,
pyridine (12, 24, 28), and glyoxal-, glycolaldehyde-, and glyc-
eraldehyde-modified proteins (14, 33), were determined as
described and were found to be undetectable in the prepared
samples.

AGEs-HSA was prepared as described previously by in-
cubating HSA with 0.15 M glyoxylic acid (CML-HSA) (32),
50 mM glycolaldehyde dimmer (GA-HSA) (39), 500 mM ri-
bose (RB-HSA) (39), 100 mM glyceraldehyde (GC-HSA)(33),
separately.

ROS production

The levels of intracellular reactive oxygen species (ROS)
were determined by measuring the fluorescence of 5 (and 6)-
chloromethyl-2�, 7�-dichlorodrofluorescein diacetate (DCF,
Molecular Probe, Carlsbad, CA) (4). Briefly, HUVECs were
pre-incubated for 30 min with 1 nmol/L DCF in PBS lack-
ing Ca2� and Mg2�. The cells were then incubated with var-
ious concentrations of AOPPs-HSA for indicated times or
with 200 �g/ml of AOPPs-F for 30 min. One milliter aliquots
of the cells were removed for fluorescence intensity analysis
on a flow cytometry (BD FACSCalibur system, Franklin
Lakes, NJ). To verify the sources of ROS generation, HU-
VECs were pre-incubated for 10 min with NAD(P)H oxidase
inhibitors (i.e., diphenyleneiodonium, DPI, 10�100 �mol/L;
apocynin, 5�500 �mol/L), a nitric oxide synthase inhibitor
(NG-nitro-L-arginine methyl ester, L-NAME, 100�1000
�mol/L), a xanthine oxidase inhibitor (oxypurinol, 10�100
�mol/L), a mitochondria inhibitor (rotenone, 2.5�250
�mol/L), an inhibitor of protein kinase C (PKC) (Gö6983, 1
�M) and a O2

�scavenger that can enter the cells and reduces
intracellular ROS (7) ( bovine cytosolic Cu/Zn SOD, c-SOD
2�200 u/ml) (all from Sigma). The experiments were then
repeated as described above.

To further confirm the intracellular source of ROS,
NAD(P)H-dependent O2

� production was assessed by luci-
genin-enhanced chemiluminescence as described previously
(21). Cell homogenates (100 �g/well) were added into a 
96-well microplate. Immediately before recording, dark-
adapted lucigenin (5 �mol/L) with or without NAD(P)H
(100 �mol/L) were added to cell homogenates. Light emis-
sion was recorded every minute for 30 min (VICTOR V Wal-
lac 1420, PerkinElmer, Turku, Finland). Data were expressed
as counts per second (CPS). To verify NAD(P)H oxidase con-
tribution, the procedure was repeated in the presence of DPI,
apocynin, L-NAME, oxypurinol, rotenone, Gö 6983, and 
c-SOD.

Effect of AOPPs–RAGE interaction on ROS generation

Binding of AOPPs to RAGE. The binding activity of
AOPPs-HSA to the extracellular domain of RAGE (sRAGE)
was determined using a microplate-based assay as described
(39). Briefly, microtiter wells (Corning, Lowell, MA) were
coated with 10 �g/ml of AOPPs-HSA, AGEs-HSA, or native
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HSA overnight at 4°C. After washing and blocking, the wells
were incubated with indicated concentrations of sRAGE (47)
for 30 min at 37°C. The bound sRAGE was detected with a
horseradish peroxidase (HRP)-conjugated monoclonal anti-
RAGE IgG (47) and measured by a microplate reader (Bio-
Rad, Hercules, CA).

As an alternative approach, CML-HSA (10 �g/ml) was
immobilized onto the wells. sRAGE (4 �g/ml) was pre-in-
cubated with indicated concentrations of AOPPs-HSA, CML-
HSA, GA-HSA, or native HSA for 30 min at 37°C and then
added to the wells. The binding of sRAGE with immobilized
AGEs-HSA was quantified by the anti-RAGE IgG as de-
scribed above.

ROS generation under blocking of 
AOPPs–RAGE interaction

HUVECs were pre-incubated with a rabbit anti-RAGE IgG
(R&D System, Minneapolis, MN), nonimmune rabbit IgG
(Santa Cruz Biotechnology, Inc., Santa Cruz, CA), or excess
sRAGE for 2 h at 37°C. The cells were washed and incubated
with 200 �g/ml of AOPPs-HSA or native HSA for 30 min at
37°C. ROS generation was quantified by measuring the DCF
fluorescence as described above.

To further exclude the effect of AGEs contamination, 200
�g/ml of AOPPs-HSA was pre-incubated for 30 min with a
neutralizing anti-AOPPs (prepared by Department of Im-
munology, Southern Medical University), or with neutraliz-
ing anti-AGEs antibodies such as 6D12 (17) and anti-GXL
(33) at concentrations that could neutralize the AGEs–cell in-
teraction. The treated AOPPs were then incubated with ECs,
and ROS production was quantified as described above.

Detection of NAD(P)H oxidase activation

P47phox phosphorylation. Phosphorylation of p47phox was
detected by immunoprecipitation as described previously
(36). Briefly, the cell lysates were pre-absorbed with protein
A/G agarose beads (Santa Cruz Biotechnology) at 4°C for 30
min. The supernatants were incubated with a rabbit anti-hu-
man p47phox polyclonal antibody (Upstate-Cell Signaling So-
lutions, Temecula, CA) overnight at 4°C. The immunocom-
plexes were resolved with SDS-PAGE, and transferred to
nitrocellulose membranes (Amersham Pharmacia Biotech,
Piscataway, NJ). The membranes were then incubated with
a HRP-conjugated rabbit anti-phosphoserine antibody
(Stressgen Bioreagents Corp. Victoria, BC, Canada) and were
detected with ECL (Pierce). To determine pan-p47phox, the
membranes were washed with an elute buffer, reacted with
a mouse anti-human p47phox monoclonal antibody (BD Bio-
sciences Pharmingen, San Diego, CA), and subsequently de-
tected with HRP-conjugated rabbit anti-mouse IgG (Dako-
Cytomation, Glostrup, Denmark) and ECL. Bands were
quantified by a densitometry (Universal Hood. 2, BioRad,
Milan, Italy), and values for phospho-p47phox expression
were normalized to the amount of total p47phox per sample.

Interaction of p47phox with p22phox and Nox homologues

The interaction of p47phox with p22phox and Nox homo-
logues was analyzed by immunoblotting as described pre-
viously (22). The immunocomplexes were obtained by incu-
bation of cell lysates with the rabbit anti-human p22phox, Nox

2, or Nox 4 polyclonal antibodies (Santa Cruz Biotechnology)
overnight at 4°C, separately. Immunoblotting was per-
formed using the mouse anti-human p47phox monoclonal 
antibody as the primary antibody and the HRP-conjugated
rabbit anti-mouse IgG as the secondary antibody. The mem-
branes were detected by ECL. To determine the total p22phox,
Nox 2, and Nox 4, the membranes were eluted and incubated
with the rabbit anti-human p22phox, Nox 2, or Nox 4 poly-
clonal antibodies and then detected by reaction with the
HRP-linked anti-rabbit IgG (Cell Signaling Technology, Bev-
erly, MA).

P47phox membrane translocation

HUVECs were fixed in acetone-methanol (1:1, [vol/vol]).
After washing and blocking, the cells were incubated with a
mouse anti-human p47phox monoclonal antibody overnight
at 4°C. After washing, the slides were incubated with a FITC-
conjugated rabbit anti-mouse immunoglobulins (DakoCy-
tomation) for 45 min at 37°C, washed, stained with propid-
ium iodide (PI, Sigma) and observed under a confocal
microscopy (Leica TCS SP2 AOBS, Leica Microsystems, Cam-
bridge, UK).

Detection of MAPK activation

HUVECs were stimulated with AOPPs-HSA as described
above. In some experiments, cells were pre-incubated for 1
h at 37°C with the following inhibitors: c-SOD, apocynin,
U0126 (a ERK1/2 inhibitor, Cell Signaling Technology) and
SB203580 (a p38MAPK inhibitor, Promega, Madison, WI).
MAPK activation was detected as described (36). Cell ho-
mogenates (40 �g protein in each sample) were im-
munoblotted using the rabbit polyclonal antibodies against
human pan- or phospho-ERK1/2, p38MAPK, and JNK1/2 as
the primary antibodies, and a HRP-linked anti-rabbit IgG as
the secondary antibody (all from Cell Signaling Technology).
Bands were quantified by a densitometry and values for
phospho-MAPK expression were normalized to the amount
of total MAPK per sample.

Detection of NF-�B activation

Western blot analysis. HUVECs were incubated with 200
�g/ml of AOPPs-HSA for 15�120 min or with native HSA
for 30 min. In some experiments, cells were pretreated with
SN50 (a NF-�B inhibitor, Alexis Biochemicals, San Diego,
CA) or apocynin, U0126 and SB203580 for 1 h at 37°C, and
then stimulated with AOPPs-HSA for 30 min. NF-�B p65 in
cells lysates were measured by Western blot analysis as de-
scribed previously by using rabbit anti-human NF-�B/p65
(BioVision, Mountain View, CA) as the primary antibody
(48).

Immunofluorescence. NF-�B nuclear translocation was
also determined by immunofluorescence staining as de-
scribed (23). HUVECs were rinsed and fixed with actone-
methanol (1:1 [vol/vol]) at �20°C for 10 min. The slides were
blocked in 1% BSA, incubated with a rabbit anti-human NF-
�B/p65 antibody overnight at 4°C, and reacted with a FITC-
conjugated swine anti-rabbit immunoglobulins for 45 min at
37°C. The slides were stained with PI and observed under
the confocal microscopy.
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EMSA. Nuclear protein extracts of HUVECs were pre-
pared as described above. The probe for NF-�B EMSA was
a double-stranded oligonucleotide (5�AGT TGA GGG GAC
TTT CCC AGG C 3�; 3�TCA ACT CCC CTG AAA GGG TCC
G 5�, Promega). EMSA was performed using Dig Gel Shift
Kit (Roche Applied Science, Mannheim, Germany) accord-
ing to the manufacturer’s protocol. In competition analysis,
nuclear extracts were incubated with 125X unlabeled oligo-
nucleotide probes of both NF-�B and control factor Oct2A
for 1 h before the addition of labeled oligonucleotides. For
supershift analysis, a rabbit anti-human NF-�B/p65 and an
anti-human NF-�B/p50 (Santa Cruz Biotechnology) were
added to the reaction mixture 12 h before the addition of la-
beled oligonucleotides at 4°C.

Detection of VCAM-1 and ICAM-1 expression

Real time PCR. Total RNA was prepared using the RNA
extraction kit with DNase I treatment following the manu-
facturer’s instructions (Promega). To generate cDNA, total
RNA (1 �g) from each of triplicate samples was mixed and
converted into cDNA using random primers and the Rever-
Tra Ace -�-™ First Strand cDNA Synthesis Kit (Toyobo Co.,
Ltd., Osaka, Japan ). All cDNA samples were aliquoted and
stored at �80°C. Primers were designed using the Primer
Express oligo design software (Applied BioSystems, Foster
City, CA) and synthesized by Invitrogen (Carlsbad, CA). All
primer sets were subjected to rigorous database searches to
identify potential conflicting transcript matches to pseudo-
genes or homologous domains within related genes. The se-
quences of the real-time PCR primers are as follows: human
ICAM-1: sense 5�-GCAATGTGCAAGAAGATAGCCA-3�,
antisense 5�-CCCGTTCTGGAGTCCAGTACAC-3�; human
VCAM-1: sense 5�-GAATTGCAAGTCTACATATCACCCA-
3�, antisense 5�-TCGCTGGAACAGGTCATGG-3�; �-actin:
sense 5�-AAGATCATTGCTCCTCCTGAGC-3�, antisense 5�-
TCCTGCTTGCTGATCCACATC-3�. The SYBR Green I assay
and the MX 3005P thermocycler (Stratagene, La Jolla, CA)
were used for detecting the products from the reverse-tran-
scribed cDNA samples. �-Actin was used as the normalizer.
PCR reactions for each sample were performed in duplicate,
and the relative gene expressions were analyzed as described
previously (25).

Western blot analysis. HUVECs were lysed, resolved with
SDS-PAGE, and transferred to nitrocellulose membranes as
described (36). After blocking, the membranes were incu-
bated with the rabbit anti-human ICAM-1 or VCAM-1 anti-
bodies (Santa Cruz Biotechnology), reacted with the HRP-
linked anti-rabbit IgG, and detected by ECL.

To determine whether AOPPs take effect through ligation
of RAGE, the cells were pre-incubated for 2 h at 37°C with

the following blocking antibodies against known AGEs bind-
ing proteins (10) : rabbit anti-human RAGE (10�100 �g/ml),
rabbit anti-AGEs receptor 1 (AGE-R1, 1:100�1:20), AGEs re-
ceptor 2 (AGE-R2 , 1:100�1:20) and AGEs receptor 3 (AGE-
R3, 1:100�1:20) (kindly provided by Prof. Hellen Vlassara,
Division of Experimental Diabetes and Aging, Mount Sinai
School of Medicine, New York), goat anti-human scavenger
receptor class A type 1 (SR-AI, 2�100 �g/ml, R&D Systems),
rabbit anti-human scavenger receptor class B type 1 (SR-BI,
20�100 �g/ml, Abcam, Cambridge, UK), monoclonal anti-
human CD36 (2�100 �g/ml, Cayman Chemical, Ann Arbor,
MI), goat anti-human lectin-like oxidized low-density
lipoprotein receptor-1/ scavenger receptor class E type 1
(LOX-1/SR-E1, 10�100 �g/ml, R&D Systems), goat anti-hu-
man scavenger receptor expressed by ECs/ scavenger re-
ceptor class F type 1 (SREC-I/SR-F1, 0.5�5 �g/ml, R&D Sys-
tems). The cells were then incubated with AOPPs-HSA or
AOPPs-F for 12 h. Expression of ICAM-1 and VCAM-1 was
measured as described above.

Immunostaining. Immunostaining for ICAM-1 and
VCAM-1 was performed as described previously (23). Cells
cultured were fixed with acetone-methanol (1:1), blocked
with 1% BSA, incubated with rabbit anti-human ICAM-1 or
VCAM-1 antibodies, and reacted with a FITC-conjugated
swine anti-rabbit immunoglobulin. The slides were observed
under the confocal microscopy after staining with PI.

Statistical Analysis

All experiments were performed in triplicate. Continuous
variables, expressed as mean � SEM, were compared using
one-way ANOVA or Welch method when the assumption
of equal variances did not hold. Pairwise comparisons were
evaluated by the Student–Newman–Keuls procedure or
Dunnett’s T3 procedure when the assumption of equal vari-
ances did not hold. The Dunnett procedure was used for
comparisons between reference group and other groups.
Two-tailed P values, 0.05 were considered statistically sig-
nificant. Statistical analyses were conducted with SPSS 13.0
by Department of Biostatictics, Southern Medical University.

Results

AOPPs induced ROS production in ECs

ROS production, as determined by fluorescence of DCF,
was significantly increased by exposure of HUVECs with
AOPPs-HSA in a dose- (Fig. 1A) and time-dependent (Fig.
1B) manner. Exposure of HUVECs to native HSA did not in-
duce ROS generation (Fig. 1A).

To verify the enzymatic sources of ROS generation, 
HUVECs were pretreated with the inhibitors of various en-
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FIG. 1. AOPPs-induced ROS production. (A) ROS production detected by DCF fluorescence in HUVECs stimulated by
indicated concentrations of AOPPs-HSA, AOPPs-F or native HSA. (B) Time course of AOPPs-HSA (200 �g/ml)-induced
ROS production. (C) AOPPs-induced ROS generation in HUVECs pretreated with apocynin, DPI, L-NAME, rotenone, oxy-
purinol, c-SOD, or Gö6983. (D) NAD(P)H-dependent O2

� generation determined by lucigenin-enhanced chemilumines-
cence in HUVECs homogenates. (E) Time course of AOPPs-HSA (200 �g/ml)-induced O2

� production. (F) AOPPs-HSA-
induced enhancement of O2

� production was markedly attenuated by pretreating the cells with apocynin, DPI and Gö6983.
Data from three independent experiments are shown as mean � SEM. ANOVA, p � 0.001 in A, B, C, D, E, and F; *p � 0.05
vs. HSA group; #p � 0.05 vs. group without respective inhibitors.
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zymatic systems involved in ROS generation (Fig. 1C).
AOPPs-HSA-induced ROS production was significantly sup-
pressed (by 79.8 � 15.1% and 60.3 � 13.9%, mean � SEM) by
the NAD(P)H oxidase inhibitors DPI and apocynin, but not
by a inhibitor of nitric oxide synthase, a xanthine oxidase in-
hibitor, and a mitochondria inhibitor, suggesting that
NAD(P)H oxidase played a central role in AOPPs-induced
ROS production. Similarly, the exposure of HUVECs to
AOPPs-F increased ROS generation (Fig. 1A) that was sup-
pressed by NAD(P)H oxidase inhibitors (Fig. 1C).

To further confirm the intracellular source of ROS,
NAD(P)H-dependent O2

� production in HUVECs was ex-
amined by lucigenin-enhanced chemiluminescence. In the
absence of added NAD(P)H, there was no detectable O2

�

production in HUVECs. However, in the presence of exoge-
nous NAD(P)H, O2

� production was significantly increased
in cells stimulated by AOPPs-HSA as compared with un-
stimulated HUVECs or cells pre-stimulated by native HSA
(Fig. 1D, E, and F). O2

� production was significantly inhib-
ited by pretreating the cells with NAD(P)H oxidase inhibi-
tors, consistent with NAD(P)H oxidase as the major source.
The inhibitors alone, at the concentration used in the exper-
iments, had no significant effect on ROS or O2

� generation
in cells treated with medium alone (data not shown).

ROS or O2
� production induced by AOPPs could by com-

pletely blocked by a broad spectrum PKC inhibitor, sug-
gesting that PKC activation might be the necessary upstream
event of AOPPs-triggered intracellular oxidative stress.

ROS Production was dependent on interaction of 
AOPPs with RAGE

Previous studies have demonstrated that ligation of the
cell surface receptor RAGE triggers intracellular oxidant
stress (19). RAGE is a multiligand receptor and expresses on
ECs (46). Therefore, we examined whether AOPPs triggered
ROS production by engagement of RAGE. AOPPs-HSA,
CML-HSA, GA-HSA, and native HSA were coated onto the
microwells and incubated with indicated concentrations of
sRAGE. The binding capacity of sRAGE to immobilized
AOPPs-HSA increased as a function of sRAGE concentra-
tions and in a saturable manner (Fig. 2A). Moreover, AOPPs-
HSA inhibited sRAGE binding to immobilized CML-HSA in
a dose-dependent manner (Fig. 2B). The binding affinity of
AOPPs-HSA to sRAGE was significantly higher than that of
CML-HSA and lower than that of GA-HSA at the equal mo-
lar concentrations. (Fig. 2B).

We next tested whether AOPPs-induced ROS generation
was dependent on RAGE. Pretreatment of HUVECs with
anti-RAGE IgG or excess sRAGE blocked ROS generation in
a dose-dependent manner (Fig. 2C). In contrast, nonimmune
IgG (Fig. 2C) or excess concentrations of albumin had no ef-
fect (data not shown).

To further confirm that ROS generation was not induced
by AGEs contamination, the neutralizing experiments
were conducted using specific antibodies against AOPPs,
CML, GA-, GC-, and ribose (RB)-derived AGEs, separately.
ROS generation induced by AOPPs could be inhibited by
the anti-AOPPs antibody that did not recognize HSA,
CML-, GA-, GC-, and RB-derived AGEs (Fig. 2D). ROS gen-
eration triggered by AOPPs could not be inhibited by 6D12
which neutralize CML, GA- and GC-derived AGEs (17)

(Figs. 2E and F). Furthermore, anti-GXL (33), a neutraliz-
ing antibody recognize RB- and GC-derived proteins, had
no effect on AOPPs-induced ROS production (data not
shown).

AOPPs-HSA activated ECs NAD(P)H oxidase through
ligation of RAGE

To further investigate the mechanisms underlying the in-
duction of ROS by AOPPs-HSA, we examined the effect of
AOPPs-HSA on ECs NAD(P)H oxidase. AOPPs-HSA or
AOPPs-F induced rapid p47phox phosphorylation at 5 min
and peaking at �15 min. Native HSA had no effect (Fig. 3A).
AOPPs-induced p47phox phosphorylation could be blocked
by pretreatment of HUVECs with anti-RAGE IgG or a broad
spectrum PKC inhibitor (Fig. 3A), but not by nonimmune
IgG (Fig. 3A) or pretreatment of AOPPs with anti-AGEs an-
tibodies (anti-CML, 6D12, and anti-GXL) (data not shown).

To examine the interaction of p47phox with p22phox and
Nox homologues, we immunoprecipitated p22phox, Nox 2,
and Nox 4 with the specific antibodies, and then probed for
the co-existence of p47phox. As shown in Fig. 3B, the amount
of p47phox–p22phox complex formation rapidly increased in
AOPPs-stimulated HUVECs. AOPPs promoted the associa-
tion of p47phox with both Nox 2 and Nox 4 (Figs 3C and D).
At 15 min after AOPPs challenge, p47phox membrane translo-
cation was apparent (Fig. 3E).

AOPPs activated ERK 1/2 and P38MAPK mainly through
NAD(P)H oxidase-dependent O2

� generation

To determine whether interaction of AOPPs with RAGE
triggers MAPK signaling, MAPK activity was evaluated in
the presence or absence of AOPPs-HSA. In native HSA-
treated cells, there were very low levels of phospho-ERK 1/2
and phospho-p38MAPK (Figs. 4D and E) and almost no de-
tectable phospho-JNK 1/2. AOPPs-HSA induced a rapid
phosphorylation of ERK 1/2 and p38MAPK (Figs. 4A and B),
but had no effect on JNK (Fig. 4C). The specificity of AOPPs-
induced activation of ERK 1/2 or p38MAPK was further con-
firmed by the inhibitable phosphorylation in cells pretreated
with U0126 or SB 203580 (Figs. 4D and E).

To determine whether ERK 1/2 and p38MAPK activation
was attributable to RAGE-mediated, NAD(P)H oxidase-de-
pendent O2

� generation, we treated HUVECs with the anti-
RAGE IgG, c-SOD, or apocynin. Anti-RAGE IgG, but not
nonimmune IgG, blocked the AOPPs-HSA-induced activa-
tion of ERK 1/2 and p38MAPK. Apocynin and c-SOD signif-
icantly inhibited the activation of ERK 1/2 (by 79.89 �
11.38% and 84.18 � 11.66%) and p38MAPK (by 79.96 � 7.76%
and 83.33 � 5.67%) (Figs. 4D and E). These data suggested
that MAPK activation was mediated by interaction of AOPPs
with RAGE and regulated by O2

� generated by NAD(P)H
oxidase activation.

AOPPs activated NF-�B through RAGE-mediated signals

Compared with native HSA, stimulation of HUVECs with
AOPPs-HSA significantly increased the translocation of p65
from the cytosol to the nucleus (Figs. 5A–C). This was
blocked by pretreatment of cells with the NF-�B inhibitor,
SN50 (Fig. 5D). The supershift assay using specific antibod-
ies against p65 and p50 suggested that the AOPPs-induced

GUO ET AL.1704



FIG. 2. Interaction of AOPPs-HSA with RAGE: role on AOPPs-HSA-induced ROS generation. (A) Microplate wells
were coated with 10 �g/ml of AOPPs-HSA, CML-HSA, GA-HSA, or native HSA. After washing and blocking, the wells
were incubated with indicated concentrations of sRAGE. The bound sRAGE was detected with a HRP-conjugated mono-
clonal �-RAGE IgG. (B) CML-HSA (10 �g/ml) was immobilized onto the wells. sRAGE (4 �g/ml) was pre-incubated with
indicated concentrations of AOPPs-HSA, CML-HSA, GA-HSA, or native HSA, and then added to the wells. The binding
of sRAGE with immobilized AGEs-HSA was detected as described in A. (C) HUVECs were pre-incubated with a polyclonal
�-RAGE IgG, a nonimmune IgG, or excess sRAGE, and then stimulated with AOPPs-HSA. ROS generation was determined
by measuring the DCF fluorescence. (D) AOPPs-HSA (200 �g/ml) was pre-incubated with indicated concentrations of an
�-AOPPs or a nonimmune IgG, and then interacted with HUVECs. ROS generation was determined as described above
(lower panel). The �-AOPPs recognized AOPPs-HSA in Western blot (upper panel, lane 1), but did not react with CML- (lane
2), GA- (lane 3), GC- (lane 4), and RB-derived AGEs (lane 5) or native HSA (lane 6). (E) AOPPs-HSA was pre-incubated with
indicated concentrations of 6D12 antibody and then interacted with HUVECs. ROS generation was measured as described
above. (F) 6D12 antibody reacted with CML, GA- and GC-derived AGEs, and, to a lesser extent, with RB-derived protein.
Data from three independent experiments are shown as mean � SEM. ANOVA, p � 0.001 in A, B, and C; p � 0.05 in D.
*p � 0.05 vs. wells coated with CML-HSA; #p � 0.05 vs. wells coated with AOPPs-HSA; §p � 0.05 vs. group pre-incubated
with CML-HSA; II p � 0.05 vs. group pre-incubated with AOPPs-HSA; � p � 0.05 vs. group without respective inhibitors.
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FIG. 3. AOPPs-induced activation of ECs NAD(P)H oxidase. (A) HUVECs were incubated with 200 �g/ml of AOPPs-
HSA, AOPPs-F, or native HSA for 15�30 min. In some experiments, cells were pre-incubated with an �-RAGE IgG, a PKC
inhibitor (Gö6983), or a nonimmune IgG and then stimulated with AOPPs-HSA. Phosphorylation of p47phox was assayed
by immunoprecipitation (IP) using an �-p47phox and detected by immunoblotting (IB) using an �-pan-p47phox and an �-
phosphoserine as the primary antibodies. (B) AOPPs-induced binding of p47phox to p22phox. HUVECs were treated as de-
scribed above. IP was performed by using an �-p22phox and IB was conducted by using an �-p47phox. (C) Interaction of
p47phox with Nox 2. HUVECs were treated as described above. IP was performed by using an �-Nox 2 and IB was con-
ducted by using an �-p47phox. (D) Interaction of p47phox with Nox 4. HUVECs were treated as described above. IP was per-
formed by using an �-Nox 4 and IB was conducted by using an �-p47phox. (E) Representative photos of AOPPs-induced
membrane translocation of p47phox. HUVECs were incubated with an �-p47phox and then with a FITC-conjugated �-mouse
immunoglobulin and staining with PI. Data from three independent experiments are shown as mean � SEM. ANOVA, p �
0.001 in A and B; *p � 0.05 as compared with groups treated with medium alone or HSA; #p � 0.05 vs. group without re-
spective inhibitors. (For interpretation of the references to color in this figure legend, the reader is referred to the web ver-
sion of this article at www.liebertonline.com/ars).
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NF-�B complex included mainly p65 and p50 (Fig. 5C). Com-
petition experiments using unlabeled NF-�B or control
Oct2A oligonucleotide probes demonstrated the specificity
of the protein/DNA interaction (Fig. 5C).

To understand whether NF-�B activation depends on
RAGE-mediated signals, we pretreated HUVECs with anti-

RAGE IgG, apocynin, c-SOD, U0126/SB203580. All of these
treatments inhibited AOPPs-HSA-induced p65 transloca-
tion (Fig. 5D) but had no effect on cells cultured in medium
alone (data not shown), suggesting that AOPPs-induced
NF-�B activation is associated with RAGE-mediated 
signals.

AOPPS ACTIVATE ECS VIA RAGE-MEDIATED SIGNALS 1707

FIG. 4. AOPPs-HSA-induced MAPK activation in HUVECs. HUVECs were incubated with 200 �g/ml of AOPPs-HSA
for indicated time. Phospho-ERK 1/2 (p-ERK 1/2) and ERK 1/2 (A), phospho-p38 (p-p38) and p38 (B), and phospho-JNK
1/2 (p-JNK 1/2) and JNK 1/2 (C) were detected by immunoblotting. In other experiments, HUVECs were 
pre-incubated with the �-RAGE IgG or nonimmune IgG, apocynin, c-SOD, or U0126/SB 203580. AOPPs-induced activa-
tion of ERK 1/2 (D) or p38 (E) was determined by immunoblotting. Data from three independent experiments are shown
as mean � SEM. ANOVA, p � 0.001 in A, B, D, and E, and p � 1.000 in C; *p � 0.05 as compared with groups treated with
medium alone or HSA; #p � 0.05 vs. group without respective inhibitors.
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FIG. 5. AOPPs-induced NF-��B activation in HUVECs. (A) HUVECs were incubated with 200 �g/ml of AOPPs-HSA for
indicated time. NF-�B p65 in the cytoplasmic extracts (c-p65) or in the nuclear extracts (n-p65) were detected by im-
munoblotting. (B) NF-�B p65 translocation was detected by immunofluorescence and PI staining. (C) NF-�B activation in
nuclear extracts of AOPPs-HSA-stimulated HUVECs was detected by EMSA. (D) HUVECs were pretreated with the �-
RAGE IgG or nonimmune IgG, apocynin, c-SOD, U0126/SB203580, and SN50 before AOPPs-HSA stimulation. The ratio of
n-p65 and c-p65 was determined by immunoblotting. Data from three independent experiments are shown as mean � SEM.
ANOVA, p � 0.001 in A and D; *p � 0.05 as compared with group treated with medium alone; #p � 0.05 vs. group with-
out respective inhibitors. (For interpretation of the references to color in this figure legend, the reader is referred to the web
version of this article at www.liebertonline.com/ars).

FIG. 6. AOPPs-induced ICAM-1 and VCAM-1 expression in HUVECs. HUVECs were incubated with indicated con-
centrations of AOPPs-HSA for 6 h (A) or with 200 �g/ml of AOPPs-HSA for indicated time (B). ICAM-1 and VCAM-1
mRNA expression was measured by real time RT-PTCR. Expression of ICAM-1 and VCAM-1 protein was detected by 
immunoblotting (C and D). (E) Representative immunofluorescent staining for ICAM-1 and VCAM-1 in HUVECs. (F and
G) HUVECs were pretreated with the �-RAGE IgG, apocynin, c-SOD, U0126/SB203580, and SN50. AOPPs-
induced expression of ICAM-1 (F) and VCAM-1 (G) were determined by immunoblotting. Data from three independent
experiments are shown as mean � SEM. ANOVA, p � 0.001 in A, B, C, D, F, and G; *p � 0.05 as compared with group
treated with medium alone; #p � 0.05 vs. group without respective inhibitors. (For interpretation of the references to color
in this figure legend, the reader is referred to the web version of this article at www.liebertonline.com/ars).
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FIG. 6.
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AOPPs induced ICAM-1 and VCAM-1 expression through
RAGE-mediated signaling pathway

Expression of inducible adhesion molecules is a final com-
mon pathway in the development of vascular inflammation
and can be modulated by ROS (30, 34). To investigate the
potential impact of AOPPs-induced signaling pathway on
adhesion molecules expression, we examined the effects of
AOPPs-HSA or AOPPs-F on expression of ICAM-1 and
VCAM-1. Exposure of HUVECs to AOPPs-HSA resulted in
overexpression of ICAM-1 and VCAM-1 at both mRNA
(Figs. 6A and B) and protein levels (Figs. 6C and D). Ex-
pression of ICAM-1 and VCAM-1 antigens was also en-
hanced in AOPPs-stimulated HUVECs as measured by im-
munofluorescence analysis (Fig. 6E). Overexpression of
ICAM-1 (Fig. 6F) and VCAM-1 (Fig. 6G) were prevented by
pretreatment of cells with apocynin, c-SOD, U0126/
SB203580, or SN50, suggesting that AOPPs induced overex-
pression of adhesion molecules through NAD(P)H oxidase-
ERK/p38-NF-�B signaling pathway.

To determine whether AOPPs effect through ligation of
RAGE or other AGEs binding proteins, we examined expres-
sion of ICAM-1 and VCAM-1 in HUVECs pretreated with anti-
RAGE IgG or other specific blocking antibodies against AGEs
binding proteins. As shown in Fig. 6, pretreatment of HUVECs
with anti-RAGE IgG prevented AOPPs-induced overexpres-
sion of adhesion molecules. However, the antibodies against
other known AGEs binding proteins, at concentrations that
block the interaction of AGEs with these binding proteins, were
without effect (data not shown).

Discussion

Increased recognition of AOPPs, as a class of potential pro-
inflammatory mediators and the multiple means by which
they form in diverse disorders, has highlighted the impor-
tance of determining mechanisms by which AOPPs might
modulate cellular properties. The present study demon-
strated that AOPPs-albumin, either prepared in vitro or
formed in vivo, bound to endothelial RAGE, induced ROS
generation by activation of ECs NAD(P)H oxidase, and trig-
gered a downstream signaling transduction involving ERK
1/2, p38 MAPK, and NF-�B. The cascade triggered by AOPPs
resulted in overexpression of adhesion molecules such as
ICAM-1 and VCAM-1. AOPPs-HSA, but not native HSA, ac-
tivated the RAGE-dependent signals, suggesting that the
triggering effect was due to AOPPs and not a property of
HSA or other contaminants. For further confirmation, we iso-
lated AOPPs from serum obtained from patients with ure-
mia. The in vivo formed AOPPs exhibited biological activity
in a manner similar with the in vitro prepared AOPPs. To the
best of our knowledge, this is the first clarification of the pro-
inflammatory pathway of AOPPs in ECs.

Exclusion of AGEs contamination in the AOPPs prepara-
tion is crucial. In our experimental setup, modification of
HSA by HOCl was performed in the absence of free amino
acids, and therefore no AGEs-like structures were formed 
(2, 24). Furthermore, we did not detect any significant level
of CML and other AGEs structures in the AOPPs prepara-
tion. Third, the neutralizing anti-AGEs antibodies, at the
concentrations that block the effect of CML-, GA-, GC- and
RB-derived AGEs, could not inhibited p47phox phosphoryla-
tion and ROS generation, the major post-receptor upstream
events induced by AOPPs. However, the anti-AOPPs anti-

body, which does not recognize any component of AGEs
blocked ROS generation triggered by AOPPs. These data
suggest that it seems unlikely to attribute the effect of AOPPs
to AGEs contamination.

The most important finding in the present study is that
AOPPs activated ECs by interaction with RAGE. RAGE is a
member of the immunoglobulin superfamily of cell surface
molecules (35), which interacts with multiple ligands, 
including AGEs, S100/calgranulins, amphoterin, and amyloid-
� peptide (46). Interaction of AGEs with RAGE triggers an in-
tracellular signaling pathway involving NADPH oxidase,
MAPK, and NF-�B activation, leading to vascular perturbation
and inflammation (19, 34, 35, 42). Since the first description of
AOPPs,(43) its difference and identity with AGEs have been an
issue of argument, because the two classes of modified proteins
are sharing common features in biological activities and clini-
cal indices (15, 43, 46), and because they are both composed of
heterogeneous sets of compounds whose chemical structures
have not been fully determined. The present study provided
several lines of evidence demonstrating that AOPPs act as novel
functional ligands for endothelial RAGE. First, AOPPs bound
to sRAGE in a dose-dependent and saturable manner and com-
petitively inhibited the binding of sRAGE with its preferential
ligands AGEs. Second, AOPPs elicit a series of biochemical
events in ECs which are similar with the consequences when
RAGE is engaged by a signaling ligand, namely, PKC-associ-
ated O2

� generation (38), activation of NADPH oxidase (42),
ERK 1/2, p38MAPK, and NF-�B (29), and induction of cell ad-
hesion molecules (5). Third, the signaling pathway and the
functional consequence of AOPPs-ECs interaction could be pre-
vented by an anti-RAGE IgG and excess sRAGE, suggesting
that AOPPs-RAGE interaction might be a novel mechanism for
ECs activation. These observations support the hypothesis that
activation of RAGE is a common pathway that transduces sig-
nals from the diverse biochemical and molecular species, lead-
ing to propagation of inflammation and vascular perturbation
(19, 46). The bioactive structure of AOPPs, which interact with
RAGE, has not been defined yet and is in active study.

Although the intracellular signal transduction triggered
by AOPPs appears to be similar with that activated by AGEs,
the in vitro binding affinity of AOPPs to RAGE was signifi-
cantly higher than that of CML, a ligand of RAGE in vivo
(46). The biological relevance of the difference between the
two classes of modified albumin is unclear and is in active
study. In fact, our recent observation has found that AOPPs
exhibit higher capacity for promoting cellular inflammation
and atherogenesis than CML-HSA in hyperlipidemic rabbits
(data not published).

Another new finding of the study is that AOPPs-induced
O2

� is generated by a NADPH oxidase containing p22phox,
Nox 2, and Nox 4. AOPPs induced p47phox phosphorylation
and its membrane translocation in HUVECs. The binding of
p47phox to p22phox serves as a switch for activation of Nox 2
and Nox 4 (37, 41). HUVECs express Nox 2 and Nox 4, but
not Nox 1 and Nox 3 (40). Nox 2 has been shown to be in-
volved in O2

� formation in several cells, including vascular
endothelial cells (31). Although little is known about the
function of Nox 4, there is evidence indicating that Nox 4
may also be involved in redox-mediated signal transduction
in endothelial cells (1).

In contrast to oxidized lipids, the impact of oxidized pro-
teins in vascular disease has not been extensively studied.
The present report showed that AOPPs activated ECs via a
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RAGE-mediated signaling pathway. AOPPs are prevalent in
diverse pathophysiological conditions such as diabetes, re-
nal insufficiency, and coronary artery disease, in which en-
hanced oxidative stress favors oxidative protein damage
and, therefore, AOPPs formation (15, 43). Thus, identifica-
tion of the molecular basis underlying AOPPs-induced ECs
activation, possibly linked to the accelerated vascular disease
observed in these disorders, might be a central step toward
understanding the pathobiological effect of AOPPs and may
provide targets for intervention.

Conclusions

We identified AOPPs as new functional ligands of RAGE
in ECs. AOPPs activated vascular ECs through a RAGE-me-
diated signaling.
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