
This article is available online at http://www.jlr.org Journal of Lipid Research Volume 52, 2011 923

Copyright © 2011 by the American Society for Biochemistry and Molecular Biology, Inc.

 An abundant increase in infl ammatory factors leads to 
acute infl ammatory diseases, such as acute coronary syn-
drome (ACS) ( 1 ). C-reactive protein (CRP), the prototypic 
marker of infl ammation, is one of the strongest predictors 
of cardiovascular events ( 2 ). Recent studies have demon-
strated that CRP is present in atherosclerotic plaques and 
plays a pivotal role in promoting atherogenesis by regulat-
ing the expression and release of infl ammatory cytokines 
( 3–5 ). 

 Lectin-like oxidized low density lipoprotein receptor-1 
(LOX-1), a type II membrane glycoprotein acting as a re-
ceptor for oxidized low-density lipoprotein, mediates vas-
cular dysfunction ( 3 ). LOX-1 is expressed on the cell 
surface and can be proteolytically cleaved at its extracellu-
lar domain and released as a soluble form (sLOX-1) ( 6 ). 
sLOX-1 level refl ects increased oxidative stress of vascular 
walls and has been identifi ed as a novel marker for early 
diagnosis of ACS ( 7, 8 ). However, the exact mechanisms of 
sLOX-1 release from the cell membrane are poorly 
understood. 

 Tumor necrosis factor- a  converting enzyme (TACE), 
a disintegrin and metalloproteinase, mediates the re-
lease of growth factors, receptors, and adhesion mole-
cules ( 9 ). TACE is synthesized in a latent form and 
activated by reactive oxygen species (ROS) before reach-
ing the cell membrane ( 10, 11 ). Studies report that CRP 
can upregulate ROS production by activating NAPDH 
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being anesthetized with 3% pentobarbital sodium (30 mg/kg). 
They were fed a 0.5% cholesterol diet for 12 weeks to establish 
an animal model of atherosclerosis as described previously ( 13 ). 
At the end of week 12, rabbits were fasted for 24 h and ran-
domly divided into group A (n = 10) and group B (n = 10). 
Group A received intravenous injection of human recombinant 
CRP (3 mg/kg), and group B received intravenous injection of 
saline. Blood samples were obtained 6 h after injection, and lev-
els of human CRP in the serum were measured by a highly sensi-
tive nephelometric assay. The experiment complied with the 
Animal Management Rule of the Ministry of Public Health, 
People’s Republic of China (documentation 55, 2001) and was 
approved by the Animal Care Committee of Shandong 
University. 

 ELISA 
 sLOX-1 in the culture supernatants or serum was measured by 

ELISA assay according to the manufacturer’s instruction. The 
level of sLOX-1 in the culture supernatants was measured from 
2 × 10 6  cells/1 ml per well. 

 RNA interference 
 Macrophages were washed with Opti-MEM and incubated for 

2 h with Opti-MEM medium before being transfected with 
siRNA oligonucleotides (Santa Cruz Biotechnology). The cells 
were incubated with siRNA of TACE (200 nM), p47 phox  (100 
nM), CD32 (100 nM), CD64 (100 nM) or control (200/100 
nM) using Lipofectamine 2000 (5 µL/ml, Invitrogen) as the 
transfection reagent. After 12 hr transfection, the Opti-MEM 
medium was re placed with fresh RPMI 1640 (containing 10% 
FBS/20% autologous serum), and the samples were incubated 
for another 36 h. 

 Determination of intracellular ROS production 
 Intracellular ROS generation was measured by use of 2 ′ , 

7 ′ -dichlorodihydrofl uorescein diacetate (DCF-DA, Sigma), a cell-
permeable indicator for ROS. After cells were treated with TNF- a  
(5 ng/ml) for 12 h, they were incubated with antibody against 
CD32 (3 µg/ml) or with NAC (10 mM), Apo (10 mM) for 1 h, or 
with siRNA oligonucleotides for 48 h, followed by CRP (25 µg/
ml) challenge for the indicated times (10 min to 1 h), then 
loaded with DCF-DA (10 µM) for 10 min at 37°C. ROS-mediated 
fl uorescence was detected by use of a fl uorescence microplate 
reader (Varioskan Flash, Thermo Scientifi c) with excitation 498 
nm and emission 520 nm. 

 Measurement of TACE activity 
 TACE activity of cell lysates was measured by use of the Sen-

solyte 520 TACE activity assay kit (Anaspec) according to the man-
ufacturer’s instruction. Briefl y, after macrophages were collected 
in assay buffer, incubated for 10 min at 4°C and centrifuged at 
2500  g  for 10 min at 4°C, the supernatants were collected. Equal 
amounts of cell lysates were incubated with 50 µl TACE substrate 
for 30 min at 37°C, and changes in fl uorescence were monitored 
by the fl uorescence microplate reader with excitation 490 nm and 

oxidase in macrophages ( 12 ). However, it is still un-
known whether CRP could stimulate sLOX-1 release by 
activating TACE. 

 In the present study, we hypothesized that CRP could 
stimulate sLOX-1 release from macrophages via Fc  g  re-
ceptor II (Fc g RII)-mediated p47 phox  phosphorylation, ROS 
production, and subsequent TACE activation, and we pro-
vided experimental evidence to validate our hypothesis. 

 MATERIALS AND METHODS 

 Reagents 
 Trypsin, penicillin/streptomycin solution (P/S), fetal bovine 

serum (FBS), RPMI 1640, and Opti-MEM were from Life Technol-
ogies. LOX-1 ELISA kit was from R&D Systems. Recombinant hu-
man CRP, also from R&D Systems, is endotoxin-free (endotoxin 
level < 0.1 endotoxin units/1 µg protein) and azide-free. The pro-
tein extraction kits were from Millipore or Biovision. 

 Cell culture and treatment 
 THP-1 cells purchased from the American Type Culture Col-

lection were grown in RPMI 1640 medium with 10% FBS and 1% 
P/S. For monocyte differentiation, cells were seeded in culture 
plates at 2 × 10 6  cells/1 ml per well and allowed to adhere and 
differentiate overnight at 37°C in the presence of 100 nM phor-
bol myristate acetate (PMA, Sigma). Macrophages derived from 
THP-1 cells were treated with TNF- a  (5 ng/ml) for 12 h in serum-
free medium and were then divided into control and CRP treat-
ment groups. In addition, macrophages in CRP treatment group 
were pretreated with siRNA oligonucleotides 48 h before CRP 
treatment while inhibitors, including N-acetylcysteine (NAC, 10 
mM, Sigma), apocynin (Apo, 10 mM, Sigma) and tumor necrosis 
factor- a  protease inhibitor 1 (TAPI-1, 100 µM, Peptides Interna-
tional Inc.), phenylmethyl sulfonylfl uoride (PMSF, 3 mM, 
Sigma), were added 1 h before CRP treatment. To identify the 
effect of the CRP to be specifi c, polymixin B sulfate (10 µg/ml, 
Amerson) and boiled CRP (25 µg/ml) were used. Cell viability 
was >95% in all experiments. 

 Peripheral blood samples were obtained from six normal subjects 
and six patients with ACS after their informed consent. Peripheral 
blood mononuclear cells (PBMC) were isolated by Ficoll density gra-
dient centrifugation and cultured in RPMI 1640 medium with 20% 
autologous serum at 37°C in 5% CO 2  for seven days to induce dif-
ferentiation into macrophages. Then macrophages from PBMCs 
were stimulated similarly to the macrophages from THP-1 cells but 
without TNF- a  treatment. Cell-free supernatants were harvested and 
kept at  2 80°C for cytokine measurements. The experiment was ap-
proved by the Committee of Shandong University. 

 In vivo experiment 
 Twenty New Zealand white rabbits, 8 weeks old, underwent 

balloon-induced endothelial injury in the abdominal aorta after 

 TABLE 1. Primer sequences 

Gene Primer Sequence Product Length

TACE Sense 5 ′ -ACCTGA AGAGCTTGTTCATCGAG-3 ′ 
Antisense 5 ′ -CCATGAAGTGTTCCGATAGATGTC-3 ′ 

190bp

LOX-1 Sense 5 ′ -TTACTCTCCATGGTGGTGCC-3 ′ 
Antisense 5 ′ -AGCTTCTTCTGCTTGTTGCC-3 ′ 

193bp

GAPDH Sense 5 ′ -AAGGTGAAGGTCGGAGTCAAC-3 ′ 
Antisense 5 ′ -GGGGTCATTGATGGCAACAATA -3 ′ 

102bp
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enhanced chemiluminescence. All blots were probed with G a s or 
 b  - actin as a loading control, and densitometric analysis was per-
formed with an image analyzer (AlphaImager 2200, Alpha). 

 Real-time PCR 
 Total RNA was isolated from macrophages by use of TRIzol 

Reagent (Invitrogen) and treated with DNase (Ambion) to re-
move contaminating genomic DNA. cDNA was prepared from 
500 ng RNA by use of PrimeScript TM  Reverse Transcriptase 
(Takara Bio Inc.) according to the manufacturer’s instruc-
tions. Real-time PCR reactions involved the SYBR Green 
method for 45 cycles with a LightCycler (Roche), and a melt 
curve analysis was performed after each reaction to verify that 

emission 520 nm. Fluorescence quenching was used to calculate 
percentage activity with the appropriate control values. 

 Western blot analysis 
 Extracts containing cytoplasmic, membrane, or total proteins 

were separately prepared according to the manufacturer’s instruc-
tions. Equal amounts of cytosolic, membrane, or total protein ex-
tracts were separately subjected to Western analysis with antibodies 
against LOX-1 (1:250, R&D Systems), TACE (1:200, Abcam), phos-
phorylated p47 phox  (1:200, Syd Labs), CD32 (1:200, Santa Cruz Bio-
technology), CD64 (1:200, Santa Cruz Biotechnology), G a s (1:400, 
Santa Cruz Biotechnology), and  b -actin (1:1000, Santa Cruz Bio-
technology). The antigen-antibody complexes were detected by 

  Fig.   1.  Effect of CRP on LOX-1 release in macrophages derived from THP-1 cells activated by TNF- a . A: Western blot analysis of LOX-1 
expression in cell lysates at baseline and after stimulation with TNF- a  (5 ng/ml) for 12 h. B: Quantity analysis of A.  **  P  < 0.01 versus base-
line. C: Cells were treated with CRP (0 � 25 µg/ml) in the presence or absence of PMSF (3 mM) for 5 h, and soluble LOX-1 (sLOX-1) levels 
in supernatant were determined by ELISA. ** P  < 0.01 versus CRP (0 µg/ml),    P  < 0.05,  #  P  < 0.01 versus CRP (similar dose). D: Cells were 
treated with CRP (25 µg/ml) in the presence or absence of Polymixin B sulfate (Po B, 10 µg/ml) or treated with boiled CRP (25 µg/ml) 
for 5 h, and sLOX-1 levels were determined by ELISA. ** P  < 0.01 versus control group (Con, without CRP stimulation),  #  P  < 0.01 versus 
CRP. E: Cells were treated with CRP (25 µg/ml) for 0-5 h, and membrane LOX-1 (mlOX-1) and cytoplasmic LOX-1 (cLOX-1) protein levels 
were determined by Western blot analysis. F: Quantity analysis of E and the relative expression of mlOX-1 and cLOX-1 protein were normal-
ized to G a s protein or  b -actin. * P  < 0.05, ** P  < 0.01 versus 0 h. G: Cells were treated with CRP (25 µg/ml) for 0-5 h, and sLOX-1 levels were 
determined by ELISA. * P  < 0.05, ** P  < 0.01 versus 0 h,    P  < 0.05,  #  P  < 0.01 versus CRP (similar time point). H: Cells were treated with CRP 
(25 µg/ml) for 0-24 h, and LOX-1 mRNA was analyzed by real-time PCR (RT-PCR). ** P  < 0.01 versus 0 h. I: Cells were treated with CRP (25 
µg/ml) for 0-15 h, and total LOX-1 (tLOX-1) protein level of cell lysates was determined by Western blot analysis. J: Quantity analysis of I. 
* P  < 0.05 versus 0 h. Data are means ± SEM of three different experiments.   
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  Fig.   2.  Effects of TACE on sLOX-1 release from activated macrophages induced by CRP. Macrophages 
were stimulated with TNF- a  (5 ng/ml) for 12 h. A, B: Cells were incubated with control siRNA (Con siRNA, 
200 nM) or TACE siRNA (200 nM) for 48 h. Then TACE mRNA expression was determined by RT-PCR (A) 
and TACE protein expression by Western blot analysis (B). C: Quantity analysis of B. ** P  < 0.01 versus Con 
siRNA. D: Cells were incubated with TAPI-1 (100 µM) for 1 h or with TACE siRNA (200 nM) for 48 h, then 
with CRP (25 µg/ml) for 5 h. After that, sLOX-1 level was determined by ELISA. ** P  < 0.01 versus Con,  #  P  < 
0.01 versus CRP. E: Cells were incubated with CRP (25 µg/ml) for 5 h, and total TACE protein expression 
was determined by Western blot analysis. F: Quantity analysis of E. G: Cells were incubated with CRP (25 µg/
ml) for 0-5 h, and TACE activity was determined. * P  < 0.05, ** P  < 0.01 versus 0 h. H: Cells were incubated 
with CRP (25 µg/ml) in the presence or absence of TAPI-1 (100 µM) for 5 h, and then TACE activity was 
determined.  #  P  < 0.01 versus CRP. I: Cells were incubated with CRP (25 µg/ml) in the presence or absence 
of TACE siRNA (200 nM) for 24 h, and LOX-1 mRNA expression was determined by RT-PCR. ** P  < 0.01 
versus Con. Data are means ± SEM of three different experiments.   

primer dimers were absent. Data analysis was performed with 
LightCycler Software 4.0 (Roche) and the 2  2  D  D CT  method was 
used to assess the relative mRNA expression level normalized 
to that of GAPDH. The sequences of primers were shown in 
  Table 1  .  

 Statistical analysis 
 All experiments were repeated at least three times. Data are 

presented as mean ± SD. Data analysis was performed with one-
way ANOVA followed by Newman-Keuls posthoc test or un-
paired Student’s  t -test.  P  < 0.05 was considered statistically 
signifi cant. 

 RESULTS 

 CRP stimulated sLOX-1 release from macrophages 
activated by TNF- �  

 The LOX-1 protein expression of macrophages was low 
at baseline and was signifi cantly upregulated after TNF- a  
(5 ng/ml) treatment for 12 h (  Fig. 1A , B ).  Incubating 
macrophages with CRP (2.5 � 25 µg/ml) for a further 5 h 
after TNF- a  treatment resulted in dose-dependent in-
crease in sLOX-1 levels, with a stepwise and signifi cant in-
crease from the dose of 10 µg/ml ( Fig. 1C ). However, 
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  Fig.   3.  Effects of ROS generated from NADPH oxidase on sLOX-1 release from activated macrophages induced by CRP. Macrophages 
were stimulated with TNF- a  (5 ng/ml) for 12 h. A: Cells were incubated with NAC (10 mM) or Apo (10 mM) for 1 h, and then with CRP 
(25 µg/ml) for 0-60 min, and intracellular ROS generation was measured. * P  < 0.05, ** P  < 0.01 versus 0 min, *   P  < 0.05 versus CRP (10 min), 
 #  P  < 0.01 versus CRP (at similar time point). B: Cells were incubated with NAC (10 mM) or Apo (10 mM) for 1 h, and then with CRP (25 
µg/ml) for 5 h, and sLOX-1 levels were determined by ELISA. ** P  < 0.01 versus Con,  #  P  < 0.01 versus CRP. C: Cells were incubated with 
CRP (25 µg/ml) for 0-30 min, and then the protein levels of phosphorylated p47 phox  of the membrane fraction (mPhosp-P47) or cytoplas-
mic fraction (cPhosp-P47) or total p47 phox  (tP47) were determined by Western blot analysis. D: Cells were incubated with p47 phox  siRNA 
(100 nM) for 48 h, and then p47 phox  (P47) protein expression was determined by Western blot analysis. E: Quantity analysis of D. ** P  < 0.01 
versus Con siRNA. F: Cells were incubated with p47 phox  siRNA (100 nM) or Con siRNA (100 nM) for 48 h, and then incubated with CRP 
(25 µg/ml) for 5 h. The sLOX-1 level was determined by ELISA. ** P  < 0.01 versus Con,  #  P  < 0.01 versus CRP. G: Cells were incubated with 
NAC (10 mM) or Apo (10 mM) for 1 h or p47 phox  siRNA for 48 h, and then incubated with CRP (25 µg/ml) for 5 h. Then TACE activity 
was determined. * P  < 0.05, ** P  < 0.01 versus Con,  #  P  < 0.01 versus CRP; Data are means ± SEM of three different experiments.   

exposure of macrophages to CRP (25 µg/ml) without 
TNF- a  stimulation did not affect the sLOX-1 level, which 
was too low to be detectable. Moreover, boiled CRP and 
polymixin B sulfate produced no effects on the sLOX-1 
levels induced by CRP ( Fig. 1D ). Furthermore, CRP (25 
µg/ml) treatment for 5 h caused a time-dependent de-

crease in membrane-bound LOX-1 (mlOX-1) levels and 
increase in sLOX-1 levels ( Fig. 1E–G ), but the cytoplasmic 
LOX-1 (cLOX-1) protein levels were unaffected ( Fig. 1E, 
F ). Pretreating activated macrophages with PMSF (3 mM), 
an inhibitor of serine protease, could attenuate the sLOX-1 
increase induced by CRP ( Fig. 1C ). Furthermore, CRP (25 
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CRP (25 µg/ml) led to a time-dependent increase of intra-
cellular ROS generation, with a maximal response at 40 
min (  Fig. 3A  ).  Moreover, pretreatment with ROS scaven-
ger NAC (10 mM) signifi cantly decreased sLOX-1 levels 
induced by CRP ( Fig. 3B ). Similarly, pretreatment with 
the NADPH oxidase inhibitor Apo (10 mM) markedly 
reduced ROS production and sLOX-1 levels induced by 
CRP ( Fig. 3A, B ). In contrast, exposure of unactivated 
macrophages to Apo or NAC did not affect basal DCF fl uo-
rescence ( P  > 0.05). 

 NADPH oxidase is a multi-component protein whose 
activation depends on phosphorylation of the cytosolic 
subunit p47 phox  and its translocation to the cell mem-
brane ( 15 ). As shown in  Fig. 3C , CRP (25 µg/ml) led to a 
time-dependent increase in the phosphorylation and 
translocation of p47 phox  to the cell membrane, with a 
maximal response at 20 min. We also found that p47 phox  
siRNA successfully knocked down the expression of 
p47 phox  protein ( Fig. 3D, E ) and that pretreatment with 
p47 phox  siRNA (100 nM) successfully decreased sLOX-1 
levels induced by CRP ( Fig. 3F ). Furthermore, pretreat-
ment with NAC (10 mM), Apo (10 mM), and p47 phox  
siRNA (100 nM) effectively attenuated TACE activity in-
duced by CRP ( Fig. 3G ). Thus, sLOX-1 release induced 
by CRP was mediated by ROS generated from NADPH 
oxidase. However, incubation with p47 phox  siRNA par-
tially suppressed LOX-1 mRNA levels but had no effect 
on LOX-1 protein expression after 6 h CRP treatment 
(  Fig. 4A –C ),  suggesting that the pathway by which ROS 
and p47 phox  enhance LOX-1 mRNA expression is proba-
bly different from the pathways by which ROS and p47 phox  
increase sLOX-1 release. 

 sLOX-1 release from activated macrophages induced by 
CRP was mediated by Fc � RII 

 CRP has been reported to bind to the family of Fc g Rs 
in human macrophages, including Fc g RI (CD64) and 
Fc g RII (CD32). Our results demonstrated that Fc g R 
siRNA effectively abolished Fc g R protein expression (  Fig. 
5A , B ).  Pretreatment of activated macrophages with anti-
body against CD32 (3 µg/ml) or with CD32 siRNA (100 

µg/ml) treatment for 6 h signifi cantly upregulated LOX-1 
mRNA expression but had no effect on the LOX-1 protein 
expression ( Fig. 1H–J ), possibly due to the fact that 6 h 
of CRP treatment were too short for LOX-1 protein to 
enhance expression. These results indicated that CRP 
specifi cally induced sLOX-1 release from activated mac-
rophages but that this effect could be blocked by protease 
inhibitor. 

 TACE regulated sLOX-1 release from activated 
macrophages induced by CRP 

 It has been reported that LOX-1 can be cleaved from 
the cell surface by proteases and released as sLOX-1 ( 6 ) 
and that TACE mediates processing membrane-bound in-
fl ammatory factors to active soluble forms ( 10 ). To deter-
mine whether TACE was involved in sLOX-1 release, we 
designed loss-of-function experiments with the TACE in-
hibitor TAPI-1 (100 µM) and TACE siRNA (200 nM). 
TACE siRNA successfully knocked down the expression of 
TACE at both mRNA and protein levels (  Fig. 2A –C ).  As 
shown in  Fig. 2D , pretreatment with TAPI-1 and TACE 
siRNA effectively prevented the increase of sLOX-1 levels 
induced by CRP. Treatment with CRP (25 µg/ml) for 5 h 
had no effect on the TACE protein expression; however, it 
enhanced TACE activity in a time-dependent manner, with 
47.5% increase in activity after 5 h treatment ( Fig. 2E–G ). 
Furthermore, the activity of TACE induced by CRP was at-
tenuated by pretreatment with TAPI-1 (100 µM) ( Fig. 2H ). 
Thus, TACE might be involved in sLOX-1 release from ac-
tivated macrophages induced by CRP. On the other hand, 
TACE siRNA had no effect on LOX-1 mRNA expression 
levels ( Fig. 2H ). 

 CRP stimulating sLOX-1 release from activated 
macrophages was mediated by ROS generated from 
NADPH oxidase 

 Previous studies showed that TACE was synthesized in a 
latent form and activated before reaching the cell surface 
membrane ( 10 ). In airway epithelial cells, ROS was re-
ported to activate TACE by oxidating a crucial cysteine 
thiol ( 14 ). We observed that exposure of macrophages to 

  Fig.   4.  Effects of ROS generated from NADPH oxidase on LOX-1 expression on activated macrophages 
induced by CRP. Macrophages were stimulated with TNF- a  (5 ng/ml) for 12 h. A: Cells were incubated with 
NAC (10 mM) or Apo (10 mM) for 1 h or p47 phox  siRNA (100 nM) for 48 h, and then incubated with CRP 
(25 µg/ml) for 6 h. Then LOX-1 mRNA was determined. ** P  < 0.01 versus Con,  ※  versus CRP. B: Cells were 
incubated with p47 phox  siRNA (100 nM) for 48 h, and then incubated with CRP (25 µg/ml) for 6 h. LOX-1 
protein levels was determined by Western blot analysis. C: Quantity analysis of B. Data are means ± SEM of 
three different experiments.   
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treatment with antibody against CD32 (3 µg/ml), or with 
NAC (10 mM), Apo (10 mM), p47 phox  siRNA (100 nM), 
TAPI-1 (100 µM), and TACE siRNA (200 nM) attenuated 
sLOX-1 release induced by CRP. However, CRP had no 
effect on sLOX-1 release from the macrophages of normal 
subjects ( Fig. 7B ). Therefore, a signaling pathway of 
Fc g RII-NADPH oxidase (p47 phox )-ROS-TACE was involved 
in sLOX-1 release from activated macrophages induced by 
CRP (  Fig. 8  ).  

 CRP elevated sLOX-1 levels in vivo in a rabbit model of 
atherosclerosis 

 We further examined whether CRP enhanced sLOX-1 
levels in vivo by use of a rabbit model of atherosclerosis. 
Serum levels of human CRP were higher in group A 
than in group B (16 ± 4  m g/ml versus undetected,  P  < 
0.001). Likewise, circulating sLOX-1 levels were signifi -
cantly higher in group A than in group B (  Fig. 9  ); 
 median circulating sLOX-1 level increased 1.68-fold: 
64.3 pg/ml (interquartile range 59.9-70.7 pg/ml) in 
group A versus 39.1 pg/ml (34.0-52.0 pg/ml) in group 
B ( P  < 0.01). 

nM) effectively prevented sLOX-1 release induced by 
CRP ( Fig. 5C ). However, pretreatment of activated mac-
rophages with antibody against CD64 (3 µg/ml) or IgG 
(3 µg/ml) or with CD64 siRNA (100 nM) did not affect 
sLOX-1 release induced by CRP ( Fig. 5C ). Moreover, 
ROS production, TACE activation, and p47 phox  protein 
phosphorylation and translocation were all suppressed 
by pretreatment with antibody against CD32 (3 µg/ml) 
or with CD32 siRNA (100 nM) ( Fig. 5D, E and  Fig. 6A , 
B ).  In addition, antibodies against both CD32 and CD64 
showed signifi cant suppression of LOX-1 mRNA expres-
sion ( Fig. 6C ) but exerted no effects on LOX-1 protein 
expression within 6 h of CRP treatment ( Fig. 6D, E ). 

 CRP regulated sLOX-1 release from macrophages 
derived from PBMCs of ACS patients 

 Having established the role of CRP in activated mac-
rophages derived from THP-1 cells, we further examined 
the effects of CRP on macrophages derived from PBMCs 
of normal subjects and ACS patients. We observed that 
CRP enhanced sLOX-1 release from macrophages derived 
from PBMCs of ACS patients (  Fig. 7A  );  in addition, pre-

  Fig.   5.  Effects of Fc g RII on sLOX-1 release from activated macrophages induced by CRP. Macrophages were stimulated with TNF- a  (5 
µg/ml) for 12 h. A: Cells were incubated with Fc g RII (CD32) siRNA (100 nM), Fc g RI (CD64) siRNA (100 nM), or Con siRNA for 48 h, 
then CD32 and CD64 protein expression was determined by Western blot analysis. B: Quantity analysis of A. ** P  < 0.01 versus Con siRNA. 
C: Cells were incubated with antibodies against CD32, CD64, or IgG (all 3 µg/ml) for 1 h and incubated with CD32 siRNA (100 nM) or 
CD64 siRNA (100 nM) for 48 h, and then treated with CRP (25 µg/ml) for another 5 h. sLOX-1 level was determined by ELISA. ** P  < 0.01 
versus Con,  #  P  < 0.01 versus CRP. D: Macrophages were incubated with antibody against CD32 (3 µg/ml) for 1 h or with CD32 siRNA (100 
nM) for 48 h, then treated with CRP (25 µg/ml) for 40 min. Then intracellular ROS generation was measured. ** P  < 0.01 versus Con,  #  P  < 
0.01 versus CRP. E: Macrophages were incubated with antibody against CD32 (3 µg/ml) for 1 h, and then treated with CRP (25 µg/ml) for 
5 h. Then TACE activity was determined. ** P  < 0.01 versus Con,  #  P  < 0.01 versus CRP. Data are means ± SEM of three different 
experiments.   
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rophages derived from THP-1 or macrophages derived 
from PBMCs of ACS patients. We also showed that CRP 
elevated the serum sLOX-1 levels in atherosclerotic rabbits 
in vivo. In clinical practice, most patients with stable coro-
nary artery disease have CRP levels <10  m g/ml, and the 
CRP cutoff value for identifying patients at high risk of 
cardiovascular events has been defi ned as 3  m g/ml ( 17, 
18 ). Recent guidelines recommend that measurement of 
CRP can be useful in the selection of patients for statin 
therapy ( 19 ) 

 LOX-1 as a receptor for oxidized LDL mediates vascular 
dysfunction and promotes foam cell formation. Studies of 
human atherosclerotic plaques showed that LOX-1 was 
primarily produced by endothelial cells and abundant in 
macrophages and smooth muscle cells in advanced ath-
erosclerotic plaques or after infl ammatory factor stimula-
tion ( 20, 21 ). In this study, we found that TNF- a  enhanced 
LOX-1 expression in macrophages. LOX-1 is expressed on 
the cell surface and can be proteolytically cleaved at its 

 DISCUSSION 

 Because circulating levels of sLOX-1 play a critical role 
in the development and progression of atherosclerotic le-
sions and CRP has been established as an important bio-
marker of the prognosis of ACS, we tested our hypothesis 
that CRP might stimulate sLOX-1 release by activating 
TACE. Our in vitro and in vivo results revealed that CRP 
might cleave and release sLOX-1 from activated mac-
rophages and that the potential mechanisms might involve 
Fc g RII-mediated p47 phox  phosphorylation and transloca-
tion, ROS production, and subsequent TACE activation 
( Fig. 8 ).To the best of our knowledge, this is the fi rst re-
port to link CRP, LOX-1 cleavage, and TACE activation. 

 In addition to being a predictor of cardiovascular risk, 
CRP may contribute to the progression of atherosclerosis 
by directly stimulating vascular cells to synthesize and se-
crete various infl ammatory factors ( 4, 5, 16 ). In the cur-
rent study, we presented evidence that CRP stimulated 
sLOX-1 release dose-dependently from activated mac-

  Fig.   6.  Effects of Fc g RII on p47 phox  phosphorylation and LOX-1 expression from activated macrophages induced by CRP. Macrophages 
were stimulated with TNF- a  (5 µg/ml) for 12 h. A: Macrophages were incubated with antibody against CD32 (Anti-CD32, 3 µg/ml) for 1 h 
or CD32 siRNA (100 nM) for 48 h, then treated with CRP (25 µg/ml) for 20 min. Phosphorylated p47 phox  level of membrane fraction 
(mPhos-P47) was determined by Western blot analysis. B: Quantity analysis of A.  #  P  < 0.01 versus CRP. C: Cells were incubated with the an-
tibodies against CD32, CD64, IgG or CD32 and CD64 (all 3 µg/ml) for 1 h, then treated with CRP (25 µg/ml) for 6 h. LOX-1 mRNA level 
was determined by RT-PCR. ** P  < 0.01 versus Con,    P  < 0.05 versus CRP. D: Cells were incubated with the antibodies against CD32 or CD64 
(both 3 µg/ml) for 1 h, then treated with CRP (25 µg/ml) for 6 h. LOX-1 protein level was determined by Western blot analysis. E: Quantity 
analysis of D. Data are means ± SEM of three different experiments.   
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the transmembrane region or proteolytic cleavage of the 
membrane-bound receptor ( 29, 30 ). LOX-1 structurally be-
longs to the C-type lectin family and consists of an extracel-
lular lectin-like domain, a single transmembrane domain, 
and a short cytoplasmic tail. Thus, CRP can be proteolytically 
cleaved at its extracellular domain and released as sLOX-1 
( 31 ). LOX-1 can be cleaved at two different sites, Lys 89 -Ser 90  
and Arg 86 -Ser 87 , in the extracellular domain ( 32 ). Our data 
suggest that the enzymes involved in the release of sLOX-1 
are PMSF-sensitive, as PMSF could inhibit the release of 
sLOX-1 from activated macrophages induced by CRP ( Fig. 
1 ). TACE has been found to shed membrane-bound infl am-
matory factors into active soluble forms, including tumor 
necrosis factor (TNF)- a , TNFR, epidermal growth factor 
receptor, and transforming growth factor- a  ( 10, 33, 34 ). In 
the current study, pretreatment with the TACE inhibitor 
TAPI-1 or with TACE siRNA abolished the release of sLOX-1 
induced by CRP, which indicated that TACE was involved in 
the process of sLOX-1 release from CRP-stimulated macro-
phages. 

 TACE is synthesized in a latent form and activated be-
fore reaching the cell-surface membrane ( 10 ). TACE acti-
vation depends on posttranslational processing, in which 
ROS oxidating a crucial cysteine thiol group leads to full 

extracellular domain and released as sLOX-1 ( 6 ). Recent 
clinical studies found that circulating sLOX-1 levels were 
elevated and had prognostic signifi cance in patients with 
ACS ( 8, 22 ), as elevated sLOX-1 levels refl ected increased 
oxidative stress and infl ammatory status in vascular walls 
( 23, 24 ). The infl ammatory factor interleukin (IL)18 can 
stimulate release of sLOX-1 from cell membrane ( 25 ). 
Our data demonstrated that CRP enhanced the release of 
sLOX-1 from activated macrophages in vitro and increased 
circulating sLOX-1 levels in vivo, which agreed with previ-
ous studies showing sLOX-1 levels correlated signifi cantly 
with CRP levels in ACS patients ( 26 ). Recent studies have 
shown that CRP may act a ligand for LOX-1 and that the 
interaction of CRP with LOX-1 enhances endothelial in-
fl ammation ( 27, 28 ). Thus, when the CRP concentration 
reaches a high level, it may stimulate secretion of infl am-
matory factors and directly impair endothelial function. In 
addition, when CRP binds with LOX-1 or promotes sLOX-1 
release, it may act synergistically with LOX-1 or sLOX-1 to 
accelerate vascular infl ammation and endothelial dys-
function. 

 In general, soluble infl ammatory factors can be generated 
by two different mechanisms: splicing out the exon encoding 

  Fig.   7.  Effects of CRP on LOX-1 release from mac-
rophages in patients with ACS. A: Macrophages de-
rived from monocytes of ACS patients were 
preincubated with NAC (10 nM), Apo (10 nM), anti-
body against CD32 (3 µg/ml) or TAPI-1 (100 µM) for 
1 h, P47 phox  siRNA (100 nM) or TACE siRNA (200 
nM) for 48 h, then treated with CRP (25 µg/ml) for 5 
h. sLOX-1 levels were determined by ELISA. B: Ef-
fects CRP on LOX-1 release from macrophages of 
normal subjects. Data are means ± SEM of six differ-
ent ACS patients. ** P  < 0.01 versus Con,  #  P  < 0.01 ver-
sus CRP.   

  Fig.   8.  Schematic illustration of the pathway of CRP stimulating 
sLOX-1 release from macrophage membrane. Arrows indicate the 
pathway involved in sLOX-1 release induced by CRP stimulation.   

  Fig.   9.  Effects of CRP on circulating sLOX-1 levels in a rabbit 
model of atherosclerosis. sLOX-1 levels were measured by ELISA 6 
h after human recombinant CRP (3 mg/kg) intravenous injection. 
Median, interquartile ranges, and outliers are indicated by the 
middle lines, boxes, and outer bars, respectively. ** P  < 0.01 versus 
CRP ( 2 ). The difference was statistically signifi cant ( P  < 0.001). 
n = 10 in each group.   
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enzymic activity ( 11 ). In the current study, pretreating ac-
tivated macrophages with the ROS scavenger NAC abol-
ished sLOX-1 release and TACE activation induced by 
CRP, which indicated that ROS production induced by 
CRP fully governed CRP-mediated TACE activity and 
sLOX-1 release from activated macrophages. These obser-
vations were consistent with other reports that ROS could 
stimulate the release of TGF- a  via activating TACE ( 14 ). 

 The cytoplasmic NADPH oxidase complex has been im-
plicated as the main source of cellular ROS in the expres-
sion and release of infl ammatory factors ( 35 ). A role for 
ROS derived from NADPH oxidase in TACE activation has 
been reported for infl ammatory factor IL-8 release ( 36 ). 
CRP could attenuate endothelial nitric oxide synthase ac-
tivity and induce endothelial dysfunction, which was medi-
ated by ROS generated from NADPH oxidase of endothelial 
cells ( 37, 38 ). In the current study, we observed that the 
ROS scavenger NAC, NADPH oxidase inhibitor Apo and 
p47 phox  siRNA could reduce the release of sLOX-1 and 
TACE activation induced by CRP in activated macrophages. 
Thus, NADPH oxidase was involved in CRP-mediated ROS 
production, TACE activation and subsequent sLOX-1 re-
lease in activated macrophages. 

 CRP binds to both Fc g RI (CD64) and Fc g RII (CD32) in 
human macrophages ( 39, 40 ). Fc g Rs modulate the activa-
tion of NADPH oxidase in neutrophils and mediate intracel-
lular ROS generation in macrophages ( 41, 42 ). CRP could 
activate NADPH oxidase and upregulate ROS generation 
through Fc g Rs in human aortic endothelial cells ( 43 ). We 
found that pretreatment with antibody against CD32 or 
CD32 siRNA (but not with antibody against CD64 or CD64 
siRNA) decreased sLOX-1 release. Thus, it was Fc g RII rather 
than Fc g RI that was involved in the sLOX-1 release from 
activated macrophages induced by CRP. Our results agreed 
with previous fi ndings that CRP enhanced macrophage lipo-
protein lipase expression through CD32 rather than CD64 
( 44 ). Moreover, ROS production, TACE activation, and 
phosphorylation of p47 phox  induced by CRP were all attenu-
ated by pretreatment with antibody to CD32 or with CD32 
siRNA. Thus, Fc g RII was involved in CRP-induced NADPH 
oxidase activation, TACE activation, and subsequent sLOX-1 
release in activated macrophages. 

 In conclusion, we demonstrated that CRP could stimu-
late sLOX-1 release from activated macrophages in vitro 
and elevate sLOX-1 levels in a rabbit model of atheroscle-
rosis in vivo. These data provided further evidence for the 
role of CRP in ACS.  
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