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C-reactive protein stimulates RAGE expression in 
human coronary artery endothelial cells in vitro via 
ROS generation and ERK/NF-κB activation
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Aim: The receptor for advanced glycation end-products (RAGE) plays an important role in development of atherosclerosis, and 
C-reactive protein (CRP) has been found to stimulate its expression in endothelial cells.  In this study we investigated how CRP 
regulated the expression of RAGE in human coronary artery endothelial cells (HCAECs).
Methods: HCAECs were treated in vitro with CRP (50 μg/mL) in combination with a variety of inhibitors.  ROS generation was 
determined by immunocytochemistry and flow cytometry.  The RAGE expression and phosphorylation of relevant signaling proteins 
were measured using Western blot analyses.
Results: CRP stimulated the expression of RAGE in the cells, accompanied by markedly increased ROS generation, phosphorylation 
of ERK1/2 and NF-κB p65, as well as translocation of NF-κB p65 to the nuclei.  CRP also stimulated phosphorylation of JNK and p38 
MAPK.  Pretreatment of the cells with the ROS scavenger N-acetyl-L-cysteine, ERK inhibitor PD98059 or NF-κB inhibitor PDTC blocked 
CRP-stimulated RAGE expression, but pretreatment with the NADPH oxidase inhibitor DPI, JNK inhibitor SP600125 or p38 MAPK 
inhibitor SB203580 did not significantly alter CRP-stimulated RAGE expression.
Conclusion: CRP stimulates RAGE expression in HCAECs in vitro via ROS generation and activation of the ERK/NF-κB signaling pathway.
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Introduction
Plasma C-reactive protein (CRP) is known as a prototypic 
marker of inflammation[1].  Increasing evidence suggests that 
CRP is a pro-inflammatory cytokine that contributes to the 
initiation and progression of atherosclerosis by promoting 
endothelial activation and macrophage recruitment[2, 3].  CRP 
mostly binds to cell membrane IgG Fcγ receptors to elicit pro-
atherogenic changes, such as the expression of macrophage 
chemoattractant protein 1 (MCP-1) and vascular cell adhesion 
molecule 1(VCAM-1)[4, 5].  

Reactive oxygen species (ROS) are linked to the overexpres-
sion of pro-inflammatory mediators that play a critical role in 
endothelial activation and atherosclerosis[6–8].  As one of the 

pro-inflammatory mediators, CRP upregulates ROS produc-
tion in endothelial cells, platelets, monocytes, and vascular 
smooth muscle cells via specific Fcγ receptors[9, 10].  It has been 
reported that CRP upregulates MCP-1 expression in mono-
cytes via nicotinamide adenine dinucleotide phosphate-oxi-
dase (NADPH oxidase)/ROS mediated nuclear factor-κB (NF-
κB) and p38 mitogen-activated protein kinases (p38 MAPK) 
activation[11].  CRP has been shown to promote macrophage 
uptake of oxidized low-density lipoprotein (ox-LDL) via the 
ROS/NF-κB pathway[9].  In human umbilical vein endothelial 
cells, CRP up-regulates the expression and activity of tissue 
factor pathway via NF-κB and extracellular regulated protein 
kinases1/2 (ERK1/2) pathway[12].  These studies indicate that 
ROS, ERK1/2, p38 MAPK and NF-κB link together to mediate 
CRP-induced pro-atherosclerotic activation.  

Advanced glycation end products (AGEs) and their recep-
tor RAGE have been shown to play an important role in 
endothelial activation and inflammation[13].  The deletion of 
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bone marrow-derived RAGE inhibits atherosclerotic plaque 
progression[14], and blockade of RAGE signaling almost com-
pletely inhibits the development of diabetes-associated athero-
sclerosis[15].  Interestingly, CRP has been shown to up-regulate 
the expression of RAGE via ERK, p38 and JNK pathways in 
the human monocytic THP-1 cell line (THP-1 cells)[16].  We 
have demonstrated that CRP upregulates the expression of 
RAGE and that silencing RAGE gene prevents CRP-induced 
MCP-1 secretion in human saphenous vein endothelial cells[17].  
These observations suggest that CRP-induced RAGE expres-
sion participates in endothelial activation and atherosclerosis.  
However, the underlying signaling pathway by which CRP-
induced RAGE expression exerts its effects has not been fully 
elucidated.  

The aim of the present study was to investigate the under-
lying signaling pathways involved in CRP-induced RAGE 
expression in human endothelial cells.  

Materials and methods
Materials
Purified human recombinant native CRP was obtained from 
Trichem Resources Inc (West Chester, PA, USA).  NF-κB 
inhibitor pyrrolidine dithiocarbamate (PDTC), ERK inhibitor 
(PD98059), p38 MAPK inhibitor (SB203580) and JNK inhibi-
tor (SP600125) were purchased from Calbiochem (San Diego, 
CA, USA).  The antioxidant N-acetyl-L-cysteine (NAC) and the 
NADPH oxidase inhibitor diphenyleneiodonium (DPI) were 
purchased from Sigma (St Louis, MO, USA).  

Cell culture 
Primary human coronary artery endothelial cells (HCAECs) 
were obtained from Cell Applications Inc (San Diego, CA, 
USA) and grown in endothelial cell basal medium-2 (EBM-
2) supplemented with EGM-2MV single-use aliquots, as 
described by the supplier (Lonza Inc, Lonza CA, USA).  Cells 
from passages 3–6 were used for further experiments.

Reactive oxygen species (ROS) detection
To detect ROS in the living cells, an ROS detection kit 
was used (Image-iT LIVE Green Reactive Oxygen Species 
Detection Kit, Molecular Probes, Invitrogen).  The kit was 
applied as described in the manufacturer’s protocol.  Briefly, 
HCAECs were seeded into 4-well cell culture chamber slides 
as previously described.  Following incubation with differ-
ent agents, intracellular and unspecific ROS were marked 
with 2’,7’-dichlorodihydrofluorescein diacetate (H2DCFDA, 
a general ROS indicator), and the cell nuclei with Hoechst 
33342 solution.  The cells were then washed 3 times with 
HBSS (Gibco, CA, USA). The cell culture samples were exam-
ined with a fluorescent microscope (Zeiss Axioplan; 10×40) 
equipped with an FITC and DAPI filter.  To quantify ROS pro-
duction, total ROS detection kit for flow cytometry (Enzo Life 
Sciences) was used as described in the manufacturer’s proto-
col.  Cells were analyzed using a Beckman FC 500 MPL flow 
cytometer with CXP LMD Acquisition & Analysis software.  
The fluorescence intensity of 20 000 cells for each sample was 

quantified.  

Confocal microscopy for NF-κB p65 localization
HCAECs (0.5×104 cells/well) were seeded onto 4-well cell cul-
ture chamber slides (BD Falcon) and cultured in EBM-2 sup-
plemented with 10% FBS (Gibco, CA, USA).  After overnight 
growth, cells at 80% confluence were serum-starved for 24 h 
and incubated in serum-free EBM-2.  Then, cells were rinsed 
twice with PBS and fixed with 3.7% formaldehyde for 15 
min at room temperature, washed in PBS (3 times for 5 min), 
permeabilized with 0.1% Triton X-100 in PBS for 15 min, and 
blocked in Image-iT FX Signal Enhancer (Invitrogen, Carlsbad, 
CA, USA) for one hour at room temperature.  Cells were then 
incubated with primary antibody of monoclonal mouse anti-
human p65 (1:50, CST Inc, Beverly, MA), followed by incuba-
tion with secondary antibody of Alexa Fluor 488-conjugated 
goat anti-mouse IgG (1:1000, Invitrogen) for 30 min at room 
temperature, and actin filaments were labeled with Alexa 
Fluor 555 phalloidin (Invitrogen, USA) for 20 min.  After two 
washes with PBS, samples were mounted with ProLong Gold 
antifade reagent with DAPI (Invitrogen) and assessed twenty-
four hours later using a laser-scanning confocal microscopy 
(×63 PlanApo 1.4 aperture objective; Zeiss LSM 710).  Triple 
staining (Merge) for actin filaments or p65 and DAPI was per-
formed to demonstrate the nucleus co-localization of NF-κB 
p65 subunit.  

Phospho-NF-κB p65 ELISA
To evaluate the NF-κB activation, the endogenous phospho-
NF-κB p65 was detected by phospho-NF-κB p65 (Ser536) 
Sandwich ELISA Kit (CST) according to the manufacturer’s 
protocol.  In brief, a phospho-NF-κB p65 mouse mAb was 
coated onto the microplate.  After incubation with 100 μg cell 
lysate from each cell preparation, phospho-NF-κB p65 pro-
teins were captured by the coated antibody.  Following exten-
sive washing, NF-κB p65 rabbit mAb was added to detect the 
captured phospho-NF-κB p65 protein.  Anti-rabbit IgG, HRP-
linked antibody was then used to recognize the bound detec-
tion antibody.  HRP substrate, TMB, was added to develop 
color.  The absorbance at 450 nm was measured using a Tecan 
Infinite 200 microplate reader, and phospho-NF-κB p65 levels 
were normalized to the levels of total protein.  

Western blot analysis
HCAECs lysates were fractionated through a 4% stacking and 
10% resolving SDS-PAGE gel, and the fractionated proteins 
were transferred to PVDF membranes.  Membranes were 
blocked for one hour at room temperature with Odyssey 
Blocking Buffer.  Western blots were developed using anti-
RAGE (1:100, Santa Cruz, CA), anti-beta-actin (1:200, Thermo 
Scientific, Fremont, CA), anti-ERK1/2 (1:2000, CST), anti-phos-
pho-ERK1/2 (1:2000, CST), anti-phospho-p38 (1:2000, CST), 
and anti-phospho-JNK (1:1000, CST).  Anti-mouse and anti-
rabbit secondary antibodies conjugated to IRDye680 (1:10000, 
Li-Cor, NE) and IRDye800 (1:10000, Li-Cor), respectively, 
were used to probe primary antibodies.  Protein bands were 
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detected and quantified by the Odyssey system (Li-Cor).  

Statistical analyses
All of the values are presented as the mean±SEM.  Compari-
sons between multiple treatments groups were carried out 
with one-way ANOVA followed by a Tukey’s test.  Compari-
sons within 2 treatment groups were analyzed by Student’s 
t-test.  Differences were considered significant at P<0.05.

Results
CRP-induced ERK phosphorylation and RAGE expression were 
markedly reduced by ROS other than NADPH oxidase inhibitor  
To clarify the involvement of ROS in CRP-induced RAGE 
expression, ROS inhibitor N-acetyl-L-cysteine (NAC) and 
NADPH oxidase inhibitor diphenyleneiodonium (DPI) were 
used.  As shown in Figure 1A, ROS production was signifi-
cantly increased by CRP (50 μg/mL).  NAC (30 mmol/L) 
attenuated CRP-induced ROS.  However, DPI (10 μmol/L) 
showed an insignificant inhibitory effect on CRP-induced 
ROS.  The effects of the two ROS quenchers on CRP-induced 
ROS generation were further studied by flow-cytometry (Fig-
ure 1B).  Moreover, in order to investigate the effect of ROS on 
CRP-activated ERK pathway, the phosphorylation of ERK 1/2 
was examined after NAC and DPI pretreatment.  Compared 
with the vehicle, NAC inhibited CRP-induced ERK 1/2 phos-
phorylation (Figure 1C) and decreased CRP-induced RAGE 
protein level (Figure 1D).

CRP-induced NF-κB activation and RAGE expression were 
significantly attenuated by ERK inhibitor
To verify the role of ERK pathway in CRP-induced RAGE 
expression, HCAECs were pretreated with ERK1/2 inhibi-
tor (PD98059, 50 μmol/L) for one hour followed by CRP (50 
μg/mL) treatment for three hours (for detecting ERK1/2 phos-
phorylation) or twelve hours (for detecting RAGE & β-actin 
expression)[12].  As shown in Figure 2A and 2B, CRP increased 
the phosphorylation of ERK 1/2 in HCAECs, but this effect 
was prevented by PD98059.  After treatment with CRP for 
twelve hours, the effect of CRP-induced RAGE expression was 
blocked by PD98059 (P<0.01).  To determine whether NF-κB 
is down-stream of CRP-induced ERK 1/2 phosphorylation, 
the subcellular localization of NF-κB p65 subunits was stud-
ied.  As shown in Figure 2C, CRP stimulated a translocation 
of NF-κB p65 subunits, which was blocked by pretreating the 
cells with PD98059.  The detection of phosphorylated NF-κB 
p65 levels also confirmed the inhibitory effects of PD98059 
(Figure 2D).  These data suggest that CRP increases RAGE 
expression through activation of the ERK1/2-NF-κB pathway.

CRP-induced RAGE expression was dramatically suppressed by 
NF-κB inhibitor
To examine whether NF-κB signaling pathway is involved in 
CRP-induced RAGE expression, HCAECs were pretreated 
with the NF-κB inhibitor (PDTC, 100 μmol/L) for one hour fol-
lowed by CRP (50 μg/mL) treatment for six hours (for detect-
ing NF-κB phosphorylation and translocation) or twelve hours 

(for detecting RAGE & β-actin expression)[12, 18].  NF-κB activa-
tion was demonstrated by detecting nuclear translocation and 
the phosphorylation of NF-κB p65.  Treating HCAECs with 
CRP resulted in sustained nuclear accumulation of NF-κB p65 
subunit, which was inhibited by pretreating cells with PDTC 
(Figure 3A).  Concomitantly with the nuclear localization of 
p65, phospho-p65 level was significantly increased in CRP-
treated cells (P<0.05) and decreased both in PDTC-treated 
cells in the presence or absence of CRP (Figure 3B).  The data 
were confirmed by Western blot, which showed significantly 
increased of RAGE protein expression after CRP treatment.  
Moreover, CRP-induced RAGE expression was inhibited by 
PDTC pretreatment (Figure 3C).  These results suggest that 
CRP induces RAGE expression via NF-κB activation.

CRP-induced RAGE protein expression was not affected by p38 
MAPK or JNK inhibitor
To investigate whether p38 MAPK and JNK are involved in 
CRP-induced RAGE expression, specific p38 MAPK inhibi-
tor (SB203580) and JNK inhibitor (SP600125) were used in the 
present study.  SB203580 and SP600125 inhibited CRP-induced 
p38 and JNK phosphorylation, respectively.  SB203580 had no 
inhibitory effect on JNK phosphorylation, but SP600125 sig-
nificantly increased the phosphorylation of p38 MAPK (Figure 
4A).  However, both inhibitors had no effect in CRP-induced 
RAGE expression (Figure 4B).

Discussion
CRP has been proposed to play a pivotal role in vascular 
inflammation and dysfunction[19].  Meanwhile, a large body of 
evidence suggests that RAGE plays an important role in the 
development of atherosclerosis[20].  Our previous work was 
the first to demonstrate that CRP increases the level of MCP-1 
in human saphenous vein endothelial cells via the upregula-
tion of RAGE expression, suggesting RAGE could be the key 
protein in CRP-mediated pro-inflammatory response[17].  In 
this study, we further investigated the underlying intracel-
lular signals involved in CRP-induced RAGE upregulation in 
HCAECs.  Our data showed that CRP induces RAGE expres-
sion in HCAECs and is accompanied by ROS overproduction, 
ERK1/2 phosphorylation and NF-κB activation.  Interestingly, 
CRP-induced ROS production, ERK1/2 phosphorylation and 
RAGE expression were reduced by ROS inhibitor.  Meanwhile, 
CRP-induced NF-κB activation and RAGE expression were 
decreased by either ERK or NF-κB inhibitors.  However, CRP-
induced RAGE expression was not affected by the inhibitor of 
NADPH oxidase, p38 MAPK or JNK.

It has been suggested that inflammation following exposure 
to CRP is highly dependent on oxidative stress, the mecha-
nism by which CRP induces pro-inflammatory effects via the 
overproduction of several pro-inflammatory mediators such 
as MCP-1, ICAM, and VCAM-1[9].  As we expected, our data 
showed that CRP increases ROS production in HCAECs.  This 
is consistent with an observation of CRP-induced ROS produc-
tion in endothelial progenitor cells[21].  Given that mitochon-
dria and NADPH oxidases are the main cellular sources of 
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Figure 1.  Effects of ROS or NADPH inhibitor on CRP-induced ROS pro duc tion, RAGE expression and ERK phosphorylation in HCAECs.  (A) Representative 
2′,7′-dichlorodihydrofluorescein diacetate (H2DCFDA, a general ROS indicator) under a fluorescent microscope (Scale bar: 50 μm).  (B1) Representative 
flow cytometer analyses of ROS production in HCAECs treated with vehicle, CRP, diphenyleneiodonium (DPI, a NADPH oxidase inhibitor) with CRP or 
N-acetyl-L-cysteine (NAC, a general ROS inhibitor) with CRP; (B2) Summarized fluorescence intensity of 20 000 cells for each group.  (C) Western blot 
analysis of phospho-ERK1/2 expression in HCAECs.  (D) Western blot analysis of RAGE expression in HCAECs.  Data are represented as the mean±SEM 
(n=3–6).  bP<0.05, cP<0.01 vs vehicle.  eP<0.05 vs CRP.
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ROS, we then sought to identify the source of CRP-increased 
ROS production.  We found that the general ROS inhibitor 
NAC, but not the NADPH oxidase specific inhibitor DPI, 
decreased CRP-induced ROS generation, suggesting that mito-
chondria are the main source of CRP-induced ROS production 
in HCAECs.  It should be noted that previous studies in por-
cine coronary endothelial cells and THP-1 cells suggested that 
CRP upregulates ROS production via activating the NADPH 
oxidase[22, 23].  These conflicting findings may be due to differ-
ences in cell type and species.  

Importantly, we found that CRP-induced ROS generation 
was accompanied by ERK 1/2 phosphorylation, NF-κB phos-
phorylation and RAGE production.  Moreover, ROS inhibitor 

NAC decreased ERK1/2 phosphorylation and RAGE expres-
sion, suggesting ROS is upstream of ERK1/2 and RAGE.  This 
finding is in agreement with previous studies showing that 
CRP activates ERK1/2 in endothelial cells[12], macrophages[24] 
and cardiomyocytes[25].  Meanwhile, we used a selective 
ERK1/2 inhibitor PD98059 to determine whether ERK1/2 is 
involved in CRP-induced RAGE expression.  We found that 
ERK1/2 inhibition attenuated CRP-induced RAGE expression 
in HCAECs, suggesting that ERK1/2 is upstream of RAGE 
expression.  This is supported by a previous study in THP-1 
cells showing that ERK1/2 is involved in CRP-induced RAGE 
expression[16].  Moreover, we found that ERK1/2 inhibition 
attenuated CRP-induced NF-κB activation, indicating that NF- 

Figure 2.  Effects of ERK1/2 inhibitor on CRP-induced ERK1/2 phos phoryla tion, NF-κB p65 phosphorylation and RAGE expression in HCAECs.  (A and B) 
Western blot analysis of ERK1/2 phosphorylation and RAGE expression in HCAECs treated with vehicle, CRP, PD98059 (ERK1/2 inhibitor) or PD98059 
with CRP.  (C) Confocal microscopy analysis of NF-κB p65 (green) localization in HCAECs.  The nuclei were stained with DAPI (blue), and the cell 
architecture was illustrated by Alexa Fluor 555-labeled phalloidin (red); scale bar: 20 μm.  (D) ELISA analysis of phosphorylated NF-κB p65 in HCAECs.  
Data are represented as the mean±SEM (n=3–6).  bP<0.05, cP<0.01 vs vehicle.  eP<0.05, fP<0.01 vs CRP.
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κB is a downstream molecule of ERK1/2.
NF-κB mediated vascular inflammation plays a critical role 

in the initiation and progression of atherosclerosis[26].  In the 
vascular endothelium, NF-κB activation induces the expres-
sion of proinflammatory genes, including those encoding 
adhesion molecules, cytokines, and chemoattractant proteins 
that collectively play critical roles in the initiation and pro-
gression of atherosclerosis[27].  Moreover, endothelial-specific 
NF-κB inhibition is sufficient to confer atheroprotection[28].  
Previous studies have shown that CRP induces the expression 
of VCAM-1, ICAM-1 and MCP-1 in endothelial cells via NF-κB 
activation[29, 30].  We investigated whether NF-κB is involved in 
CRP-induced RAGE expression by using the NF-κB inhibitor 
PDTC.  As we expected, CRP increased the phosphorylation 
and nuclear translocation of NF-κB p65 and RAGE expression.  
Importantly, we found that the inhibition of NF-κB suppressed 
CRP-induced RAGE expression, suggesting that NF-κB is the 
upstream mediator of CRP-induced RAGE expression.

JNK and p38 MAPK are also key molecules of the MAPK 
signaling family.  To investigate whether JNK and p38 MAPK 

are involved in CRP-induced RAGE expression, their respec-
tive inhibitors were used for the study.  We found that CRP-
induced RAGE expression was not affected by the inhibition 
of JNK or p38 MAPK although CRP increased their phos-
phorylation, indicating that CRP-induced RAGE expression 
is independent of p38 MAPK or JNK.  Interestingly, our data 
also showed that JNK inhibitor significantly increased the 
phosphorylation of p38 MAPK.  This finding is supported by 
a previous study in a pancreatic beta-cell line indicating that 
inhibition of JNK activates cAMP response element binding 
protein partially via the p38 MAPK pathway[31].  Altogether, 
our observations suggest there is a reciprocal regulation of p38 
MAPK and JNK in the HCAECs.  Further research is needed to 
understand the mechanisms underlying the regulatory effect 
of JNK on p38 MAPK.

In summary, our findings provide evidence for the involve-
ment of ROS/ERK/NF-κB signaling pathways in CRP-
induced RAGE expression (Figure 5).  This molecular mecha-
nism could be important in the pathogenesis of endothelial 
inflammation, especially among patients with diabetes and, 

Figure 3.  Effects of NF-κB inhibitor on CRP-induced NF-κB p65 location, phosphorylation and RAGE expression in HCAECs.  (A) Confocal microscopy 
analysis of NF-κB p65 (green) localization in HCAECs treated with vehicle, CRP, PDTC, or PDTC with CRP.  The nuclei were stained with DAPI (blue), and 
the cell architecture was illustrated by Alexa Fluor 555-labeled phalloidin (red); scale bar: 20 μm.  (B) ELISA analysis of phosphorylated NF-κB p65 in 
HCAECs.  (C) Western blot analysis of RAGE expression in HCAECs.  Data are represented as the mean±SEM (n=3–6).  bP<0.05 vs vehicle.  eP<0.05, 
fP<0.01 vs CRP.
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Figure 4.  Effects of JNK or p38 MAPK inhibitor on CRP-induced JNK phos phorylation, p38 MAPK phosphorylation, NF-κB p65 phosphorylation and 
RAGE expression in HCAECs.  (A) Western blot analysis of JNK phosphorylation and p38 MAPK phosphorylation in HCAECs treated with vehicle, CRP, 
JNK inhibitor (SP600125), p38 MAPK inhibitor (SB203580), JNK inhibitor with CRP or p38 MAPK with CRP.  (B) RAGE expression in HCAECs.  Data are 
represented as the mean±SEM (n=3–6).  bP<0.05, cP<0.01 vs vehicle.  eP<0.05 vs CRP.

Figure 5.  Schematic representation of the signaling cascades involved in CRP-induced RAGE expression in HCAECs.  CRP stimulates mitochondrial ROS 
generation, ERK activation and NF-κB subunit phosphorylation and nuclear translocation leading to RAGE expression.
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therefore, provides a novel target for the prevention and treat-
ment of vascular diseases.
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