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Vascular and inflammatory stresses
mediate atherosclerosis via RAGE
and its ligands in apoE~- mice
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Endothelial dysfunction is a key triggering event in atherosclerosis. Following the entry of lipoproteins into
the vessel wall, their rapid modification results in the generation of advanced glycation endproduct epitopes
and subsequent infiltration of inflammatory cells. These inflammatory cells release receptor for advanced
glycation endproduct (RAGE) ligands, specifically S100/calgranulins and high-mobility group box 1, which
sustain vascular injury. Here, we demonstrate critical roles for RAGE and its ligands in vascular inflamma-
tion, endothelial dysfunction, and atherosclerotic plaque development in a mouse model of atherosclerosis,
apoE~/~ mice. Experiments in primary aortic endothelial cells isolated from mice and in cultured human aortic
endothelial cells revealed the central role of JNK signaling in transducing the impact of RAGE ligands on
inflammation. These data highlight unifying mechanisms whereby endothelial RAGE and its ligands mediate
vascular and inflammatory stresses that culminate in atherosclerosis in the vulnerable vessel wall.

Introduction

The metabolic and biochemical milieu generated upon entry of
lipid into the vessel wall drives the generation of ligands of the
receptor for advanced glycation endproduct (RAGE), including
advanced glycation endproducts (AGEs), proinflammatory S100/
calgranulins, and high-mobility group box 1 (HMGB1) (1-3).
Rapid modification of lipoproteins, including the generation of
oxidation and AGE epitopes within LDLs (4), upregulates adhe-
sion molecules, colony-stimulating factors, and chemokines, which
ignite vascular stress by stimulating infiltration of monocyte/mac-
rophages and lymphocytes (5-8). Products of these cells, includ-
ing S100/calgranulins and HMGB1, sustain vascular injury (9, 10).
Oxidative stress and inflammation promote further generation of
AGEs (11, 12) and thereby sustain cycles of cellular stress.

Initial endothelial dysfunction is a priming event in atherogene-
sis wherein the endogenous barrier, antiinflammatory, antithrom-
botic phenotype of the endothelium is transformed into one that
contributes to initiation and progression of atherosclerosis. RAGE,
expressed in multiple cell types including endothelial cells, trans-
duces the impact of its ligands via signal transduction (1-3, 13).
We tested the hypothesis that in the RAGE ligand milieu, RAGE
contributes integrally to the pathogenesis of vascular inflamma-
tion, endothelial dysfunction, and atherosclerosis in apoE~~ mice.

Results
RAGE expression in apoE~/~ mouse aorta. To establish the role of
RAGE in the vasculature of apoE7~ mice (14, 15) fed rodent chow,
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we began by evaluating the time course of RAGE expression in
atherosclerosis-prone vasculature. In the aortas of apoE~~ mice, a
sustained, time-dependent increase in RAGE antigen was detected
(Figure 1A). Beginning at age 10 weeks, a statistically significant
increase in RAGE expression versus 6 weeks was noted, and by age
24 weeks, an approximately 6-fold increase in expression of RAGE
versus 6 weeks was observed (P < 0.001; Figure 1A). Of note, at age
24 weeks, RAGE antigen was detected as 2 bands. Previous stud-
ies illustrated that RAGE immunoreactivity occasionally revealed
more than one band, due either to alternative splicing or to differ-
ences in N-glycosylation (16, 17).

To delineate the sites of RAGE expression in the aorta, we
performed immunohistochemistry on aortas of apoE~/~ mice
at age 10 weeks. RAGE expression was particularly evident in
endothelial cells, as indicated by colocalization with CD31-
expressing epitopes (Figure 1, B-D). Controls with nonimmune
IgG revealed no specific immunoreactivity (Figure 1E). We per-
formed immunohistochemistry to determine whether RAGE was
expressed in smooth muscle cells at this early stage of vascular
disease in apoE~7~ mice. As illustrated in Figure 1, F-H, RAGE was
expressed in medial smooth muscle cells, albeit to a lower degree
than that observed in endothelial cells.

RAGE impacts atherosclerosis and endothelial function in apoE~~ mice.
Based on these findings, we sought to dissect the role of the
ligand-RAGE interaction in apoE~~ mice and used 2 distinct strat-
egies. First, homozygous RAGE~~ mice, backcrossed more than
12 generations into C57BL/6, were bred into the apoE~~ back-
ground to obtain apoE7/"RAGE~~ mice. Second, to probe the role
of endothelial RAGE in atherosclerosis, a Tg mouse was prepared
to express human dominant-negative RAGE (DN-RAGE) specifi-
cally in endothelial cells by the preproendothelin-1 (PPET) pro-
moter (18); these are referred to as Tg PPET DN-RAGE mice. Trun-
cation of the cytoplasmic domain of RAGE mutes the impact of
ligand-RAGE interaction in vitro and in vivo (1-3, 13). Multiple
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studies in RAGE-expressing cells have revealed the specificity of
the DN-RAGE effect to RAGE ligands (2, 13). Specifically, when
cells from DN-RAGE mice were incubated with RAGE ligands,
abrogation of cellular stimulation was evident. However, when
exposed to non-RAGE ligands, such as tumor necrosis factor-o.
or platelet-derived growth factor, cellular stimulation in DN-
RAGE-expressing cells was intact and identical to that observed
in WT RAGE-expressing cells (2, 13).

Based on these concepts, we introduced DN-RAGE into
endothelial cells and prepared Tg mice. Southern blotting and PCR
identified these DN-RAGE-expressing mice (Figure 2, A and B).
Western blotting revealed a single band at approximately 55 kDa
depicting RAGE antigen in WT mouse aortas; in contrast, aortas
of RAGE~~ mice revealed no RAGE antigen (Figure 2C). Consistent
with expression of WT and truncated RAGE, aortas retrieved from
Tg PPET DN-RAGE mice revealed 2 bands; the upper band depicted
WT RAGE and the lower band the truncated RAGE (Figure 2C).

To further support that the effects observed in atherosclerosis
would reflect the contribution of RAGE, we retrieved aorta from
WT, RAGE”~, and Tg PPET DN-RAGE mice and performed real-
time quantitative PCR to detect mRNA transcripts for 3 distinct
receptors implicated in RAGE ligand interactions: CD36, TLR2,
and TLR4 (19, 20). Compared with WT mice, no differences in
transcripts for CD36, TLR2, or TLR4 were evident in RAGE”/~ or
Tg PPET DN-RAGE mice (n = 4 per group; P > 0.05).

184

The Journal of Clinical Investigation

http://www.jci.org

Figure 1

Expression of RAGE in the aortas
of apoE~- mice. (A) Western blot-
ting. At the indicated ages, aortas
were retrieved from apoE~- mice
and subjected to Western blot-
ting with anti-RAGE 1gG followed
by anti—p-actin 1IgG. RAGE/B-actin
antigen relative densitometry
units were calculated. *P = 0.006,
#P = 0.0001, "P < 0.0001 versus 6
weeks. (B—H) Immunohistochemistry.
Aorta tissue was subjected to
immunohistochemistry to detect
RAGE antigen (B and F). Sites of
prominent RAGE expression were
confirmed to be endothelial cells,
based on colocalization of RAGE
expression with CD31 (C) in the
merged image (D). RAGE was also
expressed in smooth muscle cells,
based on colocalization with smooth
muscle actin (G) in the merged image
(H). Staining with nonimmune 1gG
revealed no specific immunoreactivity
(E). Original magnification, x400.

lgG control

Furthermore, we performed additional experiments to ascertain
that macrophages from Tg PPET DN-RAGE mice were not affected by
introduction of DN-RAGE. Thioglycollate-elicited macrophages
were retrieved from WT, RAGE7~, and Tg PPET DN-RAGE mice. As
illustrated in Figure 2D, macrophages from both WT and Tg PPET
DN-RAGE mice displayed intact responses to RAGE ligand S100b
as assessed by increased phosphorylation of JNK (Figure 2D). As
expected, experiments in RAGE~~ macrophages revealed diminished
phosphorylation of JNK MAP kinase in response to ligand S100b.

Following their characterization, we assessed the impact of
RAGE on atherosclerosis in these 3 groups of apoE~~ mice. At age
14 weeks, compared with apoE~/~ mice, in which mean atheroscle-
rotic lesion area at the aortic sinus was 66,839 + 6,940 um? (Figure
2,E,H, and K), apoE7/"RAGE~~ mice displayed significantly less ath-
erosclerosis (32,084 + 3,635 um?; P < 0.0001; Figure 2, F, I, and K).
apoE”~Tg PPET DN-RAGE mice displayed reduced atherosclero-
sis (13,909 + 3,222 um?; P < 0.0001 versus apoE~~; Figure 2, G, J,
and K). The complexity of the lesions (21), as defined by the pres-
ence of cholesterol clefts, necrosis, calcifications, or fibrous caps,
was significantly reduced in apoE/"RAGE~~ and apoE~/~Tg PPET
DN-RAGE compared with apoE~7~ animals (P < 0.0001; Figure 2L).
There were no differences in plasma cholesterol or triglyceride in
these 3 groups of mice (Table 1).

Based on the significant effects of RAGE on atherosclerosis, we
prepared aortic rings from these mice to test whether RAGE affects
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Figure 2

RAGE impacts atherosclerosis and endothelial function in apoE~ mice. Tg mice expressing DN-RAGE in endothelium. Founders were identi-
fied by Southern blotting (A) and by PCR (B). Lanes 1 and 6, lack of PPET DN-RAGE expression; lanes 2-5, expressing PPET DN-RAGE;
C, control; M, base pair size marker. (C) Aortas were retrieved from the indicated mice and subjected to Western blotting using anti-RAGE IgG.
(D) Thioglycollate-elicited macrophages were retrieved from the indicated mice and were incubated with S100b for 20 minutes. Western blotting
was performed to detect phospho-JNK MAP kinase (P-JNK) followed by total JNK MAP kinase (T-JNK). Where indicated by the white line, lanes
were run on the same gel but were noncontiguous. (E-J) Impact of RAGE on atherosclerosis at 14 weeks. Shown are representative images of
aortic arches (E-G) and sections stained with oil red O (H-J). (K and L) Hearts were retrieved from apoE~- (n = 12), apoE-RAGE~- (n = 13),
or apoE~-Tg PPET DN-RAGE (n = 7) mice, and mean atherosclerotic lesion area (K) and lesion complexity profile (L) were determined. (M)
Endothelium-dependent vasorelaxation was tested in isolated mouse aortic rings from apoE~-, apoE~RAGE~-, and apoE--Tg PPET DN-RAGE
mice (n =5 per group) sacrificed at 14 weeks of age. Relaxation is reported as percent of initial phenylephrine precontraction. Comparisons were
conducted among groups for each agonist dose. *P < 0.05, apoE/-RAGE~- versus apoE~- (doses >3 x 107 M); **P < 0.001, apoE--Tg PPET
DN-RAGE versus apoE-- (doses >10-8 M).
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Table 1
Plasma cholesterol and triglyceride in 14-week-old apoE~-mice

Genotype Cholesterol (mg/dl) Triglyceride (mg/dl)
apoE+- 248.7 + 141 61.7+7.1
apoE"-RAGE~"- 223.3+11.9 59.2+7.3
apoE"-Tg PPET DN-RAGE ~ 229.1 + 13.4 57.6+82

Deletion of RAGE or endothelial RAGE signaling caused no discernible
effect; no significant differences were found between groups.

endothelial-mediated vascular function. Upon exposure of aortic
rings to increasing doses of acetylcholine, endothelium-dependent
relaxation was significantly enhanced in rings retrieved from apoE~~
RAGE~”~ and apoE~/~Tg PPET DN-RAGE mice compared with those
of apoE~7/~ mice (Figure 2M).

RAGE impacts vascular inflammation in apoE~~ mice. We next focused
on central mediators of inflammation and vascular tissue destruc-
tion and retrieved thoracic and abdominal aortas of mice at age 14
weeks. Levels of VCAM-1 antigen (5), one of the earliest molecular
markers of vascular inflammation in atherogenesis, were signifi-
cantly reduced in the aortas of apoE/"RAGE”/~ and apoE/~Tg PPET
DN-RAGE mice compared with apoE~~ mice (Figure 3A), as were lev-
els of monocyte chemoattractant peptide-1 (MCP-1; Figure 3B) (8).
Compared with apoE7~ mouse aortas, those of apoE7/"RAGE7~ and
apoE~~Tg PPET DN-RAGE mice revealed significant attenuation in
MMP-2 antigen and activity (Figure 3, C and D) (22, 23). Further-
more, compared with apoE7~ mouse aortas, those of apoE/ " RAGE~
or apoE~/~Tg PPET DN-RAGE mice revealed significantly decreased
expression of IL-10 and CD40 (Figure 3, E and F) (24-26). To assess
the effects of RAGE on expression of its inflammatory ligands, we
examined levels of S$100/calgranulins and HMGB1 and found that
levels of both molecules were significantly attenuated in the aortas
retrieved from apoE/"RAGE 7/~ and apoE~~Tg PPET DN-RAGE versus
those of apoE~~ mice (Figure 3, G and H).

To test that the effects of genetic RAGE modification impacted
systemic evidence of vascular inflammation, we retrieved plasma
from each of the 3 groups of mice at age 14 weeks. Compared
with apoE~~ mice, plasma retrieved from apoE7/~RAGE~~ or apoE~/~
Tg PPET DN-RAGE mice revealed significantly lower levels of solu-
ble VCAM-1 (Figure 3I).

RAGE transduces the effects of S100/calgranulins on vascular inflam-
mation. To specifically dissect the signal transduction mechanisms
linking RAGE to endothelial dysfunction, we retrieved and char-
acterized endothelial cells from the aortas of WT C57BL/6 and
RAGE”~ and Tg PPET DN-RAGE mice. Uptake of dil-acetylated LDL
and cord formation was observed in these primary murine aortic
endothelial cells but not murine fibroblasts (data not shown). By
Western blotting, although WT mouse aortas revealed a single
band for RAGE antigen at approximately 55 kDa, endothelial cells
retrieved from RAGE 7~ aortas revealed no RAGE-immunoreactive
bands (Figure 4A). Endothelial cells from Tg PPET DN-RAGE mice
revealed 2 immunoreactive bands with anti-RAGE IgG; the higher
band indicated full-length RAGE and the lower band the truncated
DN-RAGE (Figure 4A).

Based on the observation that RAGE ligand S100/calgranulins
was expressed in apoE~~ aortas (Figure 3G), we stimulated WT and
DN-RAGE endothelial cells with S100b and probed the impact on
vascular inflammation and signal transduction cascades. Stimu-
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lation of WT endothelial cells with S100b revealed an approxi-
mately 5-fold increase in VCAM-1 antigen compared with baseline
(P < 0.0001; Figure 4B). When endothelial cells were retrieved
from RAGE~~ or Tg PPET DN-RAGE mice, reduced upregulation
of VCAM-1 antigen in response to S100b was noted versus stim-
ulated WT endothelial cells (P < 0.0001; Figure 4B). When WT
endothelial cells were stimulated with S100b, an approximately
8-fold increase in MMP-2 antigen and an approximately 11-fold
increase in MMP-2 activity was noted versus baseline (P < 0.0001;
Figure 4, C and D). However, when endothelial cells were retrieved
from RAGE~/~ and Tg PPET DN-RAGE aortas and incubated with
S$100b, upregulation of MMP-2 antigen and activity was markedly
suppressed (P < 0.0001; Figure 4, C and D).

We determined the signal transduction mechanisms affected by
S100b in aortic endothelial cells. Incubation of WT endothelial
cells with S100b induced an approximately 7-fold increase in
phosphorylated ERK MAP kinase versus baseline (P < 0.0001; Fig-
ure 4E). In contrast, when endothelial cells from RAGE/~ or TgPPET
DN-RAGE mice were incubated with S100Db, a highly significant
reduction in ERK phosphorylation was observed (P < 0.0001 ver-
sus S100b-stimulated WT; Figure 4E). When WT endothelial cells
were incubated with S100b, an approximately 4.5-fold increase in
phospho-JNK MAP kinase was observed versus baseline (P < 0.0001;
Figure 4F). Key roles for RAGE were illustrated by a significant
reduction in S100b-induced phosphorylation of JNK MAP kinase
in RAGE”~ or Tg PPET DN-RAGE endothelial cells (P < 0.0001 ver-
sus stimulated WT). Of note, S100b failed to upregulate p38 MAP
kinase signaling in WT endothelial cells (data not shown).

We next determined which signaling pathway(s) mediated S100b-
induced upregulation of VCAM-1 in aortic endothelial cells. WT
endothelial cells were incubated with S100b after pretreatment
with either PD98059, a MAP kinase inhibitor, or SP600125, an
inhibitor of JNK MAP kinases. Although PD98059 had no impact
on S100b-induced upregulation of VCAM-1 antigen (Figure 4G),
pretreatment of the endothelial cells with SP600125 resulted
in highly significant reduction of S100b-mediated VCAM-1
upregulation (P < 0.0001; Figure 4H). In addition, introduction of
siRNA to knock down JNK expression blunted the effect of S100b
on upregulation of VCAM-1 (P < 0.0001; Figure 4I). Introduction
of scrambled siRNA had no effect on S100b stimulation of mouse
endothelial cells (data not shown).

RAGE transduces the effects of oxidized LDL—containing AGEs on vas-
cular inflammation. Previous studies suggested that oxidized LDLs
(oxLDLs) contained AGE epitopes (4); thus we probed this concept
using affinity-purified anti-AGE IgG and oxLDL, the latter pre-
pared by copper-induced oxidation. Compared with native LDL,
Western blotting of oxLDL revealed markedly enhanced AGE
immunoreactivity (Figure SA).

First, we determined whether oxLDL modulates expression
of VCAM-1 antigen in WT aortic endothelial cells. Incubation
of these cells with oxLDL resulted in an approximately 3.5-fold
increase in VCAM-1 antigen by Western blotting (P < 0.0001 versus
baseline; Figure 5B). When endothelial cells were retrieved from
RAGE™~ or Tg PPET DN-RAGE aortas and incubated with oxLDL,
a marked suppression in upregulation of VCAM-1 was noted ver-
sus that observed in WT cells (P < 0.0001; Figure 5B). Incubation
of WT endothelial cells with oxLDL stimulated an approximately
11-fold increase in MMP-2 activity (P < 0.0001 versus baseline; Fig-
ure 5C). When endothelial cells were retrieved from RAGE /- or Tg
PPET DN-RAGE mice, a highly significant suppression in oxLDL-
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Figure 3

RAGE impacts vascular inflammation in the aortas of apoE~- mice. (A-H) At age 14 weeks, apoE~-, apoE-RAGE~-, and apoE~-Tg PPET
DN-RAGE mice were sacrificed and aortas retrieved. Western blotting was performed to detect VCAM-1 (A), MCP-1 (B), MMP-2 (C), IL-10
(E), CD40 (F), S100b (G), and HMGB1 (H) followed by anti—p-actin IgG. In D, zymography was performed on aorta lysates to detect activity of
MMP-2. *P < 0.001 versus apoE~"-. (I) Plasma was retrieved from 14-week-old mice and subjected to ELISA for determination of soluble VCAM-1

(sVCAM-1) levels. n = 4 mice per group. *P < 0.05 versus apoE~-.

mediated upregulation of MMP2 activity was noted (P < 0.0001
versus WT; Figure 5C).

To test the premise that these oxLDL-mediated changes were
evoked by AGE epitopes within oxLDL, we used antibodies to
AGE. When WT endothelial cells were pretreated with anti-AGE
IgG, significant suppression of oxLDL-induced upregulaton of
VCAM-1 antigen and MMP-2 activity was observed compared with
nonimmune IgG (P < 0.0001; Figure 5, D and E).
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To establish the signal transduction pathways mediating the
impact of oxLDL-RAGE on upregulation of inflammatory sig-
naling in aortic endothelial cells, we tested the effects on MAP
kinases. Incubation of WT endothelial cells with oxLDL induced
approximately 4.5- and 2.5-fold increases in phospho-ERK MAP
kinase and JNK MAP kinase, respectively, compared with baseline
(P < 0.0001; Figure 5, F and G). Highly significant reductions in
phospho-ERK and JNK MAP kinase were found in RAGE”~ and
Number 1 187
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cells without S100b; **P < 0.0001 versus S100b without JNK knockdown.
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RAGE-mediated upregulation of inflammatory molecules in murine aortic endothelial cells: oxLDL. (A) oxLDL contains AGE epitopes. Native LDL
and oxLDL (5 ug/ml) were subjected to SDS-PAGE and Western blotting using affinity-purified rabbit anti-AGE IgG. (B) Endothelial cells were
incubated with 5 ug/ml oxLDL for 4 hours. Western blotting was performed for detection of VCAM-1 antigen followed by anti—g-actin IgG. (C)
Zymography for detection of MMP-2 activity was performed. *P < 0.0001 versus unstimulated WT; **P < 0.0001 versus stimulated WT. (D and
E) Effect of anti-AGE IgG. Murine aortic endothelial cells were pretreated with rabbit anti-AGE 1gG or nonimmune rabbit IgG (nl-IgG; 50 ug/ml)
for 1 hour. OxLDL (5 ug/ml) was added for 4 hours; cells were harvested and Western blotting was performed to detect VCAM-1 (D) followed by
anti—-B-actin 1gG, or MMP-2 activity by zymography (E). (F and G) Signal transduction. Endothelial cells were incubated with 5 ug/ml oxLDL for
20 minutes. Western blotting for detection of phospho/total pERK and JNK MAP kinases was performed. (H) Endothelial cells were pretreated
with the pERK MAP kinase inhibitor PD98059 (10 uM) or the JNK MAP kinase inhibitor SP600125 (10 uM) for 1 hour prior to exposure to oxLDL
for 20 minutes. Western blotting was performed for detection of VCAM-1 antigen. *P < 0.0001 versus unstimulated WT; **P < 0.0001 versus
oxLDL-stimulated WT.
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Tg PPET DN-RAGE endothelial cells in the presence of oxLDL
compared with that observed in WT endothelial cells (P < 0.0001;
Figure 5, F and G).

We then determined the specific signaling pathways stimulated
by oxLDL that accounted for upregulation of VCAM-1 antigen.
WT endothelial cells were pretreated with inhibitors of either
phospho-ERK or JNK MAP kinases. Compared with PD98059 pre-
treatment, in which no significant suppression of oxLDL-mediat-
ed upregulation of VCAM-1 was noted, pretreatment with the JNK
MAP kinase inhibitor SP600125 resulted in a highly significant
reduction in oxLDL-induced upregulation of VCAM-1 antigen
(P < 0.0001; Figure SH). Introduction of siRNA to knock down
JNK expression exerted similar suppressive effects on S100b-stim-
ulated upregulation of VCAM-1 (data not shown).

Key roles for RAGE in mediating hyperpermeability and regulation of
VCAM-1 in human aortic endothelial cells. In homeostasis, the endo-
thelium maintains a competent barrier, thereby limiting infiltra-
tion of exogenous molecules or cells. We tested the role of RAGE
in mediating barrier function in human aortic endothelial cells
upon exposure to RAGE ligands. Lentiviral gene transduction was
used to introduce full-length RAGE (to augment RAGE expression)
or DN-RAGE (to block RAGE signaling) into human endothelial
cells. In the presence of S100b, a significant increase in monolayer
permeability of full-length RAGE-expressing endothelial cells was
noted compared with unstimulated full-length RAGE-expressing
cells (P < 0.0001; Figure 6A). When RAGE signaling was disrupted
by introduction of DN-RAGE, S100Db failed to increase monolayer
permeability compared with unstimulated cells bearing DN-RAGE.
Furthermore, a significant difference in permeability was observed
between S100b-stimulated full-length RAGE-expressing cells and
S$100b-stimulated DN-RAGE-expressing cells (P < 0.0001; Figure
6A). We next tested the role of RAGE in vascular inflammation
and used siRNA to suppress RAGE expression in human aortic
endothelial cells. As illustrated in Figure 6, B and C, siRNA target-
ed against RAGE, but not control scramble siRNA, reduced RAGE
transcripts and RAGE protein.

We observed that RAGE siRNA suppressed S100b-stimulated
upregulation of VCAM-1 compared with cells treated with
scramble siRNA and S100b (Figure 6D). To test the possibility
that JNK MAP kinase signaling mediated the effect of S100b in
human endothelial cells, cells were treated with S100b. A signifi-
cant time-dependent increase in phosphorylation of JNK MAP
kinase was noted (about 2.5-fold that of baseline at 20 and 30
minutes of treatment; P < 0.0001; Figure 6E). The impact of S100b
on upregulation of VCAM-1 was dependent on JNK MAP kinase
signaling, as pretreatment with SP600125 significantly reduced
VCAM-1 antigen (P < 0.0001; Figure 6F). Similarly, introduction
of siRNA to knock down JNK expression in these cells suppressed
S$100b-stimulated upregulation of VCAM-1 (data not shown).

To extend these concepts and probe whether oxLDL-contain-
ing AGE epitopes impacted gene expression in these human
endothelial cells, we first performed a time course to assess JNK
MAP kinase signaling. As illustrated in Figure 6G, a time-depen-
dent increase in phosphorylation of JNK MAP kinase was evi-
dent upon incubation with oxLDL. To examine if JNK signaling
mediated upregulation of VCAM-1 by oxLDL in these cells, we
used various means to block this pathway. Incubation of cells
with SP600125 (Figure 6H) or introduction of siRNA to knock
down JNK expression blunted oxLDL-stimulated upregulation of
VCAM-1 (P < 0.05; Figure 6I).
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Discussion
Our experiments uncovered 4 insights into roles for RAGE in
vascular perturbation. First, compared with apoE~~ mice, apoE~~
RAGE”~ and apoE~~Tg PPET DN-RAGE mice displayed significant
reduction in atherosclerosis. Second, in aortic rings retrieved from
these RAGE-modified mice, significantly enhanced endothelium-
dependent relaxation to acetylcholine was observed compared
with apoE~~ mice. Third, in isolated endothelial cells retrieved
from RAGE~~ or Tg PPET DN-RAGE mice, suppression of vascular
inflammation and JNK signaling induced by S100b or oxLDL-con-
taining AGE epitopes was evident. Fourth, S100b and oxLDL-con-
taining AGEs upregulated VCAM-1 in human aortic endothelial
cells, at least in part via JNK signaling.

Endothelial dysfunction and upregulation of VCAM-1, pivotal
events in atherosclerosis, occur very early after lipid infiltration in
the vessel; VCAM-1 expression marks the sites destined for devel-
opment of atherosclerotic plaques (27). In this report, we demon-
strate that RAGE mediates upregulation of VCAM-1 in the vessel
wall and in murine and human aortic endothelial cells in response
to S100b and oxLDL and elucidate for the first time to our knowl-
edge that JNK MAP kinase underlies the RAGE ligand-stimulated
molecular events regulating this factor in endothelial cells. Fur-
thermore, blockade of RAGE abrogated RAGE ligand-mediated
hyperpermeability in human aortic endothelial cells.

Although previous studies in cultured endothelial cells demon-
strated that inflammatory signaling upregulated VCAM-1 via JNK
MAP kinase (28, 29), here we demonstrate a precise ligand recep-
tor-dependent mechanism by which these events occur. In vivo,
multiple cycles of cell stimulation in the stressed vasculature sus-
tain inflammatory signaling. For example, MCP-1, itself a target of
RAGE signaling, activates MAP kinases in human endothelial cells,
including ERK, JNK, and p38 pathways (30).

Our experiments in isolated endothelial cells revealed that AGE-
containing epitopes within oxLDL contributed importantly to
upregulation of VCAM-1 and MMP-2 activity, largely via RAGE
signaling. Certainly, oxLDL-modified species display a repertoire
of glycated and oxidized modification epitopes (4), yet our find-
ings reveal roles for RAGE in stimulating signal transduction
triggered by these molecules. We suggest that such events in the
vessel wall prime the vasculature for consequent inflammatory
stress and that RAGE contributes integrally to these processes.
Specifically, we observed that proinflammatory RAGE ligands
$100/calgranulins and HMGB1 were reduced in RAGE~~ and
Tg PPET DN-RAGE mouse aortas. Possible explanations include
decreased infiltration of inflammatory cells bearing these factors
or enhanced ligand clearance in these mice. Studies in human
subjects place S100/calgranulins and HMGBI1 in atherosclerotic
plaques, thereby establishing the relevance of our observations to
human vascular activation (31, 32).

Our previously published experiments revealed that admin-
istration of the soluble, extracellular ligand-binding domain of
RAGE suppressed atherosclerosis in predisposed mice (21, 33, 34).
A caveat of those studies was that they did not provide unmiti-
gated support that RAGE was a chief target of the ligand-binding
decoy. Engagement of distinct receptors by RAGE ligands, such
as scavenger receptors and TLRs (19, 20), might have accounted,
at least in part, for the benefits of soluble RAGE. The finding that
apoE~~ mice devoid of RAGE displayed significant suppression of
atherosclerosis and vascular inflammation unequivocally estab-
lishes key roles for RAGE in atherosclerosis. Indeed, our finding
Volume 118

Number 1 January 2008



research article

[72]
A e * Bo - C s 141
£ 1500 4 3 - D 12
S 1400 ok >2> 11 -k
2 K= 6= 1
@ 13007 = 508 * TE
O 12004 2s 535 o0sd
@ 1100 5 S o06- Q9 .
3 10004 a3 = <2 06
@ S E 04 Oc
O 900 g5 e 041
- —
S s w & 021 27 o2
T 700 5 S
600 - < 0 0
S100b - - + - + 14 Scramble RAGE Scramble RAGE
Full-length RAGE - + + - - siRNA SiRNA siRNA siRNA
DN-RAGE - - - + +
— « RAGE
W - GAPDH
=
1.4 4 *
D g E « 3- * F £ 2. *
E —~ 121 z _ o
&2 1 S 251 =P
c S ) ©c © = 1.5 1
£ 5 < 5 27 c € hudd
[T 0.8 8 o £ 5
T2 0.6 4 B > 1.5 4 O 14
S * £E s >
T o8 14 L5
L O 0.4 = S®
s= ge T 0 0.5-
< 0.2 4 &~ 054 s =
o o <
= 0 0- o 0
Scramble RAGE 0 10' 20" 30" 4 Oh 4h
siRNA  siRNA s100B - s1OOB - + - +
SP600125 =~ -
Lg < VCAM-1 —-— J Phospho JNK
" S s #h vCAM-1
< B-actin
- S S S UNK
- o TR e .... practin
1.87 *
G H 15 _ 18]
c o c 1.4
— c— O = =
-JNK o c S 127
— — = 51 c > 1
s 212 T8
T-JNK T g == 7] 7T
s = <2 6
e} O« ]
- + + + g = S 4
0’ 10 20’ 30’ > :
| veAm- VCAM-1
w— — m— GAPDH == e e GAPDH
oxLDL - + + oxLDL - +
SP600125 - - + siRNA-JNK - -
Figure 6
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to lentiviral infection introducing full-length or DN-RAGE. Cells were exposed to S100b and permeability assay performed. *P < 0.0001 versus
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introduction of siRNA to reduce RAGE transcripts (B) and RAGE protein (C) without effect on GAPDH transcripts or protein. (D) Endothelial cells
were subjected to RAGE or scramble siRNA and incubated with 10 ug/ml S100b for 4 hours. Western blotting was performed to probe VCAM-1
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that mRNA transcript levels of CD36, TLR2, and TLR4 in the aorta
did not differ among the 3 groups of mice further supports direct
roles for RAGE in vascular signaling and atherosclerosis.

It is intriguing that apoE~7~Tg PPET DN-RAGE mice appeared
to display more overt suppression of atherosclerosis compared
with the effect of RAGE deletion in vivo. However, in aortic rings
and in isolated endothelial cells, the effect of either RAGE dele-
tion or DN-RAGE was similar. It is possible that in RAGE”~ mice,
potential “adaptive” roles for RAGE in nonendothelial cells
such as monocytes/macrophages, T or B lymphocytes, dendritic
cells, or smooth muscle cells may offset the effect of endothelial
RAGE contributions to atherogenesis. Extensive experimentation
has revealed both injurious and beneficial responses for innate
and adaptive immune cells in atherosclerosis (35). Cells such as
monocytes/macrophages, dendritic cells, and T lymphocytes,
many of which express RAGE (36-39), likely play varied roles in
atherosclerosis at distinct sites and time points in the disease. In
this context, previous work illustrated important repair-related
roles for RAGE in unilateral sciatic nerve crush in mice, at least in
part via facilitation of Wallerian degeneration (40).

Lastly, it is plausible that “compensatory factors” in homozy-
gous RAGE~~ mice may subtly shift pro- versus antiinflammatory
balances in the vasculature, thereby obscuring the overall role
for RAGE in vascular stress. In addition, it is possible that RAGE
ligands may be diverted, in part, from non-RAGE receptors in the
Tg PPET DN-RAGE mice.

In conclusion, our findings underscore pivotal roles for RAGE in
atherosclerosis and roles for RAGE signaling in endothelial cells, as
revealed by blunted S100b- and oxLDL- stimulated cellular pertur-
bation in isolated endothelial cells from the DN-RAGE mice and
in human endothelial cells bearing DN-RAGE. Taken together, our
results implicate the ligand-RAGE axis in mechanisms underlying
vascular and inflammatory stress in atherosclerosis in the complex
milieu of the atherosclerosis-vulnerable vessel wall.

Methods
Animal studies. Homozygous apoE~7~ mice were purchased from The Jackson
Laboratory. Homozygous RAGE”~ mice were backcrossed more than 12
generations into C57BL/6 background. We prepared Tg mice expressing
DN-RAGE in endothelial cells using the PPET-1 promoter (5.9 kb), SV40
pA and ET-1 first intron in Bluescript as a vector. DN-RAGE (1.1 kb), the
3’ end sequence deleted human RAGE cDNA (1.35 kb), was subcloned into
the above vector, and Tg cassettes (8.997 kb) were created by releasing the
Xhol fragments from the PPET DN-RAGE-SV40 pA-ET-1 Bluescript con-
struct (11.181 kb). These were microinjected into mouse B6CAF1/j oocytes;
the latter were implanted into pseudopregnant females, and after mating
with strain-matched males, founders were identified via Southern blotting
using human RAGE cDNA as a probe and by PCR using forward primer,
5'-GGAAGCCCCTGGTGCCTAATGA-3' and reverse primer 5-GCCCCTC-
GCCTGGTTC-3'". Mice were generated and backcrossed more than 12 gen-
erations into C57BL/6. Littermates not expressing the transgene were used
as controls. Mice were maintained at all times on normal rodent chow and
allowed free access to food and water. Genomic DNA was isolated from tail
biopsies, and PCR analysis was used to identify the deficiency of both genes
(apoE7/-RAGE~") or the presence of DN-RAGE. All procedures were carried
out with the approval of the Institutional Animal Care and Use Committee
of Columbia University.

Biochemical analyses. Levels of total cholesterol and triglyceride were
determined in plasma of fasted mice using chromogenic assays (Thermo

Electron Corporation).
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ELISA. At sacrifice, plasma was collected from the indicated mice, all
aged 14 weeks. Concentrations of mouse soluble VCAM-1 were deter-
mined in plasma by Quantikine (R&D Systems Inc.) according to the
manufacturer’s instructions.

Quantification of atherosclerotic lesion area. Mice were fasted for 4 hours
and then anesthetized. The aortas were harvested and stored at -80°C for
Western blotting, real-time PCR, and zymography studies. The hearts were
stored in acetone or 10% buffered formalin for histology studies. Six 10-um
sections were collected at 80-pwm intervals starting at a 100-um distance
from the appearance of the aortic valves. Formaldehyde-fixed sections were
stained with hematoxylin and oil red O. Atherosclerotic lesion areas were
quantified using a Zeiss microscope and image analysis system (AxioVision
4.5). Four serial sections each were placed on 6 slides (total 24 sections),
and mean lesion area was calculated by determining the mean lesion area
of 1 section/slide for a total of 4 sections examined. The investigator was
blinded to the experimental conditions.

Immunobistochemistry. Acetone-fixed cryostat aortic sections were prein-
cubated with CAS-BLOCK (Zymed; Invitrogen) for 30 minutes followed
by avidin-biotin block for 15 minutes; sections were then subjected to
incubation with primary rabbit polyclonal RAGE IgG (2, 3) overnight at
4°C followed by goat anti-rabbit IgG (Vector Laboratories). Subsequently,
Alexa Fluor 555 conjugate (Invitrogen) was incubated for 30 minutes. After
washing, rat monoclonal CD31 antibody (Fitzgerald Industries) or mouse
monoclonal smooth muscle actin (DakoCytomatin) antibody were incu-
bated for 1 hour followed by anti-rat or anti-mouse IgG for 30 minutes,
and then incubated with Alexa Fluor 488 conjugate for 30 minutes, finally
mounted with 4,6-diamidino-2-phenylindole dihydrochloride (Vector
Laboratories). Rabbit IgG (Zymed; Invitrogen) or omission of the primary
antibody was used as a negative control.

Zymography. To detect MMP-2 activity, mouse aortas were homogenized,
whereas cell culture media were collected and concentrated (Vivaspin; ISC
Bioexpress). Electrophoresis was performed on zymogram gelatin gels
(Invitrogen). After the required developing time, gels were stained with
Coomasie Blue (BioRad). Images were obtained with an Alpha-Imager.

RNA isolation, cDNA synthesis, and real-time RT-PCR. Total aortic RNA
was isolated from the indicated mice or cultured cells by using TRIzoL
(Invitrogen) and RNeasy MinElute Cleanup (QIAGEN Inc.) including a
DNase step. Total RNA concentration and quality were assessed on a 2100
Bioanalyzer system (Agilent Technologies). cDNA was synthesized (Taq-
Man Reverse Transcription Reagents Kit; ABI) according to the manufac-
turer’s instructions and amplified by real-time PCR on a sequence-detec-
tion system (Prism 7900HTI]; ABI). Mouse TLR2 (Mm00442346_m1), TLR4
(Mm00445274_m1), CD36 (Mm01135198_m1), and RAGE (Mn00545815
m1) probe and primers were obtained by Assay-on-demand from Applied
Biosystems. We used 18s rRNA as an endogenous reference to correct
for differences in the amount of RNA. Data were analyzed by the 2-22CT
method. The ratio of RAGE to 18S in each sample was calculated, and
the expression level of RAGE is presented relative to that of the scramble
siRNA-treated cells.

Preparation of oxLDL. Human LDL (Invitrogen) was oxidized in the
presence of 2.5 umol/l CuCl, at 37°C for 48 hours and dialyzed exten-
sively against PBS. Assessment of thiobarbituric acid reactive substances
(TBARS) was used to verify the degree of oxidation (Zepto Metrix Corpo-
ration). The protein concentration of oxXLDL was determined using the
Lowry assay (BioRad).

Murine and human aortic endothelial cells. Mouse aortic endothelial cells
were isolated from 6- to 8-week-old WT, RAGE”/~, or DN-RAGE-express-
ing mice as described previously (41). Cells were used at identical passage
numbers. All measurements were normalized to total cell protein and a
housekeeping protein as indicated to control for possible differences in
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cell growth. To characterize endothelial cells, we performed Dil-ac-LDL
staining (Biomedical Technologies) and cord formation assay (BD Biosci-
ences); mouse fibroblasts were used as negative control for these assays
(ATCC). For all experiments cells were grown to 70%-80% confluence,
serum-starved overnight, and then incubated with the indicated concen-
tration of S100B (Calbiochem) or oxLDL for the indicated time periods.
Human aortic endothelial cells were purchased from LONZA. They were
grown in EGM-2 medium and used in passages 5-8. Cells were pretreated
with PD98059 (Promega) or SP600125 (Sigma-Aldrich) at a final concen-
tration of 10 uM.

siRNA to knock down expression of RAGE and JNK. siRNA duplexes against
human RAGE were designed against the target sequence 5'-TGCCTCT-
GAACTCACGGCTGGTGTT-3' and synthesized by Invitrogen. The target
sequence for JNK-specific siRNA is 5'-AAAAAGAATGTCCTACCTTCT-3'
(42), which is specific for both mice and humans (43). SIRNA duplexes
against RAGE and JNK were electroporated into mouse or human aortic
endothelial cells using the Nucleofector device (Amaxa). To control for off-
target effects of siRNA, a separate well of endothelial cells was electroporated
with a scramble GC content-matched siRNA (Stealth RNAi Negative Con-
trol; Invitrogen). After 48 hours, cells were harvested for RNA isolation using
TRIzoL (Invitrogen) or for protein expression analysis using lysis buffer.

RAGE and DN-RAGE lentivirus construction. Full-length human RAGE (44)
was generated from lung cDNA and cloned into the lentiviral expression
vector pLenti6/V5-D-tOPO (Invitrogen). Human DN-RAGE was generated
by PCR by inserting a stop codon into the cDNA sequence of RAGE at
the end of the transmembrane domain (amino acid 361) to remove the
cytoplasmic domain. Viruses were produced using the ViraPower Lentiviral
Expression System (Invitrogen) according to the manufacturer’s instruc-
tions. Introduction of RAGE and DN-RAGE was performed by infecting
cells with multiplicity of infection of 0.5-5 and assessing RAGE expression
by Western blotting as described below.

Mouse peritoneal macrophage culture. Thioglycollate-elicited macrophages
were obtained from 8-week-old mice that had been injected intraperitoneally
5 days before sacrifice with 1.0 ml of a 10% solution of thioglycollate broth
(Difco Laboratories Inc.) prepared according to the manufacturer’s instruc-
tions. Macrophages were cultured in RPMI 1640 medium, supplemented
with 10% fetal bovine serum and 1% penicillin/streptomycin for 2 days, and
then subjected to serum-free medium for 24 hours before stimulating with
S100B (10 ug/ml) for 20 minutes. Subsequently, the cell lysates were har-
vested for Western blotting as described below.

Western blot analysis. Total lysate from mouse aorta or cultured cells was
used for detection of proinflammatory mediator expression with the fol-
lowing IgGs: VCAM-1 and CD40 (Santa Cruz Biotechnologies); MMP-2
and GAPDH (Chemicon and Abcam); IL-10 and MCP-1 (R&D Systems);
$100; B-actin (Sigma-Aldrich); and HMGB-1 (BD Biosciences). Anti-RAGE
IgG was purchased from R&D. Anti-phospho and anti-total ERK1/2 and
JNK MAP kinase IgG were purchased from Cell Signaling Technology Inc.
HRP-conjugated donkey anti-rabbit IgG or rat anti-goat secondary anti-
body (Amersham Pharmacia Biotechnology Inc.) were used to identify
sites of binding of the primary antibody. Affinity-purified anti-AGE IgG
was prepared in our laboratory (21). In all Western blot studies, at least 3
animals or cell lysates per group were used; results of representative experi-
ments are shown.

Functional studies on isolated vessels. The investigator was blinded to geno-

type or treatment for all experiments, and endothelial vasorelaxation was
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studied as described previously (45-48). Thoracic aortas from the indicated
mice were carefully excised and quickly immersed in Krebs Henseleit solu-
tion (118 mM NaCl, 5.4 mM KCl, 1.2 mM MgCl,, 2.5 mM CaCl,, 22 mM
NaHCO3, 1.2 mM NaH,POy, and 10.1 mM glucose) aerated with 95% O,
and 5% CO; (37°C, pH 7.4). After removal of fat and periadventitial tis-
sue, 4 rings of 3-4 mm length were prepared from each aorta and were
mounted in 20-ml organ bath chambers (Experimentria) filled with Krebs
Henseleit solution (37°C, pH 7.4) using 2 tungsten wire triangles. A passive
tension (preload) of 0.75 g was applied in each ring. After equilibration and
preconditioning, cumulative concentration-response curves to acetylcho-
line (10-8 to 10-* M) were obtained in rings precontracted with 1 maximal
dose of phenylephrine (10-¢ M) that produced submaximal contraction.
Changes in isometric tension were recorded by a force transducer (Experi-
mentria) connected to a tissue force analyzer. The relaxant effect to each
acetylcholine dose was expressed as percentage vasorelaxation relative to
the initial phenylephrine precontraction.

Cell permeability assay. An in vitro endothelial cell permeability assay
(Chemicon) was performed as follows: 3 x 10* human aortic endothelial
cells were seeded into inserts in a 24-well tissue culture dish. After growth of
cells to a monolayer, RAGE or DN-RAGE lentivirus infection was performed
and cells were allowed to grow for 24 hours followed by overnight starva-
tion. RAGE ligand S100b was added to the upper chamber, and cellular per-
meability was induced during the overnight period. Control wells with no
stimulation were included. FITC-Dextran solution was added for S minutes
to the upper chamber, and the extent of permeability of the monolayer was
determined by measuring the fluorescence of the lower plate well solution
using the CytoFluor fluorescent plate reader (Applied Biosystems).

Statistics. In all experiments, unless otherwise indicated, data are reported as
mean + SEM in at least 3 replicates per group. For studies in aortic rings, per-
centages of vasodilation in response to each concentration of agonist were
compared in different 2-way ANOVA tests using Student Newman-Keuls
pairwise comparisons in order to determine the effect of RAGE mutation on
endothelium-dependent vasodilation. For all other studies, data were ana-
lyzed by ANOVA and, as indicated, subjected to post-hoc comparisons using
2-tailed ¢ test. A Pvalue less than 0.05 was considered significant.
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