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  Platelet-activating factor (PAF) has been reported to be 
present in human atherosclerotic plaque, and to induce 
the production of reactive oxygen species and elastase 
in macrophages that degrade the extracellular matrix of 
intima ( 1 ). Furthermore, PAF is known to act as an initial 
trigger in atherosclerosis, and to play a critical role during 
disease progression ( 2, 3 ). The biological actions of PAF 
are regulated by a specifi c surface 7-transmembrane-
domain receptor (7TMR), which couples to G proteins 
( 4 ). However, although the PAF receptor (PAFR) is known 
to be present in smooth muscle cells, the functional sig-
nifi cance of intracellular PAFR has not been clarifi ed ( 5 ). 

 Numerous G protein-coupled receptors (GPCRs) activate 
mitogen-activated protein kinase (MAPK) after specifi c ago-
nist stimulation ( 6–8 ), and after agonist binding, 7TMR phos-
phorylates MAPKs via the classical G protein-induced synthesis 
of various second messengers, which include Ca 2+ , or via non-
classical pathways by modulating novel effectors independent 
of G protein ( 9 ). It is also known that stimulation of many 
GPCRs can activate signaling by receptor tyrosine kinases in-
cluding epidermal growth factor receptor (EGFR) via a 
process termed transactivation, and that this leads to the 
inductions of different signal transduction pathways ( 10 ). 

 Extracellular signal-regulated kinase (ERK) activated by 
7TMR may translocate from the cytosol to the nucleus 
where it activates transcription factors that modulate tran-
scription programs such as that of cAMP response element 
binding protein ( 11 ). On the other hand, phosphorylated 
ERK (P-ERK) retained in cytosol activates various cytosolic 
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were separated on 8% sodium dodecyl sulfate (SDS)-polyacrylamide 
gels, transferred electrophoretically onto nitrocellulose membranes, 
which were then blocked with 5% skim milk and incubated with 
primary antibodies in blocking buffer. Blots were incubated with 
HRP-conjugated secondary antibody and chemiluminescence in-
tensities were measured using a LAS-3000 SYSTEM (Fuji Photo Film, 
Japan). Membranes were reblotted with anti- � -actin antibody (MP 
Biomedicals, Aurora, OH) for control purposes. 

 Gelatin zymography 
 To assess MMP-2 activities, extracellular medium from cul-

tured VSMCs was collected, concentrated 30-fold using a Vivaspin2 
Centricon (Sartorius Biolab products, Sartorius AG) and elec-
trophoretically separated in 8% SDS-polyacrylamide gels con-
taining 1 mg/ml gelatin. After washing with wash buffer (2.5% 
Triton X-100 in 50 mM Tris-HCl, pH 7.4), gels were stained with 
0.2% Coomassie Brilliant Blue R-250 (Sigma) for 2 h and then 
destained in the same solution without dye. Zymographic re-
sults, which were obtained using UN-SCAN-IT gel (version 5.1, 
Silk Scientifi c, Orem, UT), are expressed as MMP proteolytic 
activities. 

 Measurement of mRNA expression 
 The expressions of MMP-2 and MMP-9 mRNA in VSMCs were 

quantifi ed by RT-PCR, using GAPDH mRNA as an internal stan-
dard. Total RNA in cultured cells was isolated using Trizol reagent 
(Invitrogen, San Diego, CA) and reverse transcribed into cDNA 
using the ImProm-II reverse transcription system (Promega). 
Amplifi cation of cDNA by PCR was performed using specifi c prim-
ers for MMP-2 (forward, 5 ′ -GTCTTCCCCTTCACTTTTCTG-3 ′ ; 
reverse, 5 ′ -CGGAAGTTCTTGGTGTAGGTG-3 ′ ) and MMP-9 (for-
ward, 5 ′ -AAGGATGGTCTACTGGCACAC-3 ′ ; reverse, AGAG ATT-
CTCACTGGGGCAGA-3 ′ ). 

 Measurement of MMP-2 promoter activity 
 The 5 ′ -fl anking promoter region from mouse genomic 

DNA was amplifi ed by PCR using the upstream primer 5 ′ -AAG-
GTG GCTAGC TCCGTAACGTAGTAG-3 ′  and the downstream 
primer 5 ′ -ATCTAA AGATCT GGATGCACACAGAGC-3 ′ ; the  Nhe I 
and  Bgl II restriction enzyme sites are in italic  . Primers were de-
signed using sequences retrieved from GenBank accession num-
bers NM008610 and BC070430. The amplifi ed 1,584 bp fragment 
so obtained was cloned into pGL3 basic vector (pGL3-MMP-2), 
and the identities of the resulting constructs were verifi ed by 
restriction enzyme digestion and sequence analysis. Transcrip-
tion factor binding sites within the 5 ′ -fl anking promoter region 
were analyzed using a sequence motif search program from 
GenomeNet  . 

 Cis-reporter plasmid DNA was prepared using a QIAprep Spin 
Miniprep kit (Qiagen, Valencia, CA). After cells had been tran-
siently transfected with MMP-2 luciferase reporter plasmids using 
Lipofectamine 2000 (Invitrogen), luciferase activities in cell lysates 
were determined using a dual luciferase reporter assay system and 
a Glomax 20/20 luminometer (Promega). 

 Preparation of small interfering RNA and in vitro 
transfection 

 Small interfering RNAs (siRNAs) for ERK and universal nega-
tive control (NC) siRNA were purchased from Invitrogen (Invit-
rogen).  � -Arrestin2 siRNA was purchased from Santa Cruz 
Biotechnology. For siRNA transfection, cells were seeded in 
6-well plates and grown for 24 h until they reached 40–50% con-
fl uence. Cells were then transfected with ERK siRNA,  � -arrestin2 
siRNA, or NC siRNA using Lipofectamine 2000 (Invitrogen), 
according to the manufacturer’s instructions. 

substrates to modulate cell shape and motility ( 12 ). More-
over, it has recently been found that 7TMR can use multi-
functional adaptor proteins such as  � -arrestins to activate 
many substrates in cellular pathways ( 13 ). Initially,  � -arrestin 
was found to bind activated GRK-phosphorylated 7TMRs 
and thus block or “desensitize” G protein activation induced 
by agonist stimulation ( 14 ).  � -Arrestin acts as a bifunctional 
cellular mediator, that is, it not only terminates G protein 
signaling, but can also function as a scaffold for the signal 
transduction of MAPKs including ERK ( 15, 16 ). 

 Matrix metalloproteinases (MMPs), especially MMP-2 
and MMP-9, destabilize lesions and erode the fi brous cap 
of atherosclerotic plaque by digesting extracellular matrix 
proteins ( 17 ). In addition, MMP-2 can function as a me-
diator of vascular structural changes associated with physi-
ologic and pathologic processes ( 18 ). In vivo studies have 
shown that MMP-2 expression in vascular smooth muscle 
cell (VSMCs) is associated with various pathologic condi-
tions, especially with atherosclerotic plaque, which exhibit 
signifi cantly enhanced MMP-2 expression and activation 
in vulnerable regions ( 19, 20 ), thus suggesting MMP-2 
plays a critical role in the fate of atherosclerotic plaque. To 
determine the importance of PAF in the progression of 
atherosclerosis, we investigated the roles of PAF and PAFR 
on the production of MMPs in rat aortic primary VSMCs. 
In addition, we sought to identify the signal pathways in-
volved in PAF-mediated MMP production in VSMCs. 

 MATERIALS AND METHODS 

 Chemicals and antibodies 
 PAF, norepinephrine (NE), Bay11-7082, and gelatin were pur-

chased from Sigma (St. Louis, MO). The various signal pathway 
inhibitors were purchased from Calbiochem (La Jolla, CA). 
MMP-2 antibody, MAPK antibodies, and phosphospecifi c anti-
bodies against MAPKs were from Cell Signaling Technology 
(Beverly, MA).  � -Arrestin2 and PAFR antibodies were purchased 
from Santa Cruz Biotechnology Inc. (Santa Cruz, CA  ). Calponin 
and  � -smooth muscle actin antibodies were purchased from 
Sigma. Horseradish peroxidase (HRP)-conjugated IgG (Santa 
Cruz Biotechnology) was used as the secondary antibody. 

 VSMC culture 
 All animal procedures were performed in accordance with our 

institutional guidelines for animal research and approved by our 
institutional animal care and use committee. VSMCs were isolated 
by enzymatic dissociation from the aortas of 7- to 8-week-old male 
Sprague-Dawley rats (Charles River Breeding Laboratories, Kings-
ton, NY). Briefl y, aortas were dissected, cut into  � 1 mm 2  segments, 
and then placed as explants in cell culture dishes containing DMEM 
(Gibco BRL, Grand Island, NY) with 10% fetal bovine serum (FBS). 
VSMC purity was determined by staining with smooth-muscle-specif-
ic-actin monoclonal antibodies (Sigma). Cells were maintained in 
DMEM containing 10% FBS at 37°C in a 5% CO 2  incubator. Human 
aortic VSMCs, obtained from American Type Culture Collection  , 
were maintained using a growth medium kit (American Type 
Culture Collection) at 37°C in a 5% CO 2  incubator. 

 Western blot analysis 
 Protein levels of MMP-2,  � -arrestin2, and phosphorylated MAPKs 

were determined by Western blotting. Briefl y, cell lysates of VSMCs 
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calponin were highly expressed in early passage [passage 1 
(P1)] VSMCs, but not in late passage [passage 5 (P5)] 
cells, indicating that VSMC phenotype transited from the 
differentiated to the dedifferentiated phenotype during 
passage progression. When VSMCs were stimulated with 
PAF (1 nmol/l), MMP-2 mRNA (at 6 h), and MMP-2 pro-
tein (at 12 h), productions in P1 and P5 VSMCs were sig-
nifi cantly increased, whereas MMP-9 showed little change 
( Fig. 1C–F ). On the other hand, PAF-induced MMP-2 pro-
duction in P5 VSMCs was similar to that in P1 VSMCs. Ac-
cordingly, we used late-passage cells (P5) which expressed 
much lower levels of differentiation markers than early-
passage cells in the following study. 

 Time-course of PAF-induced MMP-2 production 
in VSMCs 

 To investigate MMP-2 promoter activity in PAF-stimu-
lated VSMCs, cis-reporter plasmids were transfected into 
VSMCs and reporter activity was measured. MMP-2 pro-
moter activity in PAF-stimulated VSMCs started to increase 
at 1 h, and was signifi cantly higher after stimulation for 
2 h (  Fig. 2A  ).  As shown in  Fig. 2B, C , MMP-2 mRNA ex-
pression and protein production increased time-depend-
ently and peaked after 6 h and 12 h of PAF treatment, 
respectively. The gelatinolytic activities of MMP-2 were 
also time-dependently increased by 1 nmol/l of PAF and 
peaked (3.9 ± 0.37-fold,  P  < 0.01) at 12 h ( Fig. 2B, C ). In 
addition, when VSMCs were treated with increasing con-
centrations of PAF (0–100 nmol/l), MMP-2 mRNA and 
protein levels increased in a dose-dependent manner up 
to a PAF concentration of 1 nmol/l. Gelatin zymography 
showed a concentration-dependent increase in MMP-2 
activity which peaked at a PAF concentration of 1 nmol/l 

 Immunofl uorescence analysis 
 VSMCs plated on glass coverslips were fi xed with 4% para-

formaldehyde, and nonspecifi c binding sites were blocked with 
1% BSA. The fi xed cells were then incubated with specifi c anti-
bodies, washed in PBS, and incubated with Alexa488-conjugated 
IgG and Alexa594-conjugated IgG (Invitrogen). DNA was stained 
with 0.1  � g/ml diamidino-2-phenylindole in PBS for 3 min at 
room temperature. Cells were then mounted in carbonate buff-
ered glycerol, and evaluated under a scanning confocal micro-
scope (LSM 510, Carl Zeiss Inc.). 

 Coimmunoprecipitation and Western blot analysis 
 For coimmunoprecipitation assays, cells were lysed with essen-

tially the same buffer, described by Kim et al. ( 21 ). Briefl y, cleared 
cell extracts were mixed with 2  � g of PAFR-agarose and incu-
bated for 2 h. Immunoprecipitates were washed with lysis buffer 
three times and mixed with sample buffer. Samples were then 
analyzed by Western blotting as described above. 

 Statistical analysis 
 Results are expressed as mean ± SEM. Concentration-depen-

dent responses were analyzed by one-way ANOVA followed by 
Bonferroni’s correction for comparisons of multiple groups. 
 P  values of <0.05 were considered signifi cant. 

 RESULTS 

 PAF-induced MMP-2 production in different phenotypes 
of VSMCs 

 Based on the fact that the VSMC phenotype present in 
atherosclerotic lesions differs from that in regular media, 
we prepared two types of VSMCs to express different dif-
ferentiation markers  . As shown in   Fig. 1A, B  ,   � -SMA and 

  Fig.   1.  PAF-induced MMP-2 production in different 
phenotypes of VSMCs. A: Proteins were extracted 
from early- (P1) and late-passage (P5) VSMCs, and 
subjected to Western blotting with the differentia-
tion markers  � -SMA and calponin. C, E: P1 and P5 
VSMCs were stimulated with 1 nmol/l PAF for 12 h. 
The mRNA and protein expressions of MMP-2 and 
MMP-9 in PAF-stimulated VSMCs were analyzed by 
RT-PCR and Western blotting, respectively. B, D, F: 
Results are presented as the mean ± SEM of four to 
six independent experiments. ** P  < 0.01 versus cor-
responding P1 or vehicle (Veh) values.   
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[a nuclear factor  � B (NF- � B) inhibitor] (see supplemen-
tary Fig. II), which suggested involvement of the ERK sig-
naling pathway in MMP-2 induction by PAF. 

 Accordingly, to confi rm that PAF-induced MMP-2 
production is mediated via ERK signaling pathways, we 
transfected VSMCs with ERK siRNA targeting ERK1/2. 
It was found that VSMCs transfected with siRNA ERK 
(20–100 nmol/l) showed substantial reductions (0.45 ± 
0.05-fold, n = 4) in total ERK expression (  Fig. 4A  ).  Fur-
themore, PAF-induced MMP-2 production and gelatinolytic 
activity were significantly decreased by ERK depletion 
( Fig. 4A, B ), indicating the involvement of ERK pathways 
in PAF-induced MMP-2 expression. 

 Interaction between PAFR and ERK phosphorylation 
 We also investigated the time-course of the effect of PAF 

on the phosphorylations of ERK, p38, and c-Jun N-terminal 
kinase (JNK). Upon pretreatment with PAF (1 nmol/l), 
P-ERK levels rapidly increased from 1 min, peaked at 5 
min, and thereafter declined. However, P-p38 and P-JNK 
levels showed little change up to 20 min ( Fig. 4C, D ). To 

(4.3 ± 0.51-fold,  P  < 0.01) ( Fig. 2D, E ). However, the MMP-9 
mRNA expression and protein production were unaf-
fected by PAF (see supplementary Fig. I). 

 Involvement of the ERK signaling pathway in PAF-
induced MMP-2 production 

 PAF-stimulated MMP2 production and activity were sig-
nifi cantly inhibited by 2 mmol/l of WEB2086 (a PAFR 
antagonist) (  Fig. 3A, B  ),  indicating that PAFR plays a piv-
otal role in PAF-induced MMP2 production in VSMCs. To 
further assess the involvement of MAPK in PAF-induced 
MMP-2 production in VSMCs, cells were pretreated with 
inhibitors of MAPKs, that is, PD98059 (an ERK inhibitor), 
SB203580 (a p38 MAPK inhibitor), or SP900125 [a c-Jun 
N-terminal kinase (JNK) inhibitor], for 30 min, and then 
stimulated with PAF (1 nmol/l) for 12 h. As shown in  Fig. 3 , 
PAF-induced MMP-2 production was signifi cantly attenu-
ated by PD98059, but not by SB203580 or SP900125. 
Moreover, PAF-induced MMP-2 production was unaffected 
by other signaling inhibitors, namely, Bapta (a Ca 2+  chelat-
ing agent), LY294002 (a PI3K inhibitor), or Bay 11-7082 

  Fig.   2.  Time-course of PAF-induced MMP-2 production in VSMCs. A: VSMCs were transfected with MMP-2 
promoter-luciferase construct (pGL-MMP-2) or empty luciferase vector (pGL3) for 24 h and then stimulated 
with PAF for the indicated times. MMP-2 promoter activities are expressed as relative luciferase activities, and 
results are presented as the mean ± SEM from six independent experiments. * P  < 0.05, ** P  < 0.01 versus 
values at time 0. B: VSMCs were stimulated with PAF for the indicated times (0–24 h). D: VSMCs were stimu-
lated with various concentrations of PAF (0–100 nmol/l). The expressions of MMP-2 mRNA (6 h) were de-
termined by RT-PCR, and MMP-2 activities in extracellular medium and protein levels (12 h) were analyzed 
by gelatin zymography (ZG) and Western blotting (WB), respectively. C, E: Results are presented as mean ± 
SEM of fi ve to six independent experiments. * P  < 0.05, ** P  < 0.01 versus corresponding values at time 0 or 
at zero (0) concentration.   
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Fig. 3C, D,  � -arrestin2 colocalized with PAFR after 5 min 
of PAF stimulation. Furthermore, P-ERK in VSMCs was 
activated after 5 min of PAF treatment, and P-ERK colocal-
ized with  � -arrestin2 after 10 min. In addition, PAF-induced 
MMP-2 production was attenuated by PD98059 in human 
VSMCs (see supplementary Fig. 3A, B). 

 We used coimmunoprecipitation to study the effect 
of PAF on the interaction between PAFR, P-ERK, and 
 � -arrestin2 in VSMCs using PAFR antibody as bait and P-ERK 
or  � -arrestin2 as prey  . Interestingly, we detected signifi -
cantly greater interactions between these proteins in PAF-
treated VSMCs than in nontreated controls (  Fig. 6  ).  These 
fi ndings suggest that  � -arrestin2-bound PAFRs are com-
plexed with P-ERK. 

 Role of  � -arrestin2 in PAF-induced ERK phosphorylation 
 To investigate the effect of  � -arrestin2 on PAF-induced 

ERK phosphorylation, VSMCs transfected with  � -arrestin2 

determine whether EGFR transactivation is involved in PAF-
induced ERK phosphorylation, VSMCs were pretreated 
with either AG1478 (an EGFR inhibitor) or WEB2086, 
and then stimulated with PAF (1 nmol/l). As shown in 
 Fig. 4E, F , ERK phosphorylation in PAF-treated cells was 
signifi cantly attenuated by WEB2086, but not by AG1478, 
thus demonstrating PAFR participates in PAF-induced 
ERK phosphorylation in VSMCs. 

 Role of PAF on the subcellular distributions of PAFR, 
 � -arrestin2, and P-ERK 

 The immunofl uorescence study showed that  � -arrestin2 
colocalized with PAFR after 5 min of PAF treatment in 
VSMCs, and that P-ERK colocalized with  � -arrestin2 at 
10 min. These observations suggest that  � -arrestin2 and 
PAFRs might be complexed with P-ERK after 5 to 10 min of 
exposure to PAF   (  Fig. 5  ).  In addition, we duplicated these 
fi ndings in human aortic VSMCs. As shown in supplementary 

  Fig.   3.  Effects of various signaling inhibitors on MMP-2 activity and production enhancements by PAF. 
VSMCs were pretreated with WEB2086 (A) for 1 h (2 mmol/l) and with the MAPK inhibitors PD98059 (an 
ERK inhibitor) (C), SB203580 (a p38 MAPK inhibitor) (E), or SP600125 (a JNK inhibitor) (G) for 30 min, 
and then stimulated with 1 nmol/l PAF for 12 h. MMP-2 activities in extracellular medium and protein levels 
were analyzed by gelatin zymography (ZG) and Western blotting (WB), respectively. B, D, F, H: Blots on the 
left are quantifi ed, and relative intensities are presented as the mean ± SEM of three to fi ve independent 
experiments. ** P  < 0.01 versus corresponding controls (Con).  ##  P  < 0.01 versus vehicle (Veh) controls.   
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 DISCUSSION 

 The present study identifi es the signal pathways by which 
PAF enhances MMP-2 production in rat aortic primary 
VSMCs. Increased MMP-2 production in PAF-stimulated 
VSMCs was attenuated by inhibiting the ERK pathway and 
by depleting  � -arrestin2. In addition, PAF enhanced ERK 
phosphorylation, and this was signifi cantly inhibited by 
 � -arrestin2 depletion in VSMCs. These results support the 

siRNA were stimulated with PAF or NE (an agonist of ERK 
activation due to G protein activation), and ERK phos-
phorylations were compared. As shown in  Fig. 6C, D , PAF 
did not increase ERK phosphorylation in VSMCs trans-
fected with  � -arrestin2 siRNA, whereas P-ERK levels in 
 � -arrestin2-depleted cells were signifi cantly increased by NE 
(2  � mol/l) ( Fig. 7C, D ). In addition, PAF failed to increase 
MMP-2 activity or production in  � -arrestin2-depleted cells 
( Fig. 7E, F ).  

  Fig.   4.  Involvement of the ERK signaling pathway 
in MMP-2 activity and production enhancements by 
PAF. A: VSMCs were transfected with the indicated 
doses of ERK siRNA or NC for 24 h, and total-ERK 
(T-ERK) levels were determined by Western blot-
ting. MMP-2 activities in extracellular medium and 
protein levels were determined by gelatin zymogra-
phy (ZG) and Western blotting (WB), respectively. 
C: VSMCs were stimulated with PAF for the indi-
cated times, and levels of phosphorylated and total 
MAPKs were determined by Western blotting. E: 
VSMCs were pretreated with the indicated doses of 
AG1478 or WEB2086 for 30 min and 1 h, respec-
tively, and then stimulated with PAF for 12 h. Levels 
of P-ERK and T-ERK were determined by Western 
blotting. B, D, F: Blots on the left are quantifi ed, and 
relative intensities are expressed as the mean ± SEM 
of three to four independent experiments. * P  < 
0.05, ** P  < 0.01 versus corresponding values at time 
0 or control (Con).  ##  P  < 0.01 versus vehicle (Veh) 
controls.   

  Fig.   5.  Effects of PAF on the subcellular distributions of PAFR,  � -arrestin2, and p-ERK. VSMCs were treated 
with 1 nmol/l PAF for the indicated times, and then stained with anti  � -arrestin2 ( � -A2) (top panels, 
488 nm), anti- PAFR (A) or anti p-ERK (B) (middle panels, 594 nm). Confocal images of  � -arrestin2 were 
merged with images of PAFR (A) or p-ERK (B) on diamidino-2-phenylindole-stained images (bottom panels). 
Images are representative of fi ve to six independent experiments.   
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( 1 ). However, because the role of PAF in the progression of 
atherosclerosis is unclear, we tried to elucidate the role 
played by PAF in the production of MMPs in VSMCs. It was 
found that, extremely low PAF concentration (at 1 nmol/l) 
signifi cantly enhanced MMP-2 production in VSMCs. 

 Among MAPKs, the application of low PAF at a concen-
tration of 1 nmol/l caused a signifi cant increase in ERK 
phosphorylation, but in those of p38 MAPK or JNK  . These 
fi ndings are consistent with a report issued by Zhou, Ibe, 
and Raj ( 10 ), in which PAF at 1 nmol/l did not cause the 
phosphorylation of p38 in fetal ovine venous VSMCs. Previ-
ous studies have reported the importance of ERK pathways 
in MMP-2 production in IL-1 � -stimulated VSMCs ( 26 ), and 
in 4-hydroxynonenal-stimulated VSMCs ( 27 ). Likewise, we 
found that PAF-induced MMP-2 production was signifi -
cantly attenuated by ERK inhibition using molecular and 
pharmacological inhibitors, but not inhibitions of p38 
MAPK, JNK, calcium, and PI3K pathways, which suggests 
the ERK signaling pathway is important for PAF-induced 
MMP-2 production in VSMCs. Previously, in human vascu-
lar endothelial cells and corneal epithelial cells, ERK was 
found to play a role in the regulation of PAF-induced 
MMP-9 expression and activity via a mechanism requiring 
NF- � B activation ( 28, 29 ). However, our results showed that 
a specifi c NF- � B inhibitor did not reduce MMP-2 produc-
tion induced by PAF in VSMCs, which suggests that in-
creased MMP-2 production by PAF might be independent 
on the NF- � B pathway. Further experiments are required 
to identify the transcription factors involved in ERK-depen-
dent MMP-2 production in PAF-stimulated VSMCs. 

 The signaling mechanisms underlying ERK1/2 activa-
tion are complex and may originate from the activations 
of classical G protein-regulated effectors, from cross-talk 
between 7TMRs and receptor tyrosine kinases (including 
the EGF receptor) ( 10 ) or from  � -arrestin scaffolding 
directly on 7TMR. Gesty-Palmer et al. ( 30 ) reported that 
some differences in ERK activation are receptor and cell 
type dependent. In murine embryonic fi broblasts stably 
expressing PAR2 receptor, ERK1/2 phosphorylation was 
found to be mediated predominantly by a  � -arrestin-
dependent mechanism, but in HEK293 cells expressing 
AT1A angiotensin,  � -arrestin-dependent and G protein-
dependent mechanisms were found to contribute almost 
equally to the activation of ERK1/2. In the present study, 
PAF-induced ERK phosphorylation was signifi cantly at-
tenuated by a PAFR antagonist, but not by an EGF recep-
tor inhibitor, thus indicating the importance of PAFR for 
PAF-induced ERK phosphorylation in VSMCs. 

 The intracellular loops and C terminus of GPCRs may 
interact with arrestins. Furthermore, nonvisual arrestins 
are required for PAFR internalization after specifi c ago-
nist stimulation ( 31 ). In several G q -coupled GPCR systems, 
P-ERK is translocated to the nucleus via the G protein-
dependent pathway, whereas  � -arrestin-activated ERKs do 
not translocate to the nucleus because  � -arrestin functions 
as a scaffold for MEK1 and ERKs ( 13, 32 ). In addition, a 
reduction in the receptor- � -arrestin interaction allows the 
recycling of the internalized receptor, which allows acti-
vated ERKs to translocate to the nucleus ( 32, 33 )  . 

hypothesis that PAF enhances MMP-2 production in VSMCs 
via the  � -arrestin2-dependent activation of ERK signal-
ing pathways. 

 The primary function of VSMCs is contraction. Further-
more, VSMCs have extremely low synthetic activity and a 
low rate of proliferation ( 22 ). However, the extensive plas-
ticity of VSMCs allows them to carry out a number of func-
tions that repair blood vessels, make cells susceptible to a 
variety of stimuli, and induce phenotypic changes that 
contribute to the etiologies of cardiovascular diseases   ( 22 ). 
Because VSMC phenotypes in atherosclerotic lesions dif-
fer from those in regular media of vasculature, we pre-
pared two types of VSMCs that expressed differentiation 
markers, such as  � -SMA and calponin, at different levels. 
In line with a previous report, which showed signifi cantly 
decreased  � -SMA and calponin levels in late-passage cells 
( 23 ), the expression of  � -SMA and calponin in late-passage 
(P5) VSMCs was markedly lower than early passage cells, 
indicating that the VSMC phenotype transited from dif-
ferentiated to dedifferentiated type during passage pro-
gression. However, PAF-induced MMP-2 production in 
P5 VSMCs was similar to that in P1 VSMCs, therefore, we 
used late-passage (P5) cells in the following study. 

 MMP-2 is constitutively expressed in VSMCs in normal 
arteries, and expressionally upregulated in atherosclerotic 
arteries ( 18 ). In previous in vivo studies, MMP-2 production 
by VSMCs was found to be linked to a number of pathologi-
cal conditions, including vulnerable regions in atheroscle-
rotic plaque ( 24, 25 ). Reportedly, PAF and its metabolites 
are key factors during atherosclerotic development ( 2 ), and 
are synthesized by major proinfl ammatory cells and en-
dothelial cells localized in human atherosclerotic plaques 

  Fig.   6.  Coimmunoprecipitation of PAFRs,  � -arrestin2, and ERK 
from VSMCs. A: VSMCs were treated with 1 nmol/l PAF for 10 min. 
Cell lysates were immunoprecipitated (IP) with anti-PAFR antibody 
and pellets were immunoblotted with anti-ERK, anti-P-ERK, anti- � -
arrestin2, or anti-PAFR antibodies. B: Blots were quantifi ed relative 
to PAFR immunoprecipitated by anti-PAFR antibody, and results 
are presented as the mean ± SEM of fi ve independent experi-
ments. ** P  < 0.01 versus corresponding values at no stimulation ( � ).   
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 2009 .  Arrestin development: Emerging roles for  � -arrestins in de-
velopmental signaling pathways.    Dev. Cell   .    17   :   443 – 458 .  

    7 .  Pierce ,  K. L. ,  S.   Maudsley ,  Y.   Daaka ,  L. M.   Luttrell , and  R. J.  
 Lefkowitz .  2000 .  Role of endocytosis in the activation of the extra-
cellular signal-regulated kinase cascade by sequestering and nonse-
questering G protein-coupled receptor.    Proc. Natl. Acad. Sci. USA   .  
  97   :   1489 – 1494 .  

    8 .  Gutkind ,  J. S.   2000 .  Regulation of mitogen-activated protein kinase 
signaling networks by G protein-coupled receptors.    Sci. STKE   .   2000:  
 re1 .  

    9 .  Pierce ,  K. L. ,  R. T.   Premont , and  R. J.   Lefkowitz .  2002 .  Seven trans-
membrane receptors.    Nat. Rev. Mol. Cell Biol.     3   :   639 – 650 .  

    10 .  Zhou ,  W. ,  B. O.   Ibe , and  J. U.   Raj .  2007 .  Platelet-activating factor 
induces ovine fetal pulmonary venous smooth muscle cell prolif-
eration: role of epidermal growth factor receptor transactivation.  
  Am. J. Physiol. Heart Circ. Physiol.     292   :   H2773 – H2781 .  

    11 .  Manson ,  M. E. ,  D. A.   Corey ,  S. M.   Rymut , and  T. J.   Kelley .  2011 . 
  � -arrestin-2 regulation of the cAMP response element binding pro-
tein.    Biochemistry   .    50   :   6022 – 6029 .  

    12 .  Ge ,  L. ,  Y.   Ly ,  M.   Hollenberg , and  K.   DeFea .  2003 .  A  � -arrestin-
dependent scaffold is associated with prolonged MAPK activation 
in Pseudopodia during protease-activated receptor-2-induced chemot-
axis.    J. Biol. Chem.     278   :   34418 – 34426 .  

 In the present study, we fi rst found that in VSMCs treated 
with PAF,  � -arrestin2-bound PAFRs colocalized with P-ERK. 
Furthermore, as was expected, these complexes did not 
exhibit translocation from cytosol to the nucleus. In addi-
tion, in  � -arrestin-depleted cells, the activation of ERK by 
NE was evident, but ERK phosphorylation induced in PAF-
stimulated VSMCs was markedly attenuated. These results 
indicate that  � -arrestin2 is essential for PAF-induced ERK 
phosphorylation in VSMCs. These results are well supported 
by a previous report issued by Tohgo et al. ( 33 ), in which 
P-ERK mediated by  � -arrestin was found to be retained in 
the cytosol. 

 Taken together, we conclude that PAF-enhanced MMP-2 
production in rat aortic primary VSMCs occurs via the ac-
tivation of a  � -arrestin-dependent ERK signaling pathway. 
We believe these fi ndings provide a basis for the develop-
ment of an effi cient therapeutic strategy to suppress ath-
erosclerotic plaque instability.  

 REFERENCES 

    1 .  Stengel ,  D. ,  M.   Antonucci ,  M.   Arborati ,  D.   Hourton ,  S.   Griglio ,  M. 
J.   Chapman , and  E.   Ninio .  1997 .  Expression of the PAF receptor in 
human monocyte-derived macrophages is downregulated by oxi-
dized LDL: relevance to the infl ammatory phase of atherogenesis.  
  Arterioscler. Thromb. Vasc. Biol.     17   :   954 – 962 .  

    2 .  Nasopoulou ,  C. ,  A. B.   Tsoupras ,  H. C.   Karantonis ,  C. A.   Demopoulos , 
and  I.   Zabetakis .  2011 .  Fish polar lipids retard atherosclerosis in 

  Fig.   7.  Involvement of  � -arrestin2 in ERK phosphorylation and MMP-2 production enhancements by PAF. 
Representative Western blots (A) and confocal images (B) of  � -arrestin2 in VSMCs transfected with the indi-
cated doses of  � -arrestin2 ( � -A2) siRNA or universal NC for 24 h. C: VSMCs were transfected with  � -arrestin2 
siRNA (100 nmol/l) or NC for 24 h and then stimulated with PAF (1 nmol/l) or NE (2  � mol/l) for the in-
dicated times. Levels of P-ERK and total-ERK (T-ERK) were determined by Western blotting. D: Blots were 
quantifi ed, and results are presented as the mean ± SEM of three to fi ve independent experiments. * P  < 0.05, 
** P  < 0.01 versus corresponding values at time 0.  ##  P  < 0.01 versus the NC. E: MMP-2 activities in extracellular 
medium and protein levels were determined by gelatin zymography (ZG) and Western blotting (WB), re-
spectively. F: Quantitative results are presented as the mean ± SEM of four independent experiments. ** P  < 
0.01 versus corresponding controls (Con),  ##  P  < 0.01 versus vehicle (Veh) controls.   



2686 Journal of Lipid Research Volume 54, 2013

    13 .  Lefkowitz ,  R. J. , and  S. K.   Shenoy .  2005 .  Transduction of receptor 
signals by beta-arrestins.    Science   .    308   :   512 – 517 .  

    14 .  Vroon ,  A. ,  C. J.   Heijnen , and  A.   Kavelaars .  2006 .  GRKs and arres-
tins: regulators of migration and infl ammation.    J. Leukoc. Biol.     80   :  
 1214 – 1221 .  

    15 .  DeFea ,  K. A. ,  J.   Zalevsky ,  M. S.   Thoma ,  O.   Déry ,  R. D.   Mullins , and 
 N. W.   Bunnett .  2000 .   � -Arrestin-dependent endocytosis of protei-
nase-activated receptor 2 is required for intracellular targeting of 
activated ERK1/2.    J. Cell Biol.     148   :   1267 – 1281 .  

    16 .  Luttrell ,  L. M. ,  F. L.   Roudabush ,  E. W.   Choy ,  W. E.   Miller ,  M. E.  
 Field ,  K. L.   Pierce , and  R. J.   Lefkowitz .  2001 .  Activation and target-
ing of extracellular signal regulated kinases by  � -arrestin scaffolds.  
  Proc. Natl. Acad. Sci. USA   .    98   :   2449 – 2454 .  

    17 .  Johnson ,  J. L.   2007 .  Matrix metalloproteinases: infl uence on 
smooth muscle cells and atherosclerotic plaque stability.    Expert Rev. 
Cardiovasc. Ther.     5   :   265 – 282 .  

    18 .  Risinger ,  G. M. ,  Jr .,  T. S.   Hunt ,  D. L.   Updike ,  E. C.   Bullen , and  E. 
W.   Howard .  2006 .  Matrix metalloproteinase-2 expression by vascular 
smooth muscle cells is mediated by both stimulatory and inhibitory 
signals in response to growth factors.    J. Biol. Chem.     281   :   25915 – 25925 .  

    19 .  Shah ,  P. K. , and  Z. S.   Galis .  2001 .  Matrix metalloproteinase hypoth-
esis of plaque rupture-players keep piling up but questions remain.  
  Circulation   .    104   :   1878 – 1880 .  

    20 .  Caird ,  J. ,  C.   Napoli ,  C.   Taggart ,  M.   Farrell , and  D.   Bouchier-Hayes . 
 2006 .  Matrix metalloproteinases 2 and 9 in human atherosclerotic 
and non-atherosclerotic cerebral aneurysms.    Eur. J. Neurol.     13   :  
 1098 – 1105 .  

    21 .  Kim ,  D. H. ,  D. D.   Sarbassov ,  S. M.   Ali ,  J. E.   King ,  R. R.   Latek ,  H.  
 Erdjument-Bromage ,  P.   Tempst , and  D. M.   Sabatini .  2002 .  mTOR 
interacts with raptor to form a nutrient-sensitive complex that sig-
nals to the cell growth machinery.    Cell   .    110   :   163 – 175 .  

    22 .  Yoshida ,  T. , and  G. K.   Owens .  2005 .  Molecular determinants of vas-
cular smooth muscle cell diversity.    Circ. Res.     96   :   280 – 291 .  

    23 .  Wang ,  L. ,  J.   Zheng ,  Y.   Du ,  Y.   Huang ,  J.   Li ,  B.   Liu ,  C. J.   Liu ,  Y.   Zhu ,  Y.  
 Gao ,  Q.   Xu ,  et al .  2010 .  Cartilage oligomeric matrix protein main-
tains the contractile phenotype of vascular smooth muscle cells by 
interacting with alpha(7)beta(1) integrin.    Circ. Res.     106   :   514 – 525 .  

    24 .  Lee ,  S. J. ,  K. W.   Seo ,  M. R.   Yun ,  S. S.   Bae ,  W. S.   Lee ,  K. W.  
 Hong , and  C. D.   Kim .  2008 .  4-Hydroxynonenal enhances MMP-2 
production in vascular smooth muscle cells via mitochondrial 
ROS-mediated activation of the Akt/NF-kappaB signaling path-
ways.    Free Radic. Biol. Med.     45   :   1487 – 1492 .  

    25 .  Newby ,  A. C.   2006 .  Matrix metalloproteinases regulate migra-
tion, proliferation, and death of vascular smooth muscle cells by 
degrading matrix and non-matrix substrates.    Cardiovasc. Res.     69   :  
 614 – 624 .  

    26 .  Ehrlichman ,  L. K. ,  J. W.   Ford ,  K. J.   Roelofs ,  W.   Tedeschi-Filho ,  J. 
S.   Futchko ,  E.   Ramacciotti ,  J. L.   Eliason ,  P. K.   Henke , and  G. R.  
 Upchurch ,  Jr .  2010 .  Gender-dependent differential phosphory-
lation in the ERK signaling pathway is associated with increased 
MMP2 activity in rat aortic smooth muscle cells.    J. Surg. Res.     160   :  
 18 – 24 .  

    27 .  Seo ,  K. W. ,  S. J.   Lee ,  C. E.   Kim ,  M. R.   Yun ,  H. M.   Park ,  J. W.   Yun , 
 S. S.   Bae , and  C. D.   Kim .  2010 .  Participation of 5-lipoxygenase-
derived LTB 4  in 4-hydroxynonenal-enhanced MMP-2 production 
in vascular smooth muscle cells.    Atherosclerosis   .    208   :   56 – 61 .  

    28 .  Ko ,  H. M. ,  J. H.   Kang ,  J. H.   Choi ,  S. J.   Park ,  S.   Bai , and  S. Y.   Im . 
 2005 .  Platelet-activating factor induces matrix metalloproteinase-9 
expression through Ca(2+)- or PI3K-dependent signaling path-
way in a human vascular endothelial cell line.    FEBS Lett.     579   :  
 6451 – 6458 .  

    29 .  Taheri ,  F. , and  H. E.   Bazan .  2007 .  Platelet-activating factor over-
turns the transcriptional repressor disposition of Sp1 in the expres-
sion of MMP-9 in human corneal epithelial cells.    Invest. Ophthalmol. 
Vis. Sci.     48   :   1931 – 1941 .  

    30 .  Gesty-Palmer ,  D. ,  M.   Chen ,  E.   Reiter ,  S.   Ahn ,  C. D.   Nelson ,  S.   Wang , 
 A. E.   Eckhardt ,  C. L.   Cowan ,  R. F.   Spurney ,  L. M.   Luttrell ,  et al .  2006 . 
 Distinct beta-arrestin- and G protein-dependent pathways for para-
thyroid hormone receptor-stimulated ERK1/2 activation.    J. Biol. 
Chem.     281   :   10856 – 10864 .  

    31 .  Chen ,  Z. ,  D. J.   Dupré ,  C.   Le Gouill ,  M.   Rola-Pleszczynski , and  J.  
 Stanková .  2002 .  Agonist-induced internalization of the platelet-
activating factor receptor is dependent on arrestins but indepen-
dent of G-protein activation. Role of the C terminus and the (D/N)
PXXY motif.    J. Biol. Chem.     277   :   7356 – 7362 .  

    32 .  Zheng ,  H. ,  H. H.   Loh , and  P. Y.   Law .  2008 .  Beta-arrestin-dependent 
mu-opioid receptor-activated extracellular signal-regulated kinases 
(ERKs) translocate to nucleus in contrast to G protein-dependent 
ERK activation.    Mol. Pharmacol.     73   :   178 – 190 .  

    33 .  Tohgo ,  A. ,  K. L.   Pierce ,  E. W.   Choy ,  R. J.   Lefkowitz , and  L. M.  
 Luttrell .  2002 .  beta-Arrestin scaffolding of the ERK cascade en-
hances cytosolic ERK activity but inhibits ERK-mediated transcrip-
tion following angiotensin AT1a receptor stimulation.    J. Biol. Chem.   
  277   :   9429 – 9436 .         


