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Abstract
Purpose: To investigate the mechanisms by which PD98059 and LY294002 interfere with the 
abnormal deposition of extracellular matrix regulated by connective tissue growth factor (CTGF) 
of rat pulmonary artery smooth muscle cells (PASMCs). 
Methods: Rat PASMCs were cultured and separated into a control group. Real-time fluorescence 
quantitative PCR was performed to detect the expression of collagen III and fibronectin mRNA. 
Immunohistochemistry and western blot analyses were performed to detect the expression of 
collagen III protein.
Results: The expression of collagen III and fibronectin mRNA was greater in PASMCs stimulated 
with CTGF for 48 h, than in the control group. After 72h of stimulation, the expression of 
collagen III protein in the PASMCs was greater than in the control. The equivalent gene and 
protein expression of the CPL group were much more significant.
Conclusions: CTGF can stimulate the gene expression of collagen III and fibronectin in PASMCs, 
which may be one of the factors that promote pulmonary vascular remodeling (PVR) under 
the conditions of pulmonary arterial hypertension (PAH). PD98059 and LY294002 can inhibit 
the ERK1/2 and PI3K/PKB signaling pathways, respectively, thus interfering with the biological 
effects of CTGF. This may be a new way to reduce PAH-PVR.
Key words: Connective Tissue Growth Factor. Pulmonary Artery. Muscle Cells. Extracellular 
Matrix. Rats.
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of Helsinki. This study was conducted with 
approval from the Ethics Committee of the 
Affiliated Hospital of Southwest Medical 
University. Written informed consent was 
obtained from all participants. 
 The pulmonary artery was then 
extracted, the fibrous tunica externa dissected 
and the runica intima stripped. The myogenous 
tissues of the vascular middle layer of the artery 
were then cut into 1 mm³ tissue blocks, and 
seeded into the culture flasks with the density 
as 1cm-2. After 2 h wall-adherent cultivation at 
37°C and 5% CO2, M199 medium containing 
10% fetal bovine serum (FBS) was added. A 
week later, cells had grown outwards from 
the tissue blocks; when the growth covered 
70% of the area of the base of the vessel, the 
culture was passaged. The 3rd-generation 
cells were taken for slice culturing and an 
immunohistochemical method was performed 
to detect the expression of cellular α-SMA and 
to confirm the purity of the PASMCs.
 The PASMCs were then divided into 
five groups and cultured in M199 medium 
containing different additional components, 
and for 48 h and 72 h. The control group was 
cultivated in M199 medium with 10% FBS. 
Indeed, in this study, the control group is 
negative control. The CTGF group with 10% 
FBS + 50 ng/ml CTGF (PeproTech, USA), the 
CP group with 10% FBS + 50 ng/ml CTGF + 20 
μmol/L PD98059 (Sigma, USA), the CL group 
with 10% FBS + 50 ng/ml CTGF + 10 μmol/L 
LY294002 (Sigma, USA) and the CPL group 
with 10% FBS + 50 ng/ml CTGF + 20 μmol/L 
PD98059 + 10 μmol/L LY294002.

RT-PCR

 For the RT-PCR, the cDNA sequences 
of rat collagen III, fibronectin and β-actin were 
downloaded from NCBI gene database, then 
the Primer Premier 5 software was used to 
design appropriate PCR primers. The primer 
sequences were in the Table 1.

 ■ Introduction

 The pathological feature of 
Pulmonary arterial hypertension (PAH) 
is pulmonary vascular remodeling (PVR) 
in which dysfunction of endothelial cells, 
neointimal formation, pulmonary arterial 
smooth muscle cells (PASMCs) proliferation, 
and the abnormal deposition of extracellular 
matrix (ECM) play important roles.Previous 
studies have found that the PASMCs can 
produce large amounts of ECM when 
stimulated by various unusual factors1-4. 
Connective tissue growth factor (CTGF) is an 
bioactive factor that was recently discovered 
to be closely associated with the abnormal 
deposition of ECM. Studies had shown that 
the gene and protein expression of CTGF is 
significantly higher in the PASMCs of a PAH 
animal model5. This suggests that CTGF 
may be a factor that can promote abnormal 
ECM deposition by PASMCs. The effects of 
extracellular regulation kinase (ERK1/2) and 
inositol trisphosphate kinase (PI3K/PKB) 
signal pathways play important roles in the 
proliferation of a variety of cell types and the 
expression of several genes in various cells 
types from in vivo studies6-8. In this study rat 
PASMCs were cultured with CTGF in vitro, 
and then interfere with PD98059 or/and 
LY294002 to observe the roles of the ERK1/2 
and PI3K/PKB signaling pathways in CTGF-
regulated ECM deposition, with the aim of 
investigating the pathogenetic mechanisms 
of PAH-PVR.

 ■ Methods

Culture and identification of PASMC

 Healthy male Sprague Dawley rats 
(approximately 120g) were killed by using 
a neck-breaking method. This study was 
conducted in accordance with the declaration 
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 After cultivation for 48 h, the cellular 
total RNA was isolated and extracted by using 
a Trizol method (Invitrogen, USA). Then 1 
μg total RNA was used as the template for 
reverse transcription using a Revert Aid ™ First 
Strand cDNA Synthesis Kit, where the reaction 
parameters were: 20°C for 10 min, 42°C for 
60 min, 70°C for 10 min. One microliter of 
the cDNA reverse transcription product was 
then used to perform a quantitative PCR by 
the RT-qPCR method, where 45 cycles with 
the following parameters were performed: 
94°C for 2 min, 94 °C for 30 s, 55°C for 30 s, 
72°C for 40 s. During the calculation of the 
expression of target genes, the endogenous 
housekeeping gene β-actin was selected as an 
internal standard. The comparative threshold 
method was used to calculate the expression 
level (the relative expression of the target 
gene=2-ΔΔCt), then the relative initial amounts 
of each sample were calculated. The relative 
expression value was used to determine 
the difference in the expression of a target 
gene between the experimental group and 
the control group, as this method directly 
quantifies the target gene expression relative 
to that of the housekeeping gene.

Immunohistochemical staining

 The cells in the logarithmic growth 
phase were seeded into 6-well plates for the 
slice climbing. After wall-adherent culture 

for 24 h, the culture media were changed 
according to the experimental grouping and 
incubated for a further 48 h or 72 h, at which 
point the collagen III immunohistochemical 
staining was carried out. The images of 
the stained cells were processed using the 
Photoshop 10.0 (Adobe Systems; Mountain 
View, CA, USA) image processing software, 
using five randomly located sites inside the 
stained cytoplasm for measuring the R-value9 
on one colony. There are 5 different colonies 
used for analysis. The smaller the mean R 
value, the deeper the staining, and the greater 
the protein expression.

Western blot

 Plasma proteins were extracted from 
cell lysates, and 20 μg of these proteins were 
added into each lane of a 6% SDS-PAGE gel, 
the proteins were then electrically transferred 
onto a polyvinylidene difluoride (PVDF) 
membrane; after blocking at 37°C for 1h, the 
monoclonal primary antibody of collagen 
III (1:50; Santa Cruz, United States) was 
added prior to overnight incubation at 4°C. 
The membrane was then rinsed thoroughly 
with TBS, and horseradish peroxidase-
coated goat anti-mouse secondary antibody 
(1:500; Beyotime, Shanghai, China) was 
added prior to incubation for 1 h at 37°C. A 
chemiluminescence method was used to 
detect the presence of protein-antibody 

Table 1 - The primer sequences.

gene primer sequence

collagen III forward: 5'-GTCCTGCTGGTCCTATTGGT-3',
reverse: 5'-CACC ATTCTGCCCAGGAGCA-3'.
fibronectin forward: 5'-CCATTGCAAATCGCTGCCAT-3'; 
reverse: 5'-AACATTTCTCAGCTATTGGCTT-3'. 
β-actin forward: 5'-GAAGATCAAGATCATTGCTCCT-3;' 
reverse: 5'-TACTCCTGCTTGCTGATCCA-3'.
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complexes by using a gel imaging system 
(Fujifilm, Tokyo, Japan). The Quantity One 
(Bio-Rad, China) analysis software was then 
used to scan the gray values of the various 
bands to calculate the relative expression 
levels of the various proteins relative to the 
internal standard (Tubulin).

Statistical analysis

 The SPSS 15.0 software was used for 
the statistical analysis. The measurement 
data were expressed as a mean and standard 
deviation. A single-factor analysis of variance 
was performed, and a pairwise comparison of 
intergroup means was performed using the 
LSD method, where p<0.05 was considered to 
indicate statistical significance.

 ■ Results

Culture and identification of PASMC

 Under an inverted phase contrast 

microscope, the cells were observed to be 
fusiform, with the nuclei being rod-shaped or 
oval, and with two or more nucleoli. The cells 
grew in parallel and were arranged in bundles, 
exhibiting a typical “trough-like” growth 
pattern. The results of immunohistochemical 
staining showed that >95% of cells were α-SMA 
positive, suggesting that they were PASMCs.

Expression of collagen III and fibronectin 
mRNA

 After cultivation for 48 h (Figure 
1) the expression levels of collagen III and 
fibronectin mRNA of the CTGF group were 
greater than those of the control group, and 
the differences were statistically significant 
(P=0.012). The expression levels of collagen III 
and fibronectin mRNA of the CP group, the CL 
group and the CPL group were lower by various 
degrees than those of the CTGF group. Among 
these differences, the difference between CPL 
and CTGF had the highest significance, and all 
the differences were statistically significant 
(Table 2).

Figure 1 - Electrophoresis of Collagen III, Fibronectin. A: Electrophoresis of Collagen III gene (174 bp). B: 
Electrophoresis of Fibronectin gene (153 bp). C: Electrophoresis of internal standard (111 bp). M: Marker; 1: 
control group; 2: CTGF group; 3: CP group; 4: CL group; 5: CPL group.
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Expression of collagen III protein

 The immunohistochemical staining 
(Figure 2) showed that, after a 72-h 
intervention, the cytoplasmic staining of 
the CTGF group was much greater than that 
of the control group, while the R value was 
significantly decreased and the difference 

was statistically significant (P=0.0231; Table 
3). Secondly, the cytoplasmic staining of the 
PD98059 and LY294002 groups was slightly 
greater than that of the CTGF group, while 
that of the CPL group was slightly lower. Here 
the R values were significantly higher, and 
the differences were statistically significant 
(P=0.013).

Table 2 - Expressions of PASMC Collagen III mRNA and Fibronectin mRNA of each group (х±s, 48 
h, n=5).
Groups Collagen III/β-actin Fibronectin/β-actin
Control 1.032±0.162 1.007±0.116
CTGF 3.482±0.052# 6.802±0.056#
C 0.660±0.164* 0.311±0.057*
CL 0.691±0.103** 2.578±0.050**
CPL 0.512±0.100*** 0.871±0.066***
Note: #P<0.05, CTGF group vs. control group; *P<0.05, CP group vs. CTGF group; **P<0.05, CL group vs. CTGF group; ***P<0.05, CPL 
group vs. CTGF group.

_

Figure 2 - Immunohistochemical detection of Collagen III protein after slice climbing. A: Control group; B: 
CTGF group; C: CP group; D: CL group; E: CPL group. The positive and specific IHC signal of type III collagen 
were buffy in the cytoplasm of PASMCs convinced by the black arrows, ×400.
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 The Western-blot (Figure 3) showed 
that the specific protein was expressed near 
130kDa in size, and the protein expression 
level of the CTGF group was significantly 
greater than in the control group (P=0.0249; 
Table 3). The protein expression levels of the 
CP and CL groups were significantly lower than 
those of the CTGF group, and the CPL group 
exhibited the lowest expression of collagen 
III protein; these differences were statistically 
significant (P=0.0187).

 ■ Discussion

 PAH-PVR is characterized by the 
formation of neointimal growth, the 
proliferation and hypertrophy of PASMCs, 
and deposition of ECM, including the elastin, 
collagen and fibronectin10,11. Collagen 
and fibronectin are the important ECM 
components of the vascular wall. Collagen 
is an ECM component with multiple types, 
among which collagen I and III are the most 
important components in the skin, heart, 
blood vessels and other organs, maintaining 
their normal functioning. However, when the 
concentrations of these collagens are too high 
to be effectively decomposed by the body, 
they accumulate and cause the tissue fibration, 
which leads to the arterial hardening and, in 
severe cases, impairment of cardiopulmonary 
function, and ultimately causes loss of organ 

function. Fibronectin is a large glycoprotein 
and another important component of the 
ECM. In addition to fibroblasts, endothelial 
cells, macrophages, and smooth muscle cells, 
a number of epithelial cell types synthesize 
fibronectin. Certain fibronectins can bind with 
other ECM components (such as collagen and 
proteoglycans), thus making the ECM form a 
network. Other fibronectins can bind with cell 
surface receptors, making the cells adhere to 
the ECM. Furthermore, fibronectin also has 
important roles in cell expansion, migration 
and phenotypic changes.
 The mechanisms of abnormal ECM 
deposition in PAH lung tissues are not yet clear. 
Previous studies have found that many factors 
play roles in the matrix deposition process, 
such as hypoxia1,2, ANG II3, ET-14, TGF-β10,11, 
IGF-112 and TNF-α13, and that some of these 
factors can coordinate with each other14-15. 
These factors also play important roles in cell 
proliferation and migration, as well as the 
synthesis and secretion of ECM proteins in PAH-
PVR. In our previous studies, we found that 
in PAH animal models the pulmonary artery 
wall and neointimae were significantly thicker, 
the concentration of pulmonary interstitial 
collagen was significantly higher, and that 
the expression of CTGF mRNA and protein 
was upregulated5. The results of this in vitro 
study also reveals that CTGF can increase the 
expression of collagen and fibronectin mRNA 
by PASMCs. In addition, CTGF was shown to 

Table 3 - Expressions of Collagen III protein of each group (x±s, n=5).

Groups               Immunohistochemical staining Fibronectin/β-actin
 Control 159.4±2.1 0.417±0.016
CTGF 106.0±8.3 # 2.320±0.023#
CP 186.4±4.2 * 1.340±0.011 *
CL 167.4±3.4 ** 0.676±0.017 **
CPL 200.4±4.1*** 0.381±0.014***
Note: #P<0.05, CTGF group vs. control group; *P<0.05, CP group vs. CTGF group; **P<0.05, CL group vs. CTGF group; ***P<0.05, CPL 
group vs. CTGF group.

_
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exhibit different roles in different cells, such as 
by promoting the expression of fibronectin in 
cultured renal tubular epithelial cells while not 
affecting the expression of collagen I and III, 
whereas for renal interstitial fibroblasts (NRK-
49F) CTGF increases the expression of collagen 
III and TSP-115. This study also found that CTGF 
can inhibit the degradation of human mesangial 
cellular matrix by increasing the expression 
of MMP-2, TIMP-1 and TIMP-3, and that anti-
CTGF antibody can slow down the degradation 
of the matrix reduce resulting from the high 
sugar and TGF-β16-18. This indicates that CTGF 
can promote the occurrence and development 
of organ fibrosis through promoting ECM 
production and inhibiting ECM degradation. 
These findings suggest that CTGF may play an 
important role in the synthesis and secretion 
of ECM protein of PASMC treated with various 
pro-proliferation factors, as well as in the 
progression of PAH-PVR.
 Currently, certain studies have 
found that CTGF has a role in promoting cell 
proliferation, migration and ECM deposition in 
various cell types, and the question of whether 
or not the CTGF ligand integrin is involved has 
become a research hotspot. CTGF can promote 
the expression of α5β1 on the cell surface and 
its adhesion with fibronectin19. The binding 
of α5β1 and fibronectin plays an important 
role in mediating ECM deposition. CTGF can 
increase its binding with fibronectin through 
its CT structural domain at the C-terminal, and 
integrin αVβ1 mediates this binding20. CTGF 
involves in the deposition of collagen when 
bound with the integrin α6β1 in structural 
domain 3 of fibroblast CTGF21. This finding 
suggests that some integrin receptors may be 
binding sites of CTGF. However, it is not yet 
clear how the signal transduction pathways 
are launched, and how to affect the abnormal 
deposition of ECM, after the binding of CTGF to 
integrin receptors of PASMCs.
 The present study found that, when 
inhibitors of the ERK1/2 signaling pathway 
(PD98059) and of the PI3K/PKB signaling 

pathway (LY294002) acted on PASMCs, the 
mRNA expression levels of cellular collagen 
III and fibronectin were significantly lower 
than those of the CTGF group, as was the 
expression level of collagen III protein. Studies 
of cancer pathogenesis have shown that 
the activation of the ERK1/2 and PI3K/PKB 
signaling pathways plays an important role in 
the process of ECM deposition of turmor cells. 
Inhibitors such as PD98059 and LY294002 can 
promote apoptosis, reduce their biological 
activities and inhibit the conversion of cellular 
phenotype by inhibiting the deposition of ECM 
in malignant mesothelioma cells6,22,23. Another 
study found that the increased expression of 
fibronectin protein in rat mesangial cells was 
related to glomerular fibrosis and sclerosis7, 
and also closely related to the ERK1/2 signaling 
pathway8. These findings strongly suggest 
that the activation of the ERK1/2 and PI3K/
PKB signaling pathways play an important role 
in the CTGF-promoted deposition of ECM by 
PASMCs during PAH.

 ■ Conclusions

 The results of this study suggest that CTGF 
can stimulate the gene expression of collagen III 
and fibronectin in PASMC ECM, which may be 
one of the important factors that promote the 
matrix deposition in PAH-PVR. PD98059 and 
LY294002 can inhibit the ERK1/2 and PI3K/PKB 
pathways, respectively, thus interfering with the 
biological effects of CTGF. The ERK1/2 and PI3K/
PKB signaling pathways may be involved in the 
ECM deposition of PASMCs stimulated by CTGF, 
which may be a new target for the therapeutic 
interference of with PAH-PVR. 
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