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Abstract. Soluble receptor for advanced glycation end products 
RAGE (sRAGE), a secretory form of RAGE, plays an important 
role in suppressing RAGE signals that induce pro-inflamma-
tory gene activation in a range of inflammatory diseases, such 
as Alzheimer's disease, complications of diabetes mellitus and 
atherosclerosis. Recent studies have suggested that fluid shear 
stress generated by laminar blood flow protects blood vessels 
from atherosclerosis, whereas low and oscillatory shear stress 
(OSS) generated by disturbed blood flow causes atheroscle-
rosis. Although RAGE levels are increased in atherosclerotic 
plaque, the regulatory mechanisms of sRAGE in the occur-
rence of atherosclerotic plaque induced by disturbed blood 
flow remain largely unknown. This study aimed to determine 
the effects of sRAGE as a competitive inhibitor of RAGE in 
atherogenesis induced by disturbed blood flow. To determine 
the role of sRAGE in atherosclerosis induced by disturbed 
blood flow, we used a mouse model of partial carotid artery 
ligation using ApoE-/- and C57BL/6 mice. Our results revealed 
that the expression of RAGE was significantly increased in 
the region of atherosclerotic plaque and that treatment with 
sRAGE attenuated the development of plaque formation. We 
found that the expression levels of RAGE and high mobility 
group box 1 (HMGB1), the agonistic ligand of RAGE, were 
significantly increased in human umbilical vein endothelial 
cells (HUVECs) under shear stress conditions induced by 

disturbed blood flow and suppressed following treatment with 
sRAGE. We further observed that treatment with sRAGE 
decreased the expression of vascular cell adhesion molecule‑1 
(VCAM-1) and markedly attenuated monocyte-endothelial 
cell adhesion. Taken together, our results reveal that sRAGE 
exerts anti-atherogenic effects by blocking the activation of 
the RAGE signaling pathway induced by disturbed blood flow 
and may thus be a potential therapeutic target for the preven-
tion of atherosclerosis.

Introduction

Atherosclerosis is considered to be a chronic inflammatory 
disease (1). It has recently been suggested that atherosclerosis 
primarily proceeds from disturbed blood flow regions, such 
as various branching points and curvatures of the arteries (2). 
A previous study demonstrated that blood flow with laminar 
shear stress (LSS) increases the expression of specific genes 
and proteins and protects endothelial cells (ECs) against 
atherosclerosis, whereas shear stress generated by disturbed 
blood flow generally promotes atherogenesis. These data 
suggest that shear stress generated by disturbed blood flow is a 
main cause of atherosclerosis (3).

However, the exact regulatory mechanisms through 
which fluid shear stress affects atherogenesis remain unclear. 
Recently, Nam et al developed a mouse model of disturbed 
blood flow by partial carotid artery ligation and showed that 
low shear stress and oscillatory shear stress (OSS) cause 
endothelial dysfunction and accelerate atherosclerosis. They 
suggested that disturbed blood flow directly induces the devel-
opment of atherosclerosis (4).

Advanced glycation end products (AGEs) and their cell 
surface receptors have been implicated in the pathogenesis 
of diabetic complications. The receptor for advanced glyca-
tion end products (RAGE) is a transmembrane receptor for 
AGEs and other ligands, such as high mobility group box 1 
(HMGB1). The binding of RAGE and these ligands activate 
ECs and monocytes, leading to inflammation (5). A number 
of studies have demonstrated that the interaction between 
RAGE and its ligands leads to the development and progres-
sion of atherosclerotic disease. In animal studies, a correlation 
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between RAGE and atherosclerosis has been demonstrated (6). 
Apolipoprotein E (apoE) and RAGE (apoE-/-/RAGE-/-) double 
knockout mice have been shown to develop a significantly 
lower number of atherosclerotic lesions compared with apoE-/- 
mice with an intact expression of RAGE (7). Although RAGE 
expression is increased in atherosclerotic plaque, it is unknown 
whether arterial hemodynamics regulate RAGE expression 
and activation (5).

Soluble RAGE (sRAGE) is the soluble receptor form of 
RAGE lacking the intracellular domain through the proteolytic 
cleavage of RAGE or alternative RNA splicing in humans (8). 
Typically, sRAGE functions as a competitive inhibitor of 
RAGE by interacting with AGEs and other ligands, such as 
HMGB1, resulting in the inhibition of RAGE-induced cellular 
signaling, tissue damage and dysfunction (9). The adminis-
tration of sRAGE to diabetic ApoE-/- mice has been shown 
to repress atherogenesis, as well as to stabilize established 
atherosclerosis (6,10,11). In a model of carotid arterial injury, 
the interruption of RAGE-ligand interaction by treatment with 
sRAGE has been shown to result in the reduced proliferation 
of smooth muscle cells and neointimal formation in both 
diabetic and non-diabetic rats (12).

The regulatory mechanisms of sRAGE in the occurrence of 
atherosclerotic plaque induced by disturbed blood flow remain 
largely unknown. In this study, we demonstrate that RAGE 
expression is directly modulated by fluid shear stress and that 
sRAGE inhibits RAGE-induced pro-inflammatory responses 
induced by OSS. Therefore, sRAGE, as a competent inhibitor 
of RAGE plays a protective role during the development of 
atherosclerosis originating from disturbed blood flow.

Materials and methods

Cell culture and blood flow experiments. Human umbilical 
vein endothelial cells (HUVECs; Gibco, Paisley, Scotland, 
UK) were grown in Medium 200 with 5% fetal bovine serum 
and low‑serum growth supplement (LSGS; Cascade Biologics 
Inc., Portland, OR, USA) (13). U937 cells were purchased 
from the Korean Cell Line Bank (KCLB). Cells were cultured 
in RPMI-1640 (Gibco, Scotland, UK) with 10% fetal bovine 
serum (Gibco) and 1% penicillin-streptomycin (Corning 
Cellgro, Manassas, VA, USA) at 37˚C and 5% CO2.

Confluent HUVECs cultured in 60-mm dishes were 
exposed to fluid shear stress. Cells were exposed to flow in a 
cone and plate viscometer. We exposed a unidirectional steady 
flow (shear stress of 15 dyne/cm2) for LSS and a bidirectional 
disturbed flow (shear stress of ±5 dyne/cm2) for OSS as previ-
ously described (14).

Model of partial carotid artery ligation. This animal study 
was performed in accordance with the Guidelines for 
Animal Experiments of the Animal Experimentation Ethics 
Committee of Ewha Womans University, Seoul, Korea. To 
investigate the function of sRAGE in blood vessels under 
disturbed flow conditions, we generated a mouse model of 
disturbed flow by partial ligation of the carotid artery as previ-
ously described (4). Male mice were ligated at 6 weeks of age. 
ApoE-/- and C57BL/6 mice were purchased from the Central 
Animal Laboratory, Inc., Seoul, Korea. Partial carotid artery 
ligated mice are viable and show acutely induced disturbed 

blood flow with low shear stress and OSS, resulting in endo-
thelial dysfunction and atherosclerosis. All mice were fed a 
chow diet and provided with water ad libitum until partial 
ligation. Partial ligation of the left carotid artery (LCA) was 
carried out as described in a previous study (4).

ApoE-/- mice were treated with sRAGE (80 µg/kg; A&RT 
Co., Korea) or PBS through intraperitoneal injection daily for 
2 weeks and subsequently sacrificed. C57BL/6 mice were sacri-
ficed at 1, 3 and 7 days following partial carotid artery ligation.

Immunofluorescence staining. The mice were sacrificed and 
perfused with saline containing heparin (10 U/ml) through 
the left ventricle. The LCA and right carotid artery (RCA) 
were collected en bloc with the trachea and esophagus. For 
the cryosections, tissue was embedded in Tissue-Tek optimum 
cutting temperature (OCT) medium, frozen on dry ice and 
stored at -80˚C until use (15). Cross cryosections (4 µm) were 
air-dried for 1 h at room temperature. The tissue sections were 
then placed in 10% formalin for 10 min at room temperature 
for fixation. They sections were then washed in PBS for 5 min 
to remove the OCT compound and then blocked with 10% 
normal donkey serum (Santa Cruz Biotechnology, Inc., Santa 
Cruz, CA, USA) in PBS for 2 h. The tissue sections were then 
stained with rabbit anti-RAGE (1:50; Abcam, Cambridge, MA, 
USA) or rabbit anti-CD31 (1:50; Abcam) overnight at 4˚C. The 
samples were then incubated for 2 h in the dark with anti-rabbit 
secondary antibody (1:200; Santa Cruz Biotechnology, Inc.). 
Nuclei were counterstained with DAPI (100 ng/ml; Santa Cruz 
Biotechnology, Inc.) for 8 min in the dark. The tissue sections 
were then routinely stained with hematoxylin and eosin 
(H&E) (16). The slides were viewed on an Olympus BX51 
microscope (Olympus America Inc., Melville, NY, USA).

Immunohistochemical staining. Cryosections were fixed in 
10% formalin for 10 min and blocked with peroxide block (Cell 
Marque, Rocklin, CA, USA) for 10 min at room temperature. 
Samples were incubated with rabbit anti-RAGE antibodies 
(1:50, 1:100; Abcam) or rabbit anti-CD31 (1:50; Abcam) for 
1 h at room temperature. To visualize primary antibodies, the 
Polink-2 Plus HRP Detection kit (Golden Bridge International, 
Inc., Mukilteo, WA, USA) was used. Nuclei were counter-
stained with Mayer's hematoxylin (Merck KGaA, Darmstadt, 
Germany) (6). Oil red O staining was carried out with using 
frozen sections as previously described (17).

Monocyte adhesion assay. HUVECs were treated with sRAGE 
(1 µg/ml) followed by exposure to static, laminar (15 dyne/cm2) 
and oscillatory flow (±5 dyne/cm2) for 24 h. For the positive 
controls, cells were treated with 10 ng/ml tumor necrosis factor-α 
(TNF-α, 10 ng/ml) for 6 h. The medium was then removed, and 
U937 cells were added to the dishes and incubated for 30 min 
at 37˚C. The unbound cells in the dishes were then removed by 
washing 3 times with serum-free medium. The adherent cells 
were counted in 5 randomly selected optical fields in each well. 
Phase-contrast microphotographs of the cells in the plates were 
taken using an Olympus CKX41 inverted microscope (Olympus 
America Inc.).

RNA isolation, reverse-transcription polymerase chain 
reaction (PCR). Total RNA was isolated from the cultured 
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HUVECs by the use of a Total RNA Isolation kit (Qiagen Inc., 
Hilden, Germany) (13). First-strand cDNA was synthesized 
using the Super Script  III first-strand synthesis system 
(Invitrogen, Carlsbad, CA, USA). cDNA was amplified by 
PCR for 30 cycles (Eppendorf AG, Hamburg, Germany). The 
following oligonucleotide primers were used in this study: 
human RAGE sense, 5'-AGCGGCTGGAATGGAAACTG 
AACA-3' and antisense, 5'-GAAGGGGCAAGGGCACA 
CCATC-3'; human HMGB1 sense, 5'-GCGACTCTGTGCC 
TCGCTGA-3' and antisense, 5'-ACGGGCCTTGTCC 
GCTTTTGC-3'; human VCAM-1 sense, 5'-GGCCTCAGTC 
AGTGTGA-3' and antisense, 5'-AACCCCATTCAGCG 
TCA-3'; human GAPDH sense, 5'-GAGTCAACGGATTT 
GGTCGT-3' and antisense, 5'-TTGATTTTGGAGGG 
ATCTCG-3'. The experiments were repeated 3 times.

Statistical analysis. All data are expressed as the means ± SEM 
from least 3 independent experiments with different sample 
sizes. A paired t-test was used to assess the significance of 
the results between 2 groups. Differences between 3 or more 
groups were analyzed by contrast analysis, using Super 
ANOVA. A p-value <0.05 was considered to indicate a statisti-
cally significant difference.

Results

sRAGE represses RAGE-dependent inflammatory effects 
under OSS conditions. To determine whether sRAGE is 
involved in the RAGE-dependent pathway in ECs, we 
treated HUVECs with sRAGE (1 µg/ml of EC medium) and 
subsequently exposed the cells to LSS (fluid shear stress, 
15 dyne/cm2) or OSS (shea stress, ±5 dyne/cm2) for 24 h. 

The cell lysates were collected, and the mRNA expression 
of RAGE was analyzed by RT-PCR. As shown in Fig. 1A, 
sRAGE significantly inhibited the OSS-induced expression 
of RAGE in the HUVECs. We also observed that sRAGE 
reduced the mRNA expression level of HMGB1, a ligand of 
RAGE. These results suggest that sRAGE plays an important 
role in the RAGE-dependent pathway as a competent inhibitor 
of RAGE under OSS conditions.

LSS plays a critical role in enhancing the survival of ECs 
and regulating vascular tone; it also exerts anti-inflammatory 
and anti-atheroscleroic effects (18-22). Previous studies 
have shown that OSS generally upregulates genes with pro-
inflammatory and atherogenic properties  (22-25). These 
effects occur through the LSS-dependent induction of certain 
genes, such as Krüppel-like factor ‑2 (KLF2) (26-29). KLF-2 
is induced by LSS, which in turn regulates a number of flow-
responsive genes  (26,27,30). Furthermore, KLF2 has been 
shown to regulate leukocyte adhesion to the endothelium by 
downregulating the expression of adhesion molecules that 
recruit leukocytes, such as vascular cell adhesion molecule‑1 
(VCAM-1) (26,31,32). We used RT-PCR to analyze the expres-
sion of KLF2 and VCAM-1. The mRNA expression level of 
KLF2 was increased by LSS; however, it was significantly 
reduced by OSS. However, sRAGE significantly upregu-
lated KLF2 expression in HUVECs under OSS (Fig. 1B). 
By contrast, when the cells were treated with sRAGE, the 
OSS-induced VCAM-1 expression was markedly attenuated 
(Fig. 1B). Takeb together, these data demonstrate that sRAGE 
inhibits RAGE-dependent inflammation induced by OSS.

sRAGE suppresses OSS-induced inflammation in ECs. KLF2 
exerts anti-inflammatory effects in ECs by inhibiting the 

Figure 1. Soluble receptor for advanced glycation end products (sRAGE) regulates flow-mediated Krüppel-like factor 2 (KFL2) and VCAM-1 expression 
through the RAGE-dependent pathway. (A-D) Human umbilical vein endothelial cells (HUVECs) were exposed for 6 h to flow or to static conditions following 
pre-treatment with sRAGE (1 µg/ml). mRNA was extracted from the cell lysates and real-time reverse-transcription plymerase chain reaction (RT-PCR) with 
the primers of RAGE, high mobility group box 1 (HMGB1), KLF2, VCAM-1 and GAPDH (internal control) was carried out as described in Materials and 
methods. Representative images and quantitative data are shown (n=4).
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expression of VCAM-1, which regulates the recruitment of 
monocytes to the ECs (26). To determine the potential role 
of sRAGE in repressing the OSS-induced pro-inflammatory 
effects, we examined monocyte adhesion to HUVECs under 
static, LSS and OSS conditions with or without treatment with 
sRAGE (Fig. 2). ECs challenged with the pro-inflammatory 
cytokine, TNF-α, were used as the positive controls. As 
shown in Fig.  2, the TNF-α and OSS-stimulated cells 
exhibited augmented monocyte adhesion. By contrast, the 
sRAGE‑treated ECs displayed significantly less monocyte 
adhesion even under static conditions with TNF-α treatment 
and OSS. Taken together, these results indicate that sRAGE 
regulates monocyte-EC adhesion, stimulated by OSS.

Partial carotid artery ligated mice have enhanced RAGE 
expression in regions of disturbed blood flow. To directly 
examine variations in RAGE expression under OSS conditions 
in vivo, we used a mouse model of disturbed blood flow with 
low OSS induced by partial carotid artery ligation (4).

As shown in Fig.  3, RAGE expression was markedly 
increased in the partially ligated LCA, whereas there was 
a significantly lower expression level of RAGE in the non-
ligated RCA (Fig.  3A). To confirm whether shear stress 
modulates the expression of RAGE in ECs, we performed 
immunohistochemical staining on tissues from partially 

ligated C57BL/6 mice (Fig. 3B). The endothelial layer was 
stained with CD31 as an EC marker. The levels of RAGE 
expression were significantly enhanced in the partially ligated 
LCA compared with the non-ligated RCA. This suggests 
that shear stress modulates the expression of RAGE in the 
vasculature. These findings are consistent with those from 
previous studies, showing that RAGE transcript levels are 
highly expressed at the site of disturbed flow compared to the 
site of normal blood flow in the arteries of swine (33). In our 
study, the expression of RAGE was increased in the LCA even 
as early as 1 day following ligation (Fig. 3C). On day 7, RAGE 
expression was markedly upregulated in the LCA compared 
with the RCA.

sRAGE reduces atherosclerotic plaque formation in vivo. To 
explore the role of sRAGE in disturbed flow-induced athero-
sclerotic plaque formation in vivo, we used a mouse model of 
partial carotid artery ligation using ApoE-/- mice. The mice 
were fed a high-fat diet for 2 weeks following surgery. sRAGE 
(80 µg/kg) or PBS was injected into the intraperitoneal space, 
daily for 2 weeks. As shown in Fig. 4, the LCA of the control 
group showed severe atherosclerotic plaque formation as deter-
mined by Oil red O staining (Fig. 4A). However, the LCA of 
the sRAGE-treated group showed significantly reduced plaque 
formation (Fig. 4B). To better understand the effect of sRAGE 

Figure 2. Soluble receptor for advanced glycation end products (sRAGE) suppresses oscillatory shear stress (OSS)-induced monocyte adhesion to endothelial 
cells. (A and B) Treatment with sRAGE attenuated OSS-induced inflammation. Human umbilical vein endothelial cells (HUVECs) were subjected to flow or 
to static conditions for 24 h following pre-treatment with sRAGE (1 µg/ml) followed by treatment with TNF-α or the vehicle for 6 h. U937 monocytes were 
added to the HUVECs and incubated for 30 min. HUVECs were washed 3 times. The adherent monocytes were counted in 5 randomly optical fields in each 
dish. *P<0.05, OSS vs. OSS + sRAGE. Error bars represent the means ± SEM.



INTERNATIONAL JOURNAL OF MOLECULAR MEDICINE  32:  373-380,  2013 377

in disturbed flow-induced atherosclerotic plaque formation, the 
severity of stenosis (Fig. 4C) and plaque area (Fig. 4D) were 
compared between the control and sRAGE-treated group. The 

non-ligated RCA in both groups did not show any evidence 
of luminal stenosis and atherosclerotic plaque formation. In 
contrast to the RCA, the ligated LCA of the control group 

Figure 3.  Partial carotid artery ligated mice have an enhanced expression of receptor for advanced glycation end products (RAGE) in the disturbed flow region. 
(A) Immunofluorescence staining for RAGE and CD31 on tissues from the left carotid artery (LCA) and right carotid artery (RCA) at 14 days in the ApoE-/- 
mice. Sites of RAGE expression in endothelial cells were confirmed by the co-localization of RAGE expression with CD31. Red color indicates RAGE- or 
CD31-positive staining; blue indicates 4',6-diamidino-2-phenylindole (DAPI) nuclear staining. Magnification, x20. (B and C) The carotid arteries of C57BL/6 
mice were subjected to immunohistochemical staining to detect RAGE antigen. (B) Frozen sections from LCA and RCA on day 14 were stained for RAGE. 
(C) The induction of RAGE expression in the carotid arteries was also examined on days 1, 3 and 7. Original magnification, x20.
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showed severe stenosis and a significantly increased plaque 
area, while the sRAGE-treated group showed significantly 
reduced luminal stenosis and plaque area. These results suggest 
that sRAGE inhibits the development of atherosclerotic plaque 
induced by disturbed blood flow.

Discussion

The novel finding of the present study is that sRAGE plays 
a critical role as an inhibitor of atheromatous plaque forma-
tion induced by disturbed blood flow. First, sRAGE repressed 
the pro-inflammatory response induced by OSS through the 
downregulation of RAGE, HMGB1 and VCAM-1 expression. 
According to a previous study, HMGB1, the specific ligand 
for RAGE, is upregulated at sites of activated ECs during 
vascular inflammation (9). In the current study, the expression 
of HMGB1 under OSS conditions was significantly inhibited 
following treatment with sRAGE. Monocyte binding was 
also inhibited following treatment with sRAGE through the 
decreased expression of VCAM-1. RAGE expression itself was 
decreased by sRAGE under OSS conditions. Therefore, these 
findings suggest that sRAGE may be an important inhibitor 
of vascular inflammatory responses generated by disturbed 
blood flow.

Furthermore, the expression of KLF2, an anti-inflammatory 
factor, was induced following treatment with sRAGE under 
OSS conditions. This result indicates that sRAGE induces 

the expression of atheroprotective factors which protect cells 
in a pro-inflammatory environment, such as during the early 
atherosclerotic process.

Second, we demonstrated that sRAGE suppresses 
OSS-induced inflammatory responses, such as monocyte-EC 
adhesion in in vitro experiments, as well as the development 
of atherosclerotic plaque in partially ligated carotid arteries 
of ApoE-/- mice in vivo. We showed that RAGE expression 
was enhanced in the LCA, particularly in the endothelium of 
the lesion of disturbed blood flow, and that the administra-
tion of sRAGE suppressed atheromatous plaque formation in 
the partially ligated carotid arteries of ApoE-/- mice. These 
findings are consistent with those from previous studies, 
showing that the treatment of ApoE-/- mice with sRAGE 
reduced the development and progression of atherosclerosis 
in a dose-dependent manner and that the progression of 
atherosclerosis was halted by the administration of sRAGE in 
diabetic ApoE-/- mice (5,6). However, these previous studies 
did not determine the correlation between disturbed blood 
flow, RAGE expression, sRAGE and atheromatous plaque 
formation. By comparison, in our study, RAGE expression 
was increased by disturbed blood flow and it was suppressed 
following treatment with sRAGE. Furthermore, we showed 
that sRAGE suppressed atheromatous plaque formation 
induced by disturbed blood flow. Blood vessels, particularly 
ECs are consistently exposed to fluid shear stress, the dragging 
force generated by blood flow. Certain studies have suggested 

Figure 4. Soluble receptor for advanced glycation end products (sRAGE) reduces atherosclerotic plaque formation in vivo. ApoE-/- mice were partially ligated 
and fed a high-fat diet for  2 weeks. The mice were then treated with (A) PBS or (B) sRAGE (80 µg/kg) for 2 weeks. (A and B) Shown are representative images 
from at least 6 experiments. Frozen sections from the left carotid artery (LCA) and right carotid artery (RCA) were stained with hematoxylin and eosin (H&E). 
(C and D) To better understand the effect of sRAGE in disturbed flow-induced atherosclerotic plaque formation, (C) the severity of stenosis and (D) the plaque 
area were compared between the control and sRAGE-treated group
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that fluid shear stress modulates vascular homeostasis and the 
focal distribution of atherosclerosis by regulating endothelial 
gene expression (19,34). Investigating the regulation of blood 
flow-mediated genes is therefore mandatory in order to gain a 
better understanding of atheroprotection.

To our knowledge, this is the first study demonstrating 
that sRAGE regulates the process of atherogenesis induced 
by disturbed blood flow. Previous studies using static‑cultured 
ECs have demonstrated that inflammatory signaling is down-
regulated by sRAGE through the blockade of RAGE (35,36). 
However, in this study, we demonstrate that fluid shear stress 
itself regulates the expression of RAGE and its ligand, HMGB1. 
Another major finding of this study was that sRAGE plays a 
crucial role in the regulation of the RAGE-dependent pathway 
involving the expression of pro-inflammatory and anti-inflam-
matory genes (VCAM-1 and KLF2) even in the absence of 
additional RAGE ligands, such as HMGB1 and certain S100 
family members. This study unveils a novel role of sRAGE in 
regulating atherogenesis in response to hemodynamic forces, 
and thus provides the foundation for novel approaches for the 
treatment of atherosclerosis.
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