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Aim: To investigate the signaling pathways involved in thrombin-induced connective tissue growth factor (CTGF) expression in rat vascu-
lar smooth muscle cells (VSMCs).  
Methods: Experiments were preformed on primary rat aortic smooth muscle cells (RASMCs) and a rat VSMC line (A10).  CTGF protein 
levels were measured using Western blotting.  Luciferase reporter genes and dominant negative mutants (DNs) were used to investi-
gate the signaling pathways mediating the induction of CTGF expression by thrombin.
Results: Thrombin (0.3–3.0 U/mL) caused a concentration- and time-dependent increase in CTGF expression in both RASMCs and A10 
cells.  Pretreating A10 cells with the protease-activated receptor 1 (PAR-1) antagonist SCH79797 (0.1 µmol/L) significantly blocked 
thrombin-induced CTGF expression, while the PAR-4 antagonist tcY-NH2 (30 µmol/L) had no effect.  The PAR-1 agonist SFLLRN-NH2 
(300 µmol/L) induced CTGF expression, while the PAR-4 agonist GYPGQV-NH2 (300 µmol/L) had no effect.  Thrombin (1 U/mL) caused 
time-dependent phosphorylation of c-Jun N-terminal kinase (JNK).  Pretreating with the JNK inhibitor SP600125 (3–30 µmol/L) or 
transfection with DNs of JNK1/2 significantly attenuated thrombin-induced CTGF expression.  Thrombin (0.3–3.0 U/mL) increased 
activator protein-1 (AP-1)-luciferase activity, which was inhibited by the JNK inhibitor SP600125.  The AP-1 inhibitor curcumin (1–10 
µmol/L) concentration-dependently attenuated thrombin-induced CTGF expression.
Conclusion: Thrombin acts on PAR-1 to activate the JNK signaling pathway, which in turn initiates AP-1 activation and ultimately 
induces CTGF expression in VSMCs.
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Introduction
Thrombin, a serine protease, has been studied for its pleio-
tropic actions beyond hemostasis[1].  The biological actions of 
thrombin in tissues and cells are mostly transduced by the 
protease-activated receptors (PARs), a family of G protein-
coupled receptors.  At present, 4 different PARs (PAR1–4) 
have been cloned.  PAR-1, PAR-3, and PAR-4 are activated 
by thrombin, whereas PAR-2 is activated by tryptase[2].  

Thrombin is implicated in the process of vascular remodelling 
in atherosclerosis and restenosis[3].  Thrombin can stimulate 
the formation of collagen in a PAR-1-dependent mechanism 
in vascular smooth muscle cells (VSMCs)[4].  Connective tis-
sue growth factor (CTGF) is a recently identified profibrotic 
agent.  It is an immediate-early gene and belongs to the CCN 
family [Cyr61 (CCN1), CTGF (CCN2), Nov (CCN3), Wisp-1/
elm1 (CCN4), Wisp-2/rCop1 (CCN5), and Wisp-3 (CCN6)] 
of growth factors[5].  The CTGF protein is a 38-kDa cysteine-
rich, heparin-binding, secreted protein initially identified in 
the conditioned medium of cultured endothelial cells[6].  It is 
expressed by many human organs and is involved in vari-
ous biological functions, including embryonic development, 
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wound repair, and angiogenesis[7].  CTGF has been implicated 
in a variety of cardiovascular pathophysiological conditions.  
CTGF is overexpressed in human atherosclerotic lesions[8].  It 
has been proved to be a mediator of angiotensin II-induced 
fibrosis in VSMCs[9].  Transforming growth factor-β, endothe-
lin-1, and homocysteine can regulate CTGF expression in 
VSMCs[10–12].  However, the role of thrombin in the induction 
of CTGF expression in VSMCs has not been reported.  The 
promoter region of the human CTGF gene contains binding 
sites for multiple transcription factors.  These transcription 
factors include activator protein-1 (AP-1), STAT, SMAD, basal 
control element (BCE) 1, NF-κB, specificity protein 1 (Sp1), 
and Elk-1[13, 14].  Therefore, we hypothesized that thrombin can 
induce CTGF expression in VSMCs and its signaling pathways 
involve PAR-1, mitogen-activated protein kinases (MAPKs), 
and AP-1.  In the present study, we demonstrated that 
thrombin acts on PAR-1 to activate the JNK signaling path-
way, which in turn initiates AP-1 activation and ultimately 
induces CTGF expression in VSMCs.

Materials and methods
Materials
Thrombin (from bovine plasma), SCH79797, curcumin, actino-
mycin D (ActD), and cycloheximide (CHX) were purchased 
from Sigma-Aldrich (St Louis, MO, USA).  SFLLRN-NH2 and 
GYPGQV-NH2 were purchased from Bachem Americas (Tor-
rance, CA, USA).  The human CTGF promoter (-747/+214) 
luciferase construct (pGL3-CTGF-Luc) was provided by 
Dr ML KUO (National Taiwan University, Taipei, Taiwan, 
China).  JNK1 dominant-negative mutant (DN), JNK2DN[15], 
and pcDNA were provided by Dr MC CHEN (Taipei Medical 
University, Taipei, Taiwan, China).  pBK-CMV-LacZ (LacZ) 
was provided by Dr WW LIN (National Taiwan University, 
Taipei, Taiwan, China).  Dulbecco’s modified Eagle’s medium 
(DMEM), fetal calf serum (FCS), penicillin/streptomycin, 
sodium pyruvate, L-glutamine, nonessential amino acids 
(NEAAs), and Lipofectamine Plus reagent were purchased 
from Invitrogen (Carlsbad, CA, USA).  An antibody (Ab) spe-
cific for α-tubulin was purchased from Novus Biologicals (Lit-
tleton, CO, USA).  Abs specific for CTGF, phospho-c-Jun N-ter-
minal kinase (JNK), and anti-mouse, anti-rabbit, and anti-goat 
IgG-conjugated horseradish peroxidase were purchased from 
Santa Cruz Biotechnology (Santa Cruz, CA, USA).  SP600125 
and tcY-NH2 were purchased from Tocris Bioscience (Ellisville, 
MO, USA).  The AP-1-luciferase plasmid was purchased from 
Stratagene (La Jolla, CA, USA).  All materials for SDS-PAGE 
were purchased from Bio-Rad (Hercules, CA, USA).  All other 

chemicals were obtained from Sigma-Aldrich.

Cell culture
Primary rat aortic smooth muscle cells (RASMCs) were 
obtained from Cell Applications, Inc (San Diego, CA, USA) 
and maintained in growth media at 37 °C in a humidified 
atmosphere containing 95% air and 5% CO2.  Cells were used 
from passage 2 through passage 5.  A VSMC line (A10) from 
the embryonic rat thoracic aorta was obtained from the Ameri-

can Type Culture Collection (Manassas, VA, USA).  The cells 
were grown in DMEM nutrient mixture containing 10% FCS, 2 
mmol/L L-glutamine, 0.1 mmol/L NEAA, 1 mmol/L sodium 
pyruvate, 50 U/mL penicillin G, and 100 µg/mL streptomycin 
in a humidified 37 °C incubator with 5% CO2.  Cells were used 
between passages 18 and 30 for all experiments.  After reach-
ing confluence, cells were seeded onto 6-cm dishes for cell 
transfection and immunoblotting and onto 12-well plates for 
cell transfection and luciferase assays.

Western blot analysis 
Western blot analyses were performed as described previ-
ously[16].  In brief, A10 cells were cultured in 6-cm dishes.  
After reaching confluence, cells were treated with the vehicle 

and thrombin or pretreated with specific inhibitors as indi-
cated followed by thrombin.  Whole-cell lysates (50 µg) were 

subjected to SDS-PAGE and transferred onto a polyvinylidene 

difluoride membrane that was then incubated in TBST buffer 

(150 mmol/L NaCl, 20 mmol/L Tris-HCl, and 0.02% Tween 
20; pH 7.4) containing 5% BSA.  Proteins were visualized using 
specific primary Abs and then incubated with HRP-conjugated 
secondary Abs.  The immunoreactivity was detected using the 
enhanced chemiluminescence (ECL) system according to the 
manufacturer’s instructions.  Quantitative data were obtained 
using a computing densitometer with scientific imaging sys-
tems (Kodak, Rochester, NY, USA).

Transfection and CTGF-luciferase assays
A10 cells (5×104 cells/well) were seeded onto 12-well plates, 
and were transfected the following day using Lipofectamine 
Plus with 0.5 µg of CTGF-luciferase plasmid, 0.8 µg of AP-1-
luciferase plasmid, 1 µg of JNK1DN, or 1 µg of JNK2DN.  
Cells were also cotransfected with 0.2 µg of LacZ.  After 6 h, 
the medium was aspirated and replaced with basal medium 
devoid of FCS overnight, and cells were stimulated with 
thrombin for another 16 h before being harvested.  To assess 
the effects of the indicated inhibitors, drugs were added to 
cells 30 min before thrombin addition.  Luciferase activity was 
determined and normalized on the basis of LacZ expression.  
The level of induction of luciferase activity was computed as 
the ratio of cells with and without stimulation.  

Statistical analysis
Continuous variables are presented as the mean±SEM.  Inter-
group differences were analyzed by 1-way ANOVA for com-
parisons among 3 or more groups and the independent Stu-
dent’s t-test for comparisons between 2 groups.  A probability 
value < 0.05 was regarded as significant.  

Results
Thrombin induces CTGF expression
Incubation of the RASMC with thrombin (0.3–3 U/mL) for 
4 h induced CTGF protein expression in a concentration-
dependent manner, with maximum effects after 1 U/mL 
thrombin treatment (Figure 1A).  The thrombin (1 U/mL)-
induced increases in CTGF expression were time-dependent 
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with a maximal effect at 4 h (Figure 1B).  Incubation of the A10 
cell line, a rat VSMC cell line, with thrombin (0.3–3 U/mL) for 
2 h also induced CTGF protein expression in a concentration-
dependent manner, with maximum effects after 1 U/mL 
thrombin treatment (Figure 1C).  The thrombin (1 U/mL)-
induced increases in CTGF expression were time-dependent 
(Figure 1D).  The induction of CTGF protein began by 1 h 
after treatment, reached a maximum at 2 h, and then gradu-
ally diminished to 8 h after thrombin treatment (Figure 1D).  
Thrombin-induced CTGF expression obtained from A10 cells 
was similar to that of the primary RASMC response.  There-
fore, we used A10 cells in further studies.  A10 cells were tran-
siently transfected with a CTGF-luciferase plasmid.  As shown 
in Figure 1E, A10 cells treated with thrombin (0.3–3 U/mL) for 
16 h exhibited a 302%±19% (n=3) increase in CTGF-luciferase 
activity.  In the following experiments, A10 cells were treated 

with 1 U/mL thrombin for 2 h.  A10 cells were pretreated with 

either ActD (a transcriptional inhibitor) or CHX (a transla-
tional inhibitor) and then treated with 1 U/mL thrombin.  As 
a result, thrombin-induced elevation of CTGF expression was 
almost completely inhibited by ActD (1, 3, and 10 µmol/L) and 
CHX (1, 3, and 10 µmol/L) (n=3 in each group) (Figures 2A 
and 2B).  These results suggest that the increase in CTGF pro-
tein level in A10 cells responsive to thrombin was dependent 
on de novo transcription and translation.  

Involvement of PAR-1 in thrombin-induced CTGF expression
To identify the PARs involved in thrombin-induced CTGF 
expression, the PAR-1 antagonist SCH79797 and PAR-4 antag-
onist tcY-NH2 were tested.  As shown in Figure 3A, pretreat-
ing A10 cells with SCH79797 (0.1 µmol/L) inhibited thrombin-
induced CTGF expression by 83%±22%, while tcY-NH2 (30 

Figure 1.  Thrombin-induced increases in CTGF expression and CTGF-luciferase activity 
in primary RASMCs and A10 cells.  RASMCs were incubated with various concentrations 
of thrombin for 4 h (A) or with 1 U/mL thrombin for the indicated time intervals (B).  A10 
cells were incubated with various concentrations of thrombin for 2 h (C) or with 1 U/mL 
thrombin for the indicated time intervals (D).  Cells were lysed and then immunoblot-
ted with Abs specific for CTGF or α-tubulin.  Data are presented as mean±SEM.  n=3.  
bP<0.05, cP<0.01 vs basal level.  (E) A10 cells were transiently transfected with 0.5 µg of 
CTGF-luciferase plasmid and 0.2 µg of LacZ for 6 h and then stimulated with 0.3–3 U/mL 
thrombin for 16 h.  Cells were harvested for the luciferase activity assay.  Data are pre-
sented as mean±SEM.  n=3.  cP<0.01 vs untreated cells. 
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µmol/L) had no effect (n=3; Figure 3B).  Moreover, treatment 
of A10 cells with the PAR-1 agonist peptide SFLLRN-NH2 (300 
µmol/L) also resulted in a 391%±117% (n=3) increase in CTGF 
expression, whereas the PAR-4 agonist peptide GYPGQV-NH2 
(300 µmol/L) had no effect (n=3; Figure 3C).  These results 
suggest that thrombin-mediated CTGF expression in A10 cells 
may occur via activation of PAR-1, but not PAR-4, signaling.

JNK is involved in thrombin-induced CTGF expression
We next attempted to determine whether JNK signaling 
events are involved in thrombin-induced CTGF expression 
by using SP600125, a specific inhibitor of JNK[17].  As shown 
in Figure 4A, thrombin-induced CTGF expression was con-
centration-dependently attenuated by pretreating A10 cells 
with SP600125 (3–30 µmol/L).  Pretreating A10 cells with 30 
µmol/L SP600125 completely inhibited thrombin-induced 

CTGF expression (n=3).  We then examined whether thrombin 
could activate JNK.  Treating A10 cells with 1 U/mL thrombin 
resulted in a time-dependent phosphorylation of JNK.  The 
phosphorylation of JNK was maximal at 3–5 min and returned 
to basal level after 30 min of thrombin treatment (Figure 4B).  

To further confirm that JNK mediates thrombin-induced CTGF 
expression JNK1DN and JNK2DN were used.  As shown in 
Figure 4C, transfection of A10 cells with 1 µg of JNK1DN and 

Figure 2.  Effects of ActD and CHX on CTGF expression induced by 
thrombin.  A10 cells were pretreated for 30 min with ActD (1–10 µmol/L) (A) 
or CHX (1–10 µmol/L) (B) and then stimulated with 1 U/mL thrombin for 
another 2 h.  Cell lysates were prepared and then immunoblotted with Abs 
specific for CTGF or α-tubulin.  Data are presented as mean±SEM.  n=3.  

bP<0.05 vs control.  eP<0.05 vs the thrombin treatment group.

Figure 3.  Involvement of PAR-1 in thrombin-induced CTGF expression in 
A10 cells.  Cells were pretreated with 0.1 µmol/L SCH79797 (A) or 30 
µmol/L tcY-NH2 (B) for 30 min and then stimulated with 1 U/mL thrombin 
for another 2 h.  Cell lysates were prepared and then immunoblotted with 
Abs specific for CTGF or α-tubulin.  Data are presented as mean±SEM.  
n=3.  bP<0.05 vs control; eP<0.05 vs the thrombin treatment group.  (C) 
Cells were incubated with 1 U/mL thrombin, 300 µmol/L SFLLRN-NH2 
(a PAR-1 agonist), or 300 µmol/L GYPGQV-NH2 (a PAR-4 agonist) for 2 h.  
Cells were lysed and then immunoblotted with Abs specific for CTGF or 
α-tubulin.  Data are presented as mean±SEM.  n=3.  bP<0.05 vs control.
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JNK2DN, respectively, inhibited thrombin-induced CTGF 
expression by 86%±21% and 90%±25% (n=3).

AP-1 mediates thrombin-induced CTGF expression
Next, we explored the role of AP-1 in thrombin-induced CTGF 
expression by using the AP-1 inhibitor curcumin[18].  As shown 

in Figure 5A, thrombin-induced CTGF expression was mark-

Figure 4.  JNK is involved in thrombin-induced CTGF expression in A10 
cells.  (A) Cells were pretreated with various concentrations (3–30 µmol/L) 
of SP600125 for 30 min and then stimulated with 1 U/mL thrombin for 
another 2 h.  Cells were lysed and then immunoblotted with Abs specific 
for CTGF or α-tubulin.  Data are presented as mean±SEM.  n=3.  bP<0.05 
vs control.  eP<0.05 vs the thrombin treatment group.  (B) Cells were 
treated with 1 U/mL thrombin for different time intervals.  Cell lysates 
were prepared and then immunoblotted with Abs specific for phospho-JNK 
or JNK.  Data are presented as mean±SEM.  n=3.  bP<0.05 vs basal level.  
(C) Cells were transiently transfected with 1 µg of JNK1DN or JNK2DN for 
6 h and then stimulated with 1 U/mL thrombin for another 2 h.  Cells were 
lysed and then immunoblotted with Abs specific for CTGF or α-tubulin.  
Data are presented as mean±SEM.  n=3.  bP<0.05 vs the mock group; 
eP<0.05 vs the thrombin treatment group.

Figure 5.  Involvement of AP-1 in thrombin-induced CTGF expression in 
A10 cells.  (A) Cells were pretreated with various concentrations (1–10 
µmol/L) of curcumin for 30 min and then stimulated with 1 U/mL 
thrombin for another 2 h.  Cells were lysed and then immunoblotted with 
Abs specific for CTGF or α-tubulin.  Data are presented as mean±SEM.  
n=3.  bP<0.05 vs control; eP<0.05 vs the thrombin treatment group.  (B) 
Cells were transiently transfected with 0.8 µg of AP-1-luciferase plasmid 
and 0.2 µg of LacZ for 4 h and then stimulated with 0.3–3 U/mL thrombin 
for 16 h.  Cells were harvested for the luciferase activity assay.  Data are 
presented as mean±SEM.  n=3.  bP<0.05 vs control.  (C) Cells were tran-
siently transfected with 0.8 µg of AP-1-luciferase plasmid and 0.2 µg of 
LacZ for 4 h and then were pretreated with various concentrations (3–30 
µmol/L) of SP600125 for 30 min.  The cells were then stimulated with 
3 U/mL thrombin for 16 h.  Cells were harvested for the luciferase activ-
ity assay.  Data are presented as mean±SEM.  n=3.  bP<0.05 vs control.  
eP<0.05 vs the thrombin treatment group.
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edly attenuated by pretreating A10 cells with curcumin (1–10 
µmol/L) in a concentration-dependent manner.  Curcumin at 
10 µmol/L completely suppressed thrombin-induced CTGF 
expression (n=3).  To further confirm that AP-1 is involved 
in thrombin-induced CTGF expression, transient transfection 
was performed using the AP-1-luciferase reporter plasmids.  
Exposure to thrombin (0.3–3 U/mL) led to a concentration-
dependent increase in AP-1-luciferase activity in A10 cells.  
There was a 101%±23% increase in AP-1-luciferase activity 
after treatment with 3 U/mL thrombin for 16 h (Figure 5B).  
To further confirm that thrombin-induced AP-1-luciferase 
activity occurs via JNK pathways, we used the JNK inhibitor.  
As shown in Figure 5C, pretreating A10 cells with SP600125 
(3–30 µmol/L) exhibited decreases in thrombin-induced AP-1-
luciferase activity (n=3 in each group).

Discussion
In this study, we found for the first time that in VSMCs 
thrombin acts on PAR-1 to activate the JNK signaling path-
way, which in turn initiates AP-1 activation and ultimately 
induces CTGF expression.  Thrombin is a serine protease that 
is generated by cleavage of its inactive precursor prothrombin.  
Thrombin converts the monomer fibrinogen to insoluble fibrin, 
in addition to activating other clotting factors V, VIII, and XIII, 
thus facilitating thrombus formation[19].  However, more than 
95% of thrombus-associated thrombin is formed after clotting 
is complete and is continuously released by mural thrombi[20].  
Endothelial injury allows thrombin to have direct contact with 
the subendothelial VSMCs.  Tissue factor presented by VSMCs 
can further trigger the formation of thrombin[21].  Therefore, 
subendothelial VSMCs may be exposed to high levels of 
thrombin continuously.  Subsequently, activation of PAR-1 in 
VSMCs by thrombin causes the activation of several pathways, 
including calcium signaling, proliferation, cytoskeletal rear-
rangement, contraction, and extracellular matrix synthesis[4, 22].  

CTGF gene is highly conserved among species[7].  The CTGF 
primary translational product is more than 90% conserved 
in mammals[23].  The expression patterns of CTGF in RASMC 
and A10 cells were similar to that in human lung fibroblasts 
in our previous study[15].  The similar expression pattern of 
CTGF was also found in human umbilical vein smooth muscle 
cells[12] and in human aortic smooth muscle cells[24].   Because 
the expression pattern was similar in rat and human VSMCs, 
we used A10 cells in this study that focused on the signal-
ing pathways involving CTGF expression.  CTGF has been 
suggested to play an important role in the development and 
progression of atherosclerosis through its paracrine effects[25].  
CTGF is a mitogenic and chemotactic factor for VSMCs and 
stimulates extracellular matrix production[26].  CTGF also stim-
ulates the expression of matrix metalloproteinase (MMP)-2[27].  
It is possible that CTGF overexpressed in advanced athero-
sclerotic plaques may contribute to plaque destabilization[25].  
Atherosclerotic plaques are composed of a lipid-rich core, a 
cap of fibrous tissue, VSMCs, connective tissue extracellular 
matrix, and inflammatory cells.  Plaque disruption may result 
in mural thrombi.  Such thrombi may be the main contribu-

tor of progression of atherosclerosis[28].  In our present study, 
we found that thrombin could induce CTGF expression in 
VSMCs.  This suggested that CTGF might play a role in the 
pathogenesis of atherothrombosis.

PARs play crucial roles in coagulation and vascular homeo-
stasis[29].  Overexpression of PAR-1 has been found in the 
VSMCs from thickening intimas of human atherosclerotic 
arteries[30].  Although subtypes of thrombin-responsive PARs, 
PAR-1, PAR-3, and PAR-4, are present and functionally active 
in VSMCs, PAR-1 has the highest affinity for thrombin[31].  
PAR-1 is the prototypic thrombin receptor and the main iso-
form involved in VSMC neointimal formation and restenosis 
in vivo[32], whereas PAR-3 appears to function as a cofactor for 
PAR-4[33].  In this study, we found that a PAR-1 antagonist 
(SCH79797) significantly inhibited thrombin-induced CTGF 
expression, while a PAR-4 antagonist (tcY-NH2) had no effect.  
We also demonstrated that a PAR-1 agonist (SFLLRN-NH2) 
induced CTGF expression, while a PAR-4 agonist (GYPGQV-
NH2) had no effect.  These results suggest that PAR-1, but not 
PAR-4, is responsible for thrombin-induced CTGF expression 
in A10 cells.

MAPKs, composed of ERK, JNK, and p38 MAPK, are 
serine/threonine kinases that play a critical role in cell dif-
ferentiation, growth, apoptosis, and the regulation of vari-
ous transcription factors and gene expression[34].  MAPKs are 
significantly activated in vascular tissues by hypertension, 
angiotensin II, or balloon injury[35].  MAPK also participate in 
platelet-derived growth factor-induced vascular proliferation, 
migration, and gene expression[36].  The JNK cascade plays an 
important role in a variety of physiological and pathological 
processes such as cell apoptosis, the inflammatory response, 
and cytokine production[37].  Activation of JNK family activity 
is suggested to be involved in atherosclerosis.  JNK activation 
was shown using atherosclerosis prone ApoE knockout mice 
and a high cholesterol diet[38].  JNK2 knockout mice were pro-
tected from the development of abdominal aortic aneurysm 
through a reduction in tissue breakdown and enhanced tis-
sue repair[39].  In this study, we found that thrombin-induced 
CTGF expression was concentration-dependently attenuated 
by a JNK inhibitor (SP600125).  Furthermore, thrombin caused 
a time-dependent phosphorylation of JNK.  These results sug-
gest that JNK is involved in thrombin-induced CTGF expres-
sion in VSMCs.  This was further confirmed by transfection 
of A10 cells with JNK1DN and JNK2DN, which inhibited 
thrombin-induced CTGF expression.  In addition, specific 
knockdown of JNK expression by using RNA interference 
would be also an appropriate method to study JNK signaling.  
A limitation of this study was that we did not perform RNA 
interference studies.

The promoter region of the human CTGF gene contains 
multiple transcription factor-binding sites, including those for 
AP-1, STAT, SMAD, BCE-1, NF-κB, Sp1, and Elk-1[13].  AP-1 is 
one of the main transcription factors activated by MAPK, and 
it plays a central role in a variety of cellular responses[40].  In 
our previous report, we found that thrombin-induced CTGF 
expression required the JNK and AP-1 pathway in human 
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lung fibroblasts[15].  In the present study, we demonstrated 
that AP-1 is involved in thrombin-induced CTGF expression 
in VSMCs by using an AP-1 inhibitor and the luciferase activ-
ity.  We also demonstrated that thrombin-induced increase 
in AP-1-luciferase activity was inhibited by a JNK inhibitor.  
These results suggest that thrombin-induced AP-1 activation 
occurs via the JNK pathway.  Nevertheless, one of the limi-
tations of our study was that we did not directly assess the 
binding of AP-1 to CTGF promoter by using chromatin immu-
noprecipitation or electrophoretic mobility shift assay.  In 
addition to this important JNK/AP-1 pathway, thrombin may 
act upon VSMCs through several other signaling pathways.  
Thrombin enhanced VSMC proliferation through epidermal 
growth factor receptor, ERK, and AP-1 pathways[41].  Throm-
bin also stimulated VSMC migration through an ROS-sensitive 
p38 MAPK pathway[42].

Much evidence suggests that thrombin acts as a powerful 
modulator in the progression of atherosclerosis[43].  Overex-
pression of CTGF has been found in atherosclerotic carotid 
arteries and in the aortic wall from patient with thoracic aortic 
dissection[8, 44].  Based on the result of this study, together with 
evidence from clinical specimens, it might suggest that CTGF 
is one of the mediators in the progression of atherosclerosis[44].  
There are many new and emerging antithrombotic agents 
including PAR-1 antagonists, thrombin inhibitors, etc[45, 46].  The 
direct thrombin inhibitor, dabigatran, could prevent thrombin-
induced cleavage of the extracellular N-terminal domain of 
PAR-1[47].  It may have clinical significance to study further the 
effects of the new antithrombotic agents on CTGF expression 
and atherosclerosis.  

In conclusion, our results demonstrate for the first time that 
thrombin acts on PAR-1 to activate the JNK signaling path-
way, which in turn initiates AP-1 activation and ultimately 
induces CTGF expression in VSMC.  Our results provide a 
mechanism linking thrombin and the profibrotic protein CTGF 
and may provide an insight into the pathogenesis of athero-
thrombosis.  
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