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a b s t r a c t

Cigarette smoking may contribute to pulmonary hypertension in chronic obstructive pulmonary disease
by resulting in pulmonary vascular remodeling that involves pulmonary artery smooth muscle cell pro-
liferation. Connective tissue growth factor (CTGF) is a cysteine-rich peptide implicated in several biolog-
ical processes such as cell proliferation, survival, and migration. This study investigated the potential role
of CTGF in pulmonary vascular remodeling. We constructed a plasmid-based short hairpin RNA (shRNA)
to knock down the expression of CTGF in primary cultured rat pulmonary artery smooth muscle cells
(rPASMCs) and in rat lung vessels. Rat PASMCs were challenged with cigarette smoke extract (CSE). Rats
were exposed to cigarette smoke for 3 months in the absence or in the presence of plasmid-based short
hairpin RNA against CTGF which was administrated by tail vein injection. CTGFshRNA significantly pre-
vented CTGF and cyclin D1 expression, arrested cell cycle at G0/G1 phase and suppressed cell prolifera-
tion in rPASMCs exposed to CSE. CTGFshRNA administration ameliorated pulmonary vascular
remodeling, inhibited cigarette smoke-induced CTGF elevation and reversed the cyclin D1 increase in
pulmonary vessels in rats. Collectively, our data demonstrated that plasmid-based shRNA against CTGF
attenuated pulmonary vascular remodeling in cigarette smoke-exposed rats.

� 2011 Elsevier Inc. All rights reserved.
Introduction

Pulmonary arterial hypertension (PAH) is a progressive and
fatal disease characterized by pulmonary vascular remodeling,
leading to marked and sustained elevation of pulmonary artery
pressure, right ventricular failure and death [1,2]. The enhanced
proliferation of pulmonary artery smooth muscle cell (PASMC)1 is
an important characteristic of PAH, and a major contributor to med-
ial hypertrophy and vascular remodeling [3,4].

It is well known that cigarette smoke is one of the most impor-
tant risk factors for chronic obstructive pulmonary disease (COPD)
and pulmonary hypertension [5]. Studies from animals and hu-
mans have suggested that cigarette smoke exerts a direct effect
on pulmonary vascular structure, resulting in pulmonary vascular
remodeling and pulmonary hypertension [6,7]. Moreover, a previ-
ous study has showed that expressions of vasoactive mediators
(e.g., endothelin-1, vascular endothelial growth factor) were
upregulated in guinea pig lung vessels and those mediators were
associated with pulmonary vascular remodeling [8]. However,
ll rights reserved.
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the precise mechanisms by which chronic cigarette smoke expo-
sure produces pulmonary vascular remodeling are still largely
unknown.

Connective tissue growth factor (CTGF) is a 38 kDa, cysteine-
rich protein that was first identified in conditioned medium of hu-
man umbilical vein endothelia cells [9]. It has been demonstrated
to mediate cell adhesion, migration, proliferation, extracellular
matrix (ECM) synthesis in a variety of cell types, including vascular
endothelial cells, fibroblasts, epithelial cells and smooth muscle
cells [10–14]. In recent years, accumulating data have shown that
CTGF plays an important role in cell cycle progression [15,16].

It has been widely accepted that cell cycle progression is regu-
lated precisely at various biological checkpoints by cyclins, cyclin-
dependent kinases (CDK) and CDK inhibitors [17]. Among the cy-
clin families, cyclin D1 is a critical regulator in progression of the
cell cycle, and plays a key role in controlling G1/S transition
[18,19]. Functioning as a ‘mitogenic sensor’, cyclin D1 drives target
cells through the restriction point in the G1 phase of their cycle
[20].

In previous studies, we have demonstrated that CTGF and cyclin
D1, respectively played a role in cigarette smoke-induced pulmon-
ary vascular remodeling by regulating rPASMCs proliferation
[21,22]. Moreover, other investigators have reported that cyclin
D1 mediated CTGF-induced proliferation of other types of cells
[23,24]. These previous findings raise the possibility that cigarette
smoke induces the expression of CTGF to promote the proliferation
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of rPASMCs via upregulating the expression of cyclin D1, contribut-
ing to pulmonary vascular remodeling. To test the hypothesis, we
knockdowned the CTGF expression by plasmid-based short hairpin
RNA to examine the effects on the structural changes of pulmonary
vessels and the expression of cyclin D1 in pulmonary arteries
homogenates and cultured rPASMCs. Our results clearly show that
CTGF may have a role in cigarette smoke-induced both prolifera-
tion of rPASMCs and pulmonary vascular remodeling, possibly
through the induction of cyclin D1 expression.
Materials and methods

Medium and reagents

Dulbecco’s modified Eagle’s medium (DMEM), heat-inactivated
fetal bovine serum (FBS) and penicillin/streptomycin were ob-
tained from Gibco Life Technologies Inc. (Rockville, MD, USA).
Mouse polyclonal antibody against b-actin and a smooth muscle
actin (a-SM-actin), rabbit polyclonal antibody against CTGF and
cyclin D1, mouse monoclonal antibody against BrdU were all pur-
chased from Santa Cruz Biotechnology Inc. (Santa Cruz, CA, USA).
Biotin-labeled secondary antibodies were from Jackson Immuno-
Research Laboratories Inc. (West Grove, PA, USA). 5-Bromo-2-
deoxyuridine (BrdU) and 3,3’-diaminobenzizidine (DAB) were pur-
chased from Sigma–Aldrich (St. Louis, MO, USA). Trizol and Lipfec-
tine2000 were bought from Invitrogen Biotechnology Co.
(Carlsbad, USA). Bradford assay was bought from Bio-Rad (Hercu-
les, CA, USA).

Plasmid constructs

The pGPU6/GFP/Neo vector (GenePharma Co. Ltd., Shanghai,
China) was used to construct the plasmid vector for the expression
of shRNA targeting rat CTGF or negative control. The sequences of
the CTGF-targeting and negative control shRNA were described in
previous study [25]. The sequences of the CTGF shRNA and nega-
tive control shRNA are as follows: CTGF shRNA, 50-CACCGCAATA
CCTTCTGCAGGCTGGACAAGAGATCCAGCCTGCAGAAGGTATTGTTTT
TTG-30; negative control shRNA, 50-CACCGTTCTCCGAACGTGTCA
CGTCAAGAGATTACGTGACACGTTCGGAGAATTTTTTG-30. These se-
quences were chemically synthesized as part of a small, double-
stranded DNA insert containing the target sequence in the sense
orientation followed by a short-loop region, the target in the anti-
sense orientation, and six thymidines at the 30 end to provide a
polymerase III transcription termination site. The synthesized in-
sert was flanked by BamH I and Bbs I restriction sites and cloned
into the siRNA expression vector, containing a RNA polymerase
III promoter for the initiation of transcription of short hairpin
RNA. All constructs were sequenced to confirm identity.

Animals

Male Sprague–Dawley (SD) rats weighing 200–250 g (supplied
by Experimental Animal Center, Tongji Medical College) were used.
The rats were housed in the Vivarium Facility of Tongji Medical
College with a 12 h/12 h light/dark cycle (light on at 6:00 am). Care
and use of the animals was in accordance with the Chinese Associ-
ation for Laboratory Animal Science Policy. All experimental proto-
cols were approved by the Institutional Animal Care and Use
Committee of Tongji Medical College.

Cell culture

PASMC from pulmonary arteries were prepared from male Spra-
gue–Dawley rats (200–250 g) as previously described by Golovina
et al. [26]. Briefly, the distal pulmonary arteries were incubated in
Hanks’ solution containing collagenase (1.5 mg/ml) for 20 min.
After incubation, a thin layer of adventitia was carefully stripped
off with a fine forcep, and the endothelium was removed by gentle
scratching of the intimal surface with a surgical blade. The remain-
ing smooth muscle was then digested with collagenase (2.0 mg/
ml) and elastase (0.5 mg/ml) for 35–45 min at 37 �C. Cells were
cultured in Dulbecco’s modified Eagle’s medium (DMEM) contain-
ing 10% fetal bovine serum, penicillin (100 U/ml), and streptomy-
cin (100 mg/ml) and cultured in a humidified incubator at 37 �C.
The cells were passaged by trypsinization with 0.05% trypsin–EDTA
and used for experiments at passages 3–8. Cells were identified by
immunochemistry staining of a-SM-actin antibody. For all experi-
ments, cells were made quiescent by serum-free media for 24 h be-
fore exposure to CSE or DMEM.

Preparation of CSE solution

Extract of cigarette smoke in DMEM was prepared freshly for
each experiment, using Marlboro cigarettes. CSE was prepared as
previously described [27] with a few modifications. Briefly, ciga-
rette smoke derived from one cigarette was drawn slowly into a
50 ml syringe and bubbled through 30 ml of DMEM, and one ciga-
rette yielded 5 draws of 50 ml of the syringe, with each individual
draw taking approximately 10 s to complete. The resulting solu-
tion, which was considered ‘‘100%’’ strength, was then adjusted
to pH 7.4 with concentrated NaOH and filtered before being diluted
in DMEM to the required strength for application to PASMCs cul-
tures. Cells were divided into five groups randomly: control, con-
trol-plus-CTGF shRNA (control + CTGFshRNA), 2%CSE, CSE-plus-
CTGF shRNA (CSE + CTGFshRNA), and CSE-plus-negative control
shRNA (CSE + NCshRNA). All groups, except control group, were
challenged with CSE for 24 h.

Cigarette smoke exposure

Twenty-four adult male SD rats (aged 8–12 weeks and weighing
200–250 g at the start of this study) were divided into 4 groups
randomly: control, cigarette smoke, smoke-plus-CTGF shRNA
(CTGFshRNA) and smoke-plus-negative control shRNA (NCshRNA).
Rats were exposed to air or the whole smoke of 10 Marlboro ciga-
rettes per day for up to 3 months. The cigarette smoke exposure
was carried out with ventilated whole-body smoking chambers
as described previously [28]. Our CS exposure system gave a con-
centration of 250 mg/m3 of total particulate matter (TPM) of air,
and CO concentration was 300 ppm.

Transfection in vitro and administration in vivo of plasmid-based
shRNA

For transfection in vitro, a total of 1 � 105 cultured rPASMCs
were seeded into plates and incubated overnight. When the cells
reached 70–80% confluence in a 6-well dish, they were transfected
with 4.0 lg of plasmid vector and 10.0 ll of Lipofectamine 2000 for
6 h. For administration in vivo, 100 lg of plasmid vector was com-
plexed with 20 ll of the cationic polymer, in vivo jetPEI (PEI) (Sig-
ma–Aldrich Inc., St. Louis, MO, USA). Four hundred microliters
were administered by tail vein injection once a week for 3 months.
Rats were injected before the exposure to smoke or air. Instead of
plasmid vectors, saline was injected in control rats.

Hemodynamic analysis and Tissue preparation

Twenty-four hours after the last exposure to cigarette smoke or
air, the animals were anesthetized with pentobarbital (50 mg/kg
i.p.) and were placed in a supine position, breathing room air. Right
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ventricular systolic pressure (RVSP) was measured by a catheter
inserted into the RV via the right jugular vein, which was per-
formed as described previously [29].

After the right ventricular systolic pressure was measured, all
rats were sacrificed by exsanguination and the lungs were har-
vested. Right lungs were fixed in 4% paraformaldehyde overnight.
Fixed tissues were embedded in paraffin and cut into 5 lm thick
sections. Explants of intra-pulmonary arteries were isolated from
left lungs and stored at �80 �C for Western blot and real time
RT-PCR analysis.

Morphometric analysis of pulmonary vessels

Sections were deparaffinized and stained with hematoxylin and
eosin (HE). Then the H&E-stained tissue sections were observed
under a light microscope and assessment of vascular morphology
was carried out as previously described [30]. The measurement
was limited to small arteries (650 lm in external diameter) adja-
cent to the alveolar ducts. The pulmonary vessels wall thickness
was expressed as the percentage of the external diameter
[(2 �measured wall thickness/external diameter) � 100].

Assessment of pulmonary vascular remodeling

Immunohistochemical staining with anti-a-smooth muscle ac-
tin antibody was performed for additional evaluation of pulmonary
vascular remodeling. All small intrapulmonary arteries (650 lm in
external diameter) adjacent to the alveolar ducts were analyzed.
Each vessel was categorized as nonmuscularized (actin staining
<25% of the circumference), partially muscularized (actin staining
25–75% of the circumference) and fully muscularized (actin stain-
ing >75% of the circumference).The fully muscularized vessels were
calculated and expressed as the percentage of total small intrapul-
monary arteries. All morphometric measurements were performed
by 2 independent researchers operating in a blinded manner. Inter-
observer difference in the measurements was <5%.

Immunohistochemistry staining

Histologic sections were deparaffinized with xylene and etha-
nol. Antigen retrieval was performed using 10 mM citrate buffer,
pH 6.0. The sections were blocked with 10% normal goat serum
for 30 min, followed by an overnight incubation at 4 �C with rabbit
polyclonal antibody against CTGF (1:200) or cyclin D1 (1:100). A
negative control, replacing the primary antibody with goat IgG at
the same concentration, was included. Biotinylated goat anti-rab-
bit (diluted 1:200) was followed by an incubation with streptavi-
din–peroxidase conjugate.

Cell proliferation assay

Cells were seeded in 24 well plates (5000 cells per well) and
cultured overnight. Cells were then maintained in serum-free med-
ia for 24 h, followed by different treatment. At the end-point, cells
were harvested and counted using a haemocytometer.

At the same time, we examined the BrdU incorporation to eval-
uate the DNA synthesis. BrdU (10 lM final) was added 2 h before
culture termination. At the end of culture, medium was removed
and cells on coverslips were fixed with 4% paraformaldehyde in
0.01 M PBS (pH7.4). They were permeabilized for 15 min with
0.3% Triton X-100 in PBS, immunoblocked with goat serum, and
incubated overnight at 4 �C with the anti-BrdU antibody. After
being rinsed, they were incubated for 60 min with biotinylated
goat anti-mouse IgG antibody (1:200) as the secondary antibody,
then stained with DAB. Negative controls were made with PBS in-
stead of the primary antibodies. The percent of stained cells was
determined by counting the number of positively stained cells
within a field and dividing by the total number of cells in that same
field. Four different fields were counted within one group.

Cell cycle analysis

To estimate the proportions of cells in different phases of the
cell cycle, cellular DNA contents were measured by flow cytometry.
After treatments, cells were harvested and washed twice with cold
PBS, then fixed overnight at �20 �C in 70% ethanol. Immediately
before flow cytometry, the cells were resuspended in PBS contain-
ing propidium iodide (50 lg/ml) and DNase-free RNase (10 lg/ml).
Flow cytometry was performed using a FACScalibur (Becton Dick-
inson, San Diego, CA, USA) system with CELLquest software. The
percentages of cells in different phases of the cell cycle were deter-
mined using the software program ModFit.

Western blot analysis

Total protein was extracted from cultured rPASMCs or intra-
pulmonary arteries. Total protein concentration was determined
by the Bradford method using Bradford reagent. Equivalent
amounts of protein (50 lg) were separated by 10% sodium dodecyl
sulfate–polyacrylamide gel electrophoresis (SDS–PAGE). The pro-
teins were transferred to polyvinylidene difluoride membranes
and blocked for 2 hours in PBS with 0.1% Tween (PBS-T) containing
5% nonfat dried milk. The membranes were then incubated with
primary antibody, CTGF (1:200) or cyclin D1 (1:500), overnight
and then washed three times with PBS-T. The membranes were
incubated with horseradish peroxidase-conjugated goat anti-rab-
bit IgG secondary antibody (1:10,000) for 1 hour, then washed
three times with PBS-T. Immunoreactivity was detected using an
enhanced chemiluminescence Western blotting detection kit
according to the manufacturer’s instructions and exposed to X-
ray film. Immunoblots were scanned using a GS-800 densitometer
and protein bands were quantified with Quantity One software
(Bio-Rad Laboratories, Hercules, CA, USA). To control for loading,
blots were stripped and reanalyzed for b-actin.

Statistical analysis

All results were expressed as means ± SEM. Statistical analysis
was carried out using one-way ANOVA (for multiple-group com-
parison) followed by the least significant difference (LSD) test with
the computer software SPSS 12.0 (Chicago, USA). For all tests, data
were considered statistically significant when P < 0.05.

Results

Effects of CSE on the rPASMCs proliferation

To investigate the effect of CSE on cell proliferation of rPASMCs
in vitro, rPASMCs were challenged with 0%, 1%, 2%, 5% or 10% CSE
and cell proliferation was evaluated by cell counting. As shown
in Fig. 1, CSE at concentrations of 1% and 2% caused a significant in-
crease in cell number compared with the control samples, and the
peak increase in cell number was observed at a concentration of 2%
CSE. In contrast, CSE at higher concentrations (5% and 10%) did not
induce the cell proliferation, even resulting in a significant inhibi-
tion of cell proliferation.

CTGFshRNA suppressed protein expressions of CTGF and cyclin D1

Based on the cell proliferation results, we examined the silenc-
ing effects of plasmid-based CTGFshRNA on CTGF and cyclin D1



Fig. 1. Effects of CSE on the rPASMCs proliferation. The cells were seeded in 24-well
plates and incubated with CSE at different concentrations (1–10%) for 24 h. Group
(0%) was considered as control group. Effects of CSE on rPASMCs proliferation were
evaluated by cell counting. The data represent the mean ± SEM of six independent
experiments. ⁄P < 0.05 versus control.
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expression in 2%CSE-challenged rPASMCs in vitro. As shown in
Fig. 2, 2% CSE significantly increased protein expressions of CTGF
and cyclin D1 as compared with control. CTGFshRNA effectively
decreased the protein expressions of CTGF and cyclin D1 in
rPASMCs induced by 2% CSE.
CTGFshRNA inhibited G1 to S cell cycle progression in rPASMCs and
suppressed cell proliferation in rPASMCs induced by CSE

We further investigated the effect of CTGFshRNA on cell cycle
and cell proliferation. According to flow cytometry analysis, we
found that 2%CSE reduced the proportion of cells in the G0/G1
phase and simultaneously increased the proportion of cells in the
S phase of the cell cycle (Fig. 3B). However, CTGFshRNA resulted
in G0/G1 cell cycle arrest in rPASMCs (Fig. 3B).

Moreover, we assessed the effect of CTGFshRNA on cell prolifer-
ation induced by CSE. Fig. 3C shows that CTGFshRNA markedly
decreased the cell number of rPASMCs. The results of BrdU incor-
Fig. 2. Effects of CTGFshRNA on protein expressions of CTGF and cyclin D1 in rPASMCs i
shRNA and then treated with 2% CSE for 24 h. CTGF and cyclin D1 protein levels were de
percentages of control group. Data are presented as means ± SEM from six independent
control shRNA.
poration exhibited the similar tendency. As shown in Fig. 3D,
CTGFshRNA significantly decreased BrdU incorporation of
rPASMCs. However, the above-mentioned inhibitory effects of
CTGFshRNA were incomplete (Fig. 3C and D). These results indi-
cated that CTGFshRNA might inhibit CSE-induced cell proliferation
in rPASMCs by blocking G1/S cell cycle progression through the
suppression of cyclin D1 expression.
CTGFshRNA reduced protein expressions of CTGF and cyclin D1 in rat
pulmonary vessels

Additionally, we evaluated the effects of CTGFshRNA on protein
expressions of CTGF and cyclin D1 in rat pulmonary vessels. Fig. 4A
shows that cigarette smoke exposure to rats dramatically in-
creased the protein expressions of CTGF and cyclin D1 in rat pul-
monary arteries. However, CTGFshRNA treatment in vivo
markedly downregulated the protein levels of CTGF and cyclin
D1 in rat pulmonary arteries. Negative control shRNA had no effect
on expressions of CTGF and cyclin D1. The results of immunochem-
istry stainings of CTGF and cyclin D1 in rat lung histologic sections
were consistent with those of gene and protein expressions (Fig. 4B
and C).
CTGFshRNA ameliorated rat pulmonary vascular remodeling induced
by cigarette smoke

To investigate the influence of CTGFshRNA on pulmonary vascu-
lar remodeling, the degree of muscularization and the wall thick-
ness of pulmonary vessels (<50 lm in diameter) were analyzed in
rats. Cigarette smoke exposure caused an enhanced pulmonary
muscularization as evident from the enhanced immunoreactivity
for a-smooth muscle cell (a-SMC) actin (Fig. 5A). Morphometric
analysis revealed that cigarette smoke significantly increased fully
muscularized vessels as compared with control group (Fig. 5B). Nev-
ertheless, CTGFshRNA markedly reduced the number of fully mus-
cularized vessels as compared with cigarette-smoking rats (Fig. 5B).

Analysis of vessel wall thickness revealed a significant increase
in CS group as compared with control group (Fig. 6B). Similarly,
nduced by CSE. The rPASMCs were transfected with CTGFshRNA or negative control
termined by Western blotting, normalized against b-actin. Results are presented as
experiments. ⁄P < 0.05 versus control, #P < 0.05 versus 2% CSE. NCshRNA: negative



Fig. 3. CTGFshRNA caused the G0/G1 cell cycle arrest and suppressed rPASMCs proliferation. Each phase (G0/G1, S, and G2/M) of the cell cycle was determined after different
treatments (A). The percentages of cells in G0/G1 and S phase (B). Quantification of cell number after different treatments (C). Percentage of BrdU-positive cells after different
treatments (D). Data are present as means ± SEM from six independent experiments. ⁄P < 0.05 as compared with control, #P < 0.05 as compared with 2% CSE. NCshRNA:
negative control shRNA.
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CTGFshRNA significantly decreased the vessel wall thickness by
about 28% (Fig. 6B). Negative control shRNA have almost no effect
on either wall thickness or the percentage of muscularized vessels.

Although CTGFshRNA markedly inhibited the pulmonary vascu-
lar remodeling induced by cigarette smoke, the percentage of mus-
cularized vessels and the pulmonary vessel wall thickness were
both significantly higher than those of control rats (Figs. 5B and 6B).

Furthermore, Fig. 7 shows the results of rat right ventricular
systolic pressure (RVSP) in different groups. It is noted that there
was no significant increase in RVSP, which indicated that cigarette
smoke could directly lead to rat pulmonary vascular remodeling
before the increase of pulmonary artery pressure.
Discussion

In this study, our data showed that knockdown of CTGF with
plasmid-based shRNA suppressed the rPASMCs proliferation in-



Fig. 4. Effects of CTGFshRNA on protein expressions of CTGF and cyclin D1 in rat pulmonary vessels. CTGF and cyclin D1 protein levels were determined by Western blotting,
normalized against b-actin (A). Immunochemistry staining for CTGF in different groups (original magnification: 400�) (B). Immunochemistry staining for cyclin D1 in
different groups (original magnification: 400�) (C). Data are present as means ± SEM. This experiment were derived from six different rats and repeated at least twice.
⁄P < 0.05 as compared with control, #P < 0.05 as compared with CS. NCshRNA: negative control shRNA. Scale bars: 20 lm.

Fig. 5. Effects of CTGFshRNA on the degree of muscularization of small pulmonary arteries of cigarette smoke-exposed rats. The rat lung sections were immunostained for a-
smooth muscle actin. Representative photomicrographs are shown (original magnification: 400�) (A). Percentages of full muscularized small pulmonary arteries in different
groups (B). Data are present as means ± SEM. This experiment was derived from six different rats and repeated at least twice. ⁄P < 0.05 as compared with control, #P < 0.05 as
compared with CS. NCshRNA: negative control shRNA. Scale bars: 20 lm.
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duced by CSE in vitro and ameliorated the pulmonary vascular
remodeling in rats exposed to cigarette smoke in vivo. These results
suggested that CTGF might be implicated in the abnormal prolifer-
ation of rPASMC induced by CSE and pulmonary vascular structural
changes resulting from cigarette smoke exposure in rats. We also
found that expression of cyclin D1 decreased with knockdown of



Fig. 6. Effects of CTGFshRNA on vessel wall thickness of small pulmonary arteries of cigarette smoke-exposed rats. The rat lung sections were stained with hematoxylin and
eosin (HE). Representative photomicrographs are shown (original magnification: 400�) (A). Pulmonary vessel wall thickness (WT) was expressed as % total diameter (%D) in
small pulmonary arteries (B). Data are present as means ± SEM. This experiment was derived from six different rats and repeated at least twice. ⁄P < 0.05 as compared with
control, #P < 0.05 as compared with CS. NCshRNA: negative control shRNA. Scale bars: 20 lm.

Fig. 7. Rat right ventricular systolic pressure (RVSP) in different groups. Data are
present as means ± SEM. This experiment was derived from six different rats and
repeated at least twice. NCshRNA: negative control shRNA.
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CTGF. Cyclin D1 promotes G1/S transition in the cell cycle, explain-
ing in part how CTGF enhances rPASMCs proliferation and pro-
motes pulmonary vascular remodeling in rats.

The enhanced pulmonary artery smooth muscle cell (PASMC)
proliferation is the major reason leading to medial hypertrophy,
vascular remodeling and vascular lumen narrowing which contrib-
utes to pulmonary hypertension [4,31]. In in vitro study, 2% CSE
significantly promoted the proliferation of rPASMCs. The result
was consistent with previous studies [32,33], but appeared to be
contradictory to other investigations [34,35]. The discrepancy
was likely attributable to both different cell types and process of
CSE preparation.

CTGF exhibits a variety of cellular functions including cell pro-
liferation, adhesion and migration [36]. Recent studies have re-
vealed that CTGF has implications in regulating proliferation in
smooth muscle cells [37,38]. We extended this finding and demon-
strated in the in vitro study that CTGF was involved in the prolifer-
ation of primary rat PASMCs induced by CSE. To address the role of
CTGF in cell proliferation, we further analyzed the effect of CTGF on
cell cycle distribution. Our study showed that CTGF promoted cell
cycle progression from G1 to S phase. Conversely, CTGFshRNA
caused cell cycle arrest at G1 phase.

Moreover, we investigated the molecular mechanisms by which
CTGF stimulated proliferation of rPASMCs. CTGFshRNA resulted in
the downregulation of CTGF and cyclin D1 protein levels and inhib-
ited the cell proliferation in rPASMCs exposed to CSE, so it is evi-
dent that CSE induced the proliferation of rPASMCs by regulating
cyclin D1 expression which was mediated by CTGF. Our results
are consistent with previous studies from other cell types which
showed that CTGF activated cyclin D1 [16,23,24]. Cyclin D1 is a
critical regulator in progression of the cell cycle, and plays a key
role in controlling G1/S transition [18,39]. Overall, the in vitro data
favor that CTGF likely contributes to rPASMCs proliferation as well
as cell cycle progression and cyclin D1 may be the downstream
mediator of CTGF in the process.

In addition, it is noteworthy that CTGFshRNA decreased, but not
completely inhibited the upregulation of cyclin D1 expression and
cigarette smoke-induced rPASMCs proliferation, suggesting that
other intracellular signals might be also involved in regulating
the process, such as MAPK/b-catenin and PI3K/AKT [16,23,24].
While the mechanism by which CTGF regulates cyclin D1 expres-
sion still needs further clarification, upregulation of cyclin D1
might at least in part delineate the stimulating effects of CTGF on
cell proliferation and G1/S transition. Furthermore, it has been
established that NF-jB played an important role in cardiac remod-
eling [40], however, it needs further research that whether NF-jB
could regulate pulmonary vascular remodeling.

Pulmonary vascular remodeling is the main characteristic of
pulmonary hypertension in chronic obstructive pulmonary dis-
ease. In our in vivo study, increased pulmonary vascular remodel-
ing, as measured by increases in the percentage of muscularized
pulmonary vessels and pulmonary vessel wall thickness, is evident
in rats exposed to cigarette smoke. Previous observations have
documented that CTGF plays an important role in systemic vascu-
lar remodeling [41,42], however, the evidence that CTGF is in-
volved in pulmonary vascular remodeling remains limited. We
delivered the CTGFshRNA in vivo by tail vein injection to explore
the role of CTGF in pulmonary vascular remodeling in rats exposed
to cigarette smoke. In present study, we have noticed that CTGF
and cyclin D1 expression was dramatically upregulated in pul-
monary vessels of rats exposed to cigarette smoke for three
months. We also observed that CTGFshRNA effectively knockdown
the upregulation of CTGF and cyclin D1 expression in small, intra
pulmonary arteries in rats exposed to cigarette smoke as indicated
by real-time RT-PCR, immunohistochemical staining and Western
blot. Based on the results, we speculate that the mechanisms by
which gene silencing of CTGF improved pulmonary vascular
remodeling might be correlated, in part, with the inhibition of
the upregulation of cyclin D1 expression. However, CTGFshRNA
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did not reduce the enhanced expression of cyclin D1 as much as
that of CTGF.

Additionally, measurements of pulmonary vessel wall thickness
and percentage of muscularized small intrapulmonary arteries re-
vealed that the pulmonary vascular remodeling was improved in
rats treated with CTGFshRNA. The therapeutic efficacy of
CTGFshRNA may thus be attributable to its inhibition of cigarette
smoke-induced pulmonary vascular smooth muscle cell prolifera-
tion as also observed in vitro in cell culture study. Nevertheless,
CTGFshRNA did not completely ameliorate the pulmonary vascular
remodeling in rats exposed to cigarette smoke. The fact implied
that other mediators might also be involved in cigarette smoke-in-
duced pulmonary vascular remodeling, such as endothelin, vascu-
lar endothelial growth factor and neutrophil elastase [8,43]. After
3 months of cigarette smoke exposure, there was no significant dif-
ference in pulmonary artery pressure among four groups of rats,
although the structural changes of pulmonary vessels were evi-
dent. The result indicated that pulmonary vessel remodeling in-
duced by cigarette smoke in rats preceded the increase of
pulmonary artery pressure.

In summary, we confirmed the role of CTGF in rPASMCs prolif-
eration induced by cigarette smoke in vitro. Cigarette smoke expo-
sure significantly induced pulmonary artery wall thickening and
percentage of muscularized small intrapulmonary arteries increas-
ing, as well as CTGF and cyclin D1 upregulation in rat pulmonary
vessels. Studies described here consistently demonstrated that
inhibition of CTGF with plasmid-based shRNA significantly re-
duced CTGF and cyclin D1 expression in both in vitro rat pulmonary
artery smooth muscle cells and in vivo rat model of cigarette
smoke-induced pulmonary vascular remodeling. The inhibitory ef-
fects contributed to the attenuation of pulmonary vascular remod-
eling in cigarette smoke-exposed rats. Taken together, the results
of the present study demonstrated that CTGF plays an important
role in cigarette smoke-induced pulmonary vascular remodeling
by regulating cyclin D1 expression. Therefore, our study implies
that blockade of CTGF might provide benefits to PAH smokers.
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