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Abstract

Signal transduction via the endothelial receptor for advanced glycation end products (RAGE)
plays a key role in vascular inflammation. Recent observations have shown that the
myeloperoxidase-H,O,-chloride system of activated phagocytes is highly up-regulated under
inflammatory conditions where hypochlorous acid (HOCI) is formed as the major oxidant.
Albumin, an /n vivo carrier for myeloperoxidase is highly vulnerable to oxidation and a major
representative of circulating advanced oxidized proteins during inflammatory diseases.
Immunohistochemical studies performed in the present study revealed marked colocalization of
HOCI-modified epitopes with RAGE and albumin in sections of human atheroma, mainly at the
endothelial lining. We show that albumin modified with physiologically relevant concentrations of
HOCI, added as reagent or generated by the myeloperoxidase-H,O,-chloride system, is a high
affinity ligand for RAGE. Albumin, modified by HOCI in the absence of free amino acids/
carbohydrates/lipids to exclude formation of AGE-like structures, induced a rapid, RAGE-
dependent activation of extracellular signal-regulated kinase 1/2 and up-regulation of the
proinflammatory mediator monocyte chemoattractant protein-1. Cellular activation could be
blocked either by a specific polyclonal anti-RAGE 1gG and/or a specific mitogen-activated
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protein-kinase kinase inhibitor. The present study demonstrates that HOCI-modified albumin acts
as a ligand for RAGE and promotes RAGE-mediated inflammatory complications.
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BoTH ACUTE AND CHRONIC DISEASES are associated with increased modification of proteins at
sites of pathology. Chronic hyperglycemia promotes formation and accumulation of
advanced glycation end products (AGES) e.g., pentosidine and N&-(carboxymethyl)lysine
(CML), where glucose reacts nonenzymatically with protein amino groups of long-living
proteins (predominantly hemoglobin and albumin) (1).

In addition to AGE formation, elevated levels of advanced oxidation protein products
(AOPPs) have been identified in subjects with coronary artery disease, diabetic patients, and
patients with uremia (2, 3). Plasma concentrations of AOPPs (closely correlating with AGE
levels (2, 3)) increase with progression of chronic renal failure; therefore, AOPPs have been
considered as novel disease-related markers for oxidative stress. /n vitro studies have shown
that HOCI generated by the myeloperoxidase(MPO)-H>0»-chloride system of activated
phagocytes represents a major pathway for AOPP production (4). Albumin acts as a major /n
vivo carrier of MPO (5) and is therefore vulnerable to oxidation by HOCI or other reactive
oxygen species; Capeillere-Blandin et a/. (4) have identified albumin as the main AOPP
product in plasma, and both /n vivo generated AOPP and /n vitro generated HOCI-modified
albumin are potent inducers of the oxidative burst /n vivo (6) and /n vitro (7).

Plasma MPO levels have been reported to correlate with AOPP levels in disease (8) and high
plasma concentrations of MPO and MPO-catalyzed oxidation products are indicative for
cardiovascular disease (9). MPO is abundantly present on endothelial cells and monocytes/
macrophages in human lesions (10, 11), where RAGE, the receptor for advanced glycation
end products is also highly expressed (12). RAGE is composed of a short cytosolic tail that
is essential for RAGE signaling, a transmembrane domain, and a positively charged
extracellular domain (13). RAGE-mediated expression of proinflammatory mediators can be
suppressed either by the presence of blocking antibodies to RAGE, soluble RAGE (SRAGE,
the extracellular ligand binding domain of RAGE), or by transient transfection of cDNA
encoding for the cytosolic tail-deleted RAGE into RAGE-bearing cells (13).

HOCI-modified proteins are present in human and rabbit lesions (14-16), colocalize with
MPO on endothelial cells (11), and promote endothelial dysfunction (17). Most importantly,
endothelial cells abundantly express RAGE under inflammatory conditions (13). As the
extracellular domain of RAGE is positively charged and HOCI-modification increases the
net negative charge of proteins, the present study aimed at investigating whether HOCI-
modified albumin (also termed AOPP albumin (6)) colocalizes with RAGE on endothelial
cells in human atheroma and whether it acts as a RAGE-ligand, thereby triggering
proinflammatory intracellular signaling.
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MATERIALS AND METHODS

Modification of albumin

HOCI-albumin—Fatty acid-free BSA (low endotoxin, Sigma, St. Louis, MQO) was
incubated with HOCI (oxidant:protein molar ratio of 25:1, 50:1, and 100:1) in PBS (pH 7.4,
1 h, 4°C) (10) in the absence of free amino acids/carbohydrates/lipids to exclude formation
of AGE-like structures. The electrophoretic mobility of HOCI-modified albumin was
assessed by agarose gel electrophoresis using the Lipidophor system (18).

MPO-albumin—Modification of albumin by the MPO-H,05-chloride system was
performed in PBS (50 mM, pH 7.4). Briefly, to 0.5 mg BSA/ml PBS additions of 40 uM
H,0, were made at 5-min intervals at 37°C until reaching a total of 11 additions (final
concentration 440 uM; assuming quantitative conversion, an HOCI:protein molar ratio of
~50:1 could be expected). MPO (10 nM, Planta Naturstoffe, Wien, Germany) was added at
the start and subsequently at every second addition of H,O,. The reaction mixture was
incubated for 1 h (37°C).

AGE-albumin—AGE-modified albumin was prepared exactly as described (19). Briefly,
0.5 g of BSA was dissolved with 3.0 g of D-glucose in 10 ml of 500 mM PBS (pH 7.4)
containing 0.05% NaNs. The solution was deoxygenated with N, sterilized by
ultrafiltration, and incubated for 90 days at 37°C in the dark.

All modified albumin preparations were passed over a PD10 column (Amersham)
immediately before use to remove unreacted HOCI or glucose. Endotoxin levels were
measured using the gel-clot method (Charles River Endosafe, Wilmington, MA, USA) and
were found to be less than 0.2 ng/mg for all albumin preparations used.

Amino acid analysis

Aliquots of native and modified aloumin (500 pg) were lyophilized in 5-ml ampoules and
purged with N before hydrolysis in constant boiling 6 N HCI (24 h, 120°C). Amino acid
analysis was performed on a Biotronics analyzer, as described previously (16).

Cell culture and overexpression of RAGE

HEK-293 cells were obtained from the American Type Culture Collection (ATCC) (ATCC-
No. CRL-1573, USA), maintained in Dulbecco’s modified Eagle’s medium (DMEM)
(Invitrogen, Carlsbad, CA, USA) supplemented with sodium pyruvate, pyridoxine, 5% FCS
(Roche Applied Science, Indianapolis, IN, USA) and glucose (1.0 or 4.5 g/l). For generation
of HEK-293 cells, stably expressing RAGE (RAGE-HEK cells), human full-length RAGE
cDNA was cloned from a lung cDNA library (Clontech, Palo Alto, CA, USA) (20). The full-
length RAGE sequence was amplified by conventional polymerase chain reaction (PCR)
techniques using primers exactly as described (20). The full-length rage primers introduced
artificial restriction sites for el at the N terminus and EcoRl at the C-terminus for
subcloning the construct into the expression vector plasmid construct DNA (pcDNA) 3.1+
(Invitrogen) (20).
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Expression and isolation of recombinant human sRAGE

Recombinant SRAGE (a C-terminal truncated protein and identical to the extracellular
domain of full-length RAGE) containing a C-terminal His-tag was generated and purified as
described (21). Briefly, culture supernatant from a HEK-293 clone stably transfected with
vector pSecTag2B (Invitrogen) containing the SRAGE cDNA was collected and applied to a
NiZ*-charged HiTrap chelating HP column connected to an AKTA prime fast protein liquid
chromatography (FPLC) system (GE Healthcare). After elution with an imidazole step
gradient (200 mM), fractions containing purified SRAGE were identified by SDS-PAGE,
pooled, and dialyzed against PBS.

Generation of anti-sRAGE antibody

Polyclonal anti-sRAGE antiserum was raised in rabbits in our own laboratory using purified
SRAGE (see above) as the antigen. The specificity of the anti-sSRAGE antiserum was
checked by SDS-PAGE and Western blot analysis experiments (see below). The polyclonal
antiserum was monospecific (identical to monoclonal antibodies (mAbs) clone A1l (22) and
clone 9A11 (20) for SRAGE and RAGE).

Labeling of sSRAGE

Labeling of SRAGE was performed with Nal25| (PerkinElmer Life Sciences) using N-
bromosuccinimide as the coupling agent (23). Routinely, 200 uCi of Nal2°| was used to
label 1 mg of protein. This procedure resulted in specific activities between 200 and 400
cpm/ng of protein.

SRAGE binding assay

Microtiter wells (Nunc Maxisorp, VWR) were coated with native alboumin, AGE-albumin,
HOCI-albumin (at indicated oxidant:protein molar ratio) or MPO-albumin (each 100 pg/ml,
15 mM sodium carbonate, 35 mM sodium bicarbonate, pH 9.6) overnight at 4°C.
Subsequently, the wells were washed with washing buffer (ice-cold PBS containing 0.05%
Tween-20). In some experiments, adsorbed albumin was oxidized onto the wells by adding
100 pl of HOCI solutions (1-100 uM in PBS, pH 7.4) for 1 h at 4°C. After washing and
blocking (2 h at 37°C with PBS containing albumin (10 mg/ml)), the wells were incubated
with 125]-sRAGE (100 pl at indicated concentrations; either alone or in the presence of an
excess of unlabeled competitors) in DMEM (containing 1 mg albumin/ml) for 2 h at 37°C.
Then, the supernatant was removed, and the wells were washed four times with washing
buffer. Bound 12°1-sRAGE was quantified by y-counting.

Cell culture experiments

HEK cells were grown to confluence in 6-well plates and serum starved for 18 h before
experiments. Cells were treated as indicated by the addition of albumin, AGE-albumin, or
HOCI-albumin directly into the medium. In some experiments, cells were preincubated with
anti-sRAGE IgG (200 pg/ml) for 2 h followed by a 30-min exposure to the indicated
concentrations of albumin, AGE-albumin, or HOCI-albumin. In some experiments, the cells
were preincubated with the specific mitogen-activated protein (MAP)-kinase Kinase inhibitor
PD 98059 (25 uM, Calbiochem, San Diego, CA, USA) for 30 min. The experiments were
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terminated by aspiration of the medium, and cell lysis was performed on ice for 10 min with
100 pl of lysis buffer (HEPES, 50 mM; NaCl, 150 mM; EDTA, 1 mM; NasP,07, 10 mM;
NazVOy, 2 mM; NaF, 10 mM; Triton X-100, 1% (v/v); glycerol, 10% (v/v); PMSF, 1 mM;
aprotinin, 10 pg/ml; leupeptin, 2 pg/ml; and pepstatin, 2 ug/ml; pH 7.4). Insoluble cell debris
was removed by centrifugation at 13,000 rpm at 4°C for 10 min. Protein content of cell
lysates was determined by the Lowry method.

SDS-PAGE and Western blot analysis

SDS-PAGE of albumin preparations, purified SRAGE, or total cell lysates of HEK cells was
performed with 3.75-20% gradient or 10% linear PAGE. Aliquots of proteins (5 ug) or cell
lysates (80 to 100 pg total protein content) were diluted with sample buffer and incubated at
95°C for 5 min before application to gels (18). After SDS-PAGE, proteins were
electrophoretically transferred to nitrocellulose membranes (200 mA, 40 min). The
following primary antibodies were used: Z) monoclonal antibody (mAb) clone 2D10G9
(dilution 1:20, specifically recognizing HOCI-modified proteins and not cross-reacting with
other protein modifications (18)), 2) polyclonal anti-sRAGE antiserum (dilution 1:5,000) or
mADbs anti-sSRAGE (clone A1l (22) or 9A11 (20), dilutions of 1:200), 3) phospho-specific
mADb anti-phospho extracellular signal-regulated kinase 1/2 (pErk1/2) MAP-kinase antibody
(1: 1,000; Cell Signaling Technology, Beverly, MA), and (iv) rabbit polyclonal anti-Erk1/2
(1:2,000, Santa Cruz Biotechnology, Santa Cruz, CA). Peroxidase-conjugated chicken anti-
mouse IgG (1:100,000; Pierce, Rockford, IL) or peroxidase-conjugated goat anti-rabbit 19G
(1:50,000, Pierce) were used as secondary antibodies. Immunoreactive bands were
visualized using the chemoluminescent Super Signal West Pico substrate (Pierce).

Quantification of MRNA by reverse transcriptase-PCR

The relative amounts of mMRNA encoding human monocyte chemotactic protein-1 (MCP-1)
and B-actin were measured by reverse transcriptase (RT)-PCR. Total RNAs were isolated
using the Qiagen RNeasy system. Reverse transcription was performed as described by
Strauss et al. (24). PCR amplifications for MCP-1 and p-actin were performed in parallel
reactions. Gene-specific oligonucleotide primers based on sequences published in GenBank
human DNA database were from Invitrogen: for MCP-1, forward primer, 5'-
CAGCCAGATGCAATCAATGC-3, and reverse primer, 5’-
GTGGTCCATGGAATCCTGAA-3’; and for B-actin, forward primer, 5'-
GACTACCTCATGAAGATC-3 and reverse primer, 5-GATCCACATCTGCTGGAA-3'.
PCR mixtures of 50 pl contained 2.5 ul of the completed RT-reaction as template, 0.2 mM
dNTPs, appropriate primers at 10 uM, 1 x PCR buffer and 1 U of Hot Fire DNA polymerase
(Solis, BioDyne, Tartu, Estonia). The reaction mixtures were heated to 96°C for 10 min, and
amplification was carried out as follows: B-actin (20 cycles): 94°C, 30 s, 55°C, 30's, 72°C 60
s; MCP-1 (30 cycles): 94°C, 45 s, 55°C, 45 s, 72°C 45 s. PCR products (16 pl) were
separated by electrophoresis through 1.8% agarose at 60 V for 60 min in Tris acetate/EDTA
buffer containing 0.05 pl/ml ethidium bromide (10 mg/ml). The relative amounts of MCP-1
and B-actin mRNA were determined by densitometry. Results are expressed as the ratio of
the intensity of the MCP-1 band to that corresponding to f-actin using the EDAS 290
photodocumentation system (Kodak) and EasyWin software (Herolab).
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Double immunofluorescence and confocal laser scanning microscopy

RESULTS

Aortae and aortae abdominalis of four autopsy cases with different histological classification
of atherosclerosis (lesion type Il and 1) who died of cerebral hemorrhage were used (16).
The autopsy material (kindly provided by Dr. G. Héfler, Institute of Pathology, Medical
University of Graz) was taken 12 h after death.

Immunohistochemistry was carried out on tissues embedded in tissue freezing medium (16).
For double immunofluorescence, the sections were thawed, fixed in acetone at 22°C (5 min),
and rehydrated in PBS. After blocking (10 min with human AB serum, diluted 1:10 in
blocking solution; Dako, Copenhagen, Denmark), the sections were incubated with 1)
biotinylated mAb (clone 2D10G9, isotype IgG2bx, dilution 1:10 (18)) for 30 min at 22°C,
followed by an incubation step with cyanine (Cy)-3 (red) labeled streptavidin (1:300,
Amersham Biosciences) for 30 min at 22°C, or 2) a specific endothelial marker (mAb anti-
human CD141, 1:20, clone QBEND/40, isotype 1gG2a, Dako), followed by a Cy-3 labeled
goat anti-mouse IgG (1:300; Jackson Dianova, Hamburg, Germany), respectively. For the
second antibody-staining rabbit polyclonal anti-sRAGE antiserum (1:25) or rabbit anti-
human albumin antiserum (1:100, Abcam, Cambridge, MA) was applied for 30 min at 22°C,
followed by Cy-2 labeled goat anti-rabbit 1gG (1:300, Jackson Dianova). PBS was used for
washing sections between the different incubation steps. Sections were mounted with
Moviol (Calbiochem-Novabiochem) and analyzed in sequential mode on a confocal laser-
scanning microscope (Leica SP2, Leica Lasertechnik GmbH, Heidelberg, Germany) using
488 nm and 543 nm for excitation of Cy-2 (green) for Cy-3 (red), respectively (16). Control
experiments encompassed immunofluorescence Z) without primary antibodies, 2) with
nonimmune antibodies as primary antibodies, 3) preabsorbtion of the primary antibodies (5-
fold molar excess with SRAGE or 15-fold molar excess with HOCI-albumin), and 4) without
secondary antibodies.

1 Immunofluorescence

We previously reported colocalization of MPO with HOCI-modified epitopes on the
endothelial layer in tissue sections of autopsy material (11). Immunohistochemical analysis
performed during the present study shows that HOCI-modified epitopes colocalize with
albumin (Fig. 14). Pronounced staining for RAGE is present on the endothelial layer lining
the blood vessel (Fig. 18) and colocalization was observed with HOCI-modified proteins
(Fig. 1C). Preabsorbtion of the primary polyclonal anti-sRAGE antibody with purified
SRAGE prevented antibody binding (Fig. 10). Omission of the primary mAb (clone
2D10G9) or preabsorbtion of mAb 2D10G9 with HOCI-albumin prevented antibody binding
(data not shown).

2 HOCI-albumin/RAGE interaction

Prompted by immunofluorescence double-labeling experiments (Fig. 1LA-C), we
investigated to what extent the degree of HOCI modification affects interaction of albumin
with RAGE. For these studies, a microplate-based, cell-free assay was used (25); albumin
was coated to the plates and then directly modified by increasing HOCI concentrations in the
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absence of free amino acids, lipids, or carbohydrates to avoid formation of AGE-like
structures. Fig. 24 shows that binding of 1251-sRAGE (3 pg/ml) to albumin increased as a
function of increasing HOCI-mediated protein modification. Only weak interaction of 125]-
SRAGE with native albumin could be observed. To exclude that HOCI added to the plates
would undergo localized reactions that may interfere with RAGE binding, albumin was first
modified with increasing HOCI concentrations and then directly coated to the plates. Figure
2B confirms results from Fig. 2.4 demonstrating that binding of 1251-sRAGE (3 pg/ml) to
albumin increased as a function of increasing HOCI-modification.

To study the binding capacity/affinity of various ligands toward SRAGE, the wells were
coated with native and modified albumin preparations (characterization of all modified
albumin preparations is listed in the supplement, Table I, Fig. 1), and increasing
concentrations of 125]-sRAGE (1 to 30 pg/ml) were added. Binding capacity of

indicated 1251-sRAGE concentrations to albumin preparations increased as a function of
increasing HOCI:protein molar ratio (Fig. 2C). Notably, binding affinity of 1251-sRAGE to
albumin modified with an oxidant:protein molar ratio of 100:1 was significantly higher
(Table 1) than that observed for AGE-albumin, a preferential ligand for RAGE (26). 12°]-
SRAGE binding to the modified albumin preparations was saturable as Bpax Values could be
calculated as seen in Table 1. Binding of 125|-sRAGE to MPO-albumin was similar to that
observed for HOCI-albumin (50:1).

Binding affinity was also determined in a different experimental setup by measuring the
ability of modified albumin to inhibit 1251-sRAGE binding to microtiter wells coated with
AGE-albumin. Dose-response curves show that HOCI-albumin (50:1 and 100:1) or MPO-
albumin preparations effectively blocked 12°1-sRAGE binding to AGE-albumin dependent
on the oxidant:protein molar ratio (Fig. 20). Again, the affinity of 1251-sRAGE was higher
for MPO-albumin or HOCI-albumin compared to AGE-albumin. The corresponding ICsg
values are listed in Table 1.

3 HOCI-albumin binds to RAGE and activates downstream signaling

As the RAGE-ligand axis may induce activation of key cell signaling pathways, including
MAP kinases (26), HEK cells overexpressing full-length RAGE were used. To avoid cell
activation by MPO (27) that was further reported to bind to albumin (5), the experiments
described below were performed only with albumin modified by HOCI added as reagent and
not generated by the MPO-H,0,-chloride system. HOCI-albumin induced activation of
Erk1/2 in an oxidant:protein molar ratio-dependent manner (Fig. 3A4). Activation of Erk1/2
increased up to 20 min and returned to baseline levels after 2 h (Fig. 3B8). The involvement
of RAGE is confirmed by the observation that the monospecificpolyclonal anti-sRAGE 1gG
(raised against the extracellular domain of RAGE) inhibited or completely abolished Erk1/2
activation induced by HOCI-albumin or AGE-albumin (Fig. 3C). No activation of Erk1/2
could be observed in control HEK cells (data not shown). The specific anti-sRAGE 1gG
effectively blocked binding of HOCI-albumin and AGE-albumin to RAGE (Supplement, Fig.

).
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4 Role of Erk1/2 in HOCI-albumin-induced expression of monocyte chemoattractant
protein-1 (MCP-1)

To determine the functional significance of HOCI-albumin-mediated Erk1/2 activation,
expression of the chemokine MCP-1, an early and important mediator in the recruitment of
monocytes (28), was analyzed. RT-PCR analysis of RNA extracted from RAGE-HEK cells
and control HEK cells revealed that HOCI-albumin, in contrast to native albumin, potently
induced expression of MCP-1 transcription (Fig. 4). HOCI-albumin-induced expression of
MCP-1 transcripts could be inhibited by the monospecific anti-sRAGE 1gG and was also
attenuated by the specific MAP-kinase kinase inhibitor PD 98059. Thus HOCI-albumin-
induced expression of MCP-1 critically depends on Erk1/2 phosphorylation. Control HEK
cells showed only minimal expression of MCP-1 transcripts.

DISCUSSION

RAGE has been demonstrated to play a key role in vascular inflammation (13). Most
compelling evidence comes from animal models where antagonisms of RAGE reduced the
consequences of diabetes, hypercholesterolemia, or physical injury to the vasculature(29).
The present study provides several lines of evidence that HOCI-albumin could act as an
important player in RAGE-mediated vascular inflammation. First, in human atherosclerotic
lesions, HOCI-modified epitopes colocalize with albumin and RAGE expressed on
endothelial cells. Second, the binding affinity of HOCI-albumin to RAGE markedly
increases with increasing degree of HOCI-modification. Third, binding of HOCI-albumin to
RAGE evokes downstream signaling via the MAP-kinase pathway and the expression of the
highly proinflammatory mediator MCP-1 independent of AGE-like structures.

A common characteristic of all known RAGE ligands is a net negative charge at
physiological pH. Polyanionic molecules such as heparin, fucoidan, and dextran sulfate have
been shown to block the interaction between AGEs and RAGE. When preparing different
AGE-albumin preparations and characterizing them for reactive free amine and carbonyl
content, as well as for the presence for AGEs, e.g., pentosidine and CML, only the extent of
modified amine groups robustly correlated with RAGE binding affinity (25). In line with this
finding, modification of albumin-lysine residues by HOCI (leading to an increase of negative
charge and increased electrophoretic mobility) markedly affects albumin interaction with
RAGE (Table 1).

CML-modifications of proteins have been shown to be an active component of AGE-
modified proteins and engage cellular RAGE, thereby activating key cell signaling
pathways, such as NF-xB and modulating gene expression in response to activation of the
MAP-kinase pathway (26, 30). Thus, CML-RAGE interaction triggers processes intimately
linked to accelerate vascular and inflammatory complications. A previous study suggested
that CML-maodifications may be formed directly by the MPO-H,0,-halide system but only
in the presence of free amino acids, e.g., serine, providing a mechanism for conversion of
hydroxy amino acids into glycoaldehydes, leading to formation of CML (6, 31). However, in
our experimental setup, modification of albumin by HOCI was performed in the absence of
free amino acids, and therefore no AGE-like structures are formed (6). HPLC analysis
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confirmed that the AGE content (i.e., pentosidine and CML) in HOCI-albumin (AOPP-
albumin) is not increased compared with native albumin (6).

A property of RAGE is its involvement in chronic diseases such as diabetic complications,
atherosclerosis, systemic amyloidosis and Alzheimer disease (13, 32-34). Abundant staining
for either RAGE or MPO in human lesions provides strong evidence for both proteins to be
involved in the pathogenesis of atherosclerosis (12). The colocalization of immunoreactive
HOCI-modified epitopes with albumin and RAGE on the endothelial layer (Fig. 1) is of
further support that the MPO-H,0,-chloride system contributes to oxidative damage of
albumin /n vivo (4) and that HOCI-modified proteins are likely physiological ligands for
RAGE.

A key inflammatory mediator stimulated by HOCI-albumin via the RAGE signaling
pathway is MCP-1, a chemotactic cytokine involved in the recruitment of leukocytes to
inflammatory sites (28). The involvement of MCP-1 in atherogenesis has been suggested by
its strong chemotactic effect on monocytes, both /n vitro and in vivo (35). Furthermore, mice
deficient in MCP-1 are protected from the development of vascular lesions (36). Thus,
MCP-1 generated via interaction of HOCI-modified proteins with RAGE could strongly
impact vascular inflammation, e.g., activation of cells contributing to the development of
atherosclerosis. Cholesterol feeding of rabbits led to expression of MPO in activated
phagocytes and colocalization of MPO with HOCI-modified epitopes in serial sections of
rabbit lesions (15, 37). Most importantly, intravenous infusion of HOCI-albumin in
hypercholesterolemic rabbits significantly increased macrophage infiltration and smooth
muscle cell proliferation in atherosclerotic plaques compared with animals treated with
albumin (6); an effect independent of AGEs that could be mediated—at least in part—via
RAGE-triggered MCP-1 expression by endothelial cells. In addition, macrophages and
smooth muscle cells have been reported to express MCP-1 even during initial stages of
atherosclerosis in rabbits in response to diet-induced hypercholesterolemia (38). Of note,
taurine, the most important /n vivo scavenger for HOCI suppresses development of
atherosclerotic lesion formation in these animals (39), apparently by inhibiting NF-kB-
dependent expression of MCP-1 (40).

Summarizing, we show that modification of albumin by HOCI (added as reagent or
generated by the MPO-H,0,-chloride system) generates a proinflammatory protein that
specifically binds to RAGE; this interaction may amplify RAGE-dependent macrovascular
complications as observed in diabetes, atherosclerosis, and end-stage renal disease.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Immunofluorescence and double immunofluorescence for RAGE staining. 5 pm frozen

sections of abdominal aorta (type 1) were incubated with polyclonal anti-human albumin
antiserum (A), polyclonal anti-human-sRAGE antiserum (prepared as described in the
methods section) (B-D), mAb clone 2D10G9 (recognizing HOCI-modified epitopes) (A, O),
and mAb anti-CD141 (an endothelial marker; B) as primary antibodies. Preabsorbtion of
anti-sRAGE IgG was performed with a 5-fold molar excess of purified SRAGE for 30 min
(D). Cy-2/-3 labeled secondary antibodies were used.
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Figure 2.
SRAGE binding to HOCI-modified albumin. A) Albumin was immobilized onto wells of

plastic dishes and modified by indicated HOCI-concentrations. After washing and blocking
of excess binding sites with native albumin, 1251-sRAGE (3 pg/ml) was added to coated
wells. Subsequently, wells were washed and radioactivity was counted. B) Native albumin
(Alb) and freshly prepared HOCI-albumin (oxidant:protein molar ratio of 25:1, 50:1, and
100:1) was immaobilized onto wells of plastic dishes. After washing and blocking of excess
binding sites with native albumin, 1251-sRAGE (3 pg/ml) was added to coated wells.
Subsequently, wells were washed, and radioactivity was counted. C) Albumin (Alb), AGE-
Alb, HOCI-AIb (oxidant:protein molar ratio of 25:1, 50:1, and 100:1) and MPO-Alb
(modified by the MPO-H,0,-chloride system; oxidant:protein molar ratio of 50:1) were
immobilized onto wells of plastic dishes. After washing and blocking of unspecific binding
sites, indicated concentrations of 1251-sRAGE (1, 3, 10, and 30 pg/ml) were added to coated
wells. Subsequently, wells were washed and radioactivity was counted. Binding of 12°]-
SRAGE to control albumin-coated wells (nonspecific binding) was subtracted from binding
values to modified-albumin to calculate specific binding. Only specific data are shown. D)
Dose-response curves for 1251-sRAGE (5 ug/ml) binding inhibition to AGE-BSA-coated
microtiter wells by albumin (Alb), AGE-Alb, HOCI-Alb (oxidant:protein molar ratio of
25:1, 50:1, and 100:1) and MPO-AIb (modified by the MPO-H,0,-chloride system;
H»0,:Alb molar ratio of 50:1). Results represent mean + sp (/7=3) of one experiment out of
four.
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RAGE-dependent Erk1/2 MAP-kinase activation. A) RAGE-HEK cells were incubated with
indicated concentrations of albumin (Alb) or HOCI-Alb (oxidant:protein molar ratio of 25:1,
50:1, and 100:1) for 20 min. B) RAGE-HEK cells were incubated at indicated time periods
with 200 pg/ml Alb or HOCI-Alb (oxidant:protein molar ratio of 100:1). C) RAGE-HEK
cells were incubated with 1 mg/ml Alb, 1 mg/ml AGE-Alb, or 200 ug/ml HOCI-Alb
(oxidant:protein molar ratio of 100:1) for 20 min in the absence or presence of 200 pg/ml
polyclonal anti-sSRAGE IgG. Anti-sSRAGE IgG was added to the cells 2 h before addition of
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AGE-AIb or HOCI-Alb. After cell lysis, SDS-PAGE, and Western blot analysis,
phosphorylation of Erk1/2 (pErk1/2) was determined by use of phospho-specific Erk1/2-
kinase specific antibodies. Blots were reprobed with anti-Erk antibody to ensure equivalence
of loading. A typical experiment out of three is shown.
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Figure 4.
RAGE-dependent MCP-1 transcript expression by HOCI-albumin. Control HEK and RAGE-

HEK cells were incubated for 3 h with indicated concentrations of albumin (Alb) and HOCI-
Alb (oxidant:protein molar ratio of 100:1) in the absence or presence of polyclonal anti-
SRAGE 1gG (200 pg/ml) or the specific MAP-kinase kinase inhibitor PD 98059 (25 uM).
MCP-1 transcripts were determined by RT-PCR as described in the Methods section. Results
are the average of duplicates of one representative experiment out of three, and error bars
represent the ranges of the measurements. MCP-1 expression of nontreated RAGE-HEK
cells were used as controls.
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Binding constants for albumin: RAGE interaction

Kg Bmax 1Cso
(ng/ml) (ng/well) (ng/ml)

Alb n.d. n.d. n.d.
HOCI-Alb (25:1) 157+12 105%09 n.d.
HOCI-Alb (50:1) 146+03 203%x16 29.0%51
HOCI-Alb (100:1) 10.6+0.6 428+52 144+35
MPO-AIb 16.1+11 246+17 201+38
AGE-Alb 46.9+4.6 526+42 519%152

TABLE 1

Page 18

Kgand Bmax values for 125)o1uble receptor for advanced glycation end products (RAGE) binding to microtiter wells coated with the indicated

albumin preparations are listed. 1C5Q values for 125 srAGE binding inhibition to AGE-albumin (AGE-Alb)-coated microtiter wells by albumin
(Alb), HOCI-Alb (at indicated oxidant:protein molar ratio), MPO-AIb (calculated HOCI:protein molar ratio of 50:1), and AGE-Alb are given.

Calculations were performed by nonlinear regression analysis (GraphPad Prism). n.d. = non determined.
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