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Abstract
Proliferation and migration of vascular smooth muscle cells (VSMCs) lead to intimal thickening and
influence the long-term patency of venous graft post coronary arterial bypass graft. There is
increasing evidence that connexins are involved in the development of intimal hyperplasia and
restenosis. We assessed connexin 43 (Cx43) expression and its role in angiotensin II-induced
proliferation and migration of smooth muscle cells and the signal pathways involved in human
saphenous vein bypass conduits. Angiotensin-II significantly increased gap junctional intercellular
communication and induced the expression of Cx43 in human saphenous vein SMCs in a dose- and
time-dependent manner through angiotensin II type 1 receptor. The effect of angiotensin-II was
blocked by siRNA of ERK 1/2, p38 MAPK and JNK, respectively. Overexpression of Cx43 markedly
increased the proliferation of saphenous vein SMCs. However, siRNA for Cx43 inhibited
angiotensin-II-induced proliferation, cyclin E expression and migration of human saphenous vein
SMCs. In dual-luciferase reporter assay, angiotensin-II markedly activated AP-1 transcription factor,
which was significantly attenuated by a dominant negative AP-1 (A-Fos) with subsequent inhibition
of angiotensin-II-induced transcriptional expression of Cx43. These data demonstrate the role of
Cx43 in the proliferation and migration of human saphenous vein SMCs and angiotensin-II induced
Cx43 expression via mitogen-activated protein kinases (MAPK)-AP-1 signaling pathway.
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1. Introduction
Intimal hyperplasia is a proliferative vasculopathy that causes stenosis in the venous bypass
graft, a pathophysiologic feature leading to occlusion of the vessel lumen [1], resulting in failure
rates of 20% and 50% at 5 years and 10 years, respectively [2]. Proliferation and migration of
vascular smooth muscle cells (VSMCs) into the sub-intimal space play an important role in
intimal thickening in atherosclerosis and restenosis and influences the long-term patency of
the venous graft [3]. Initiation and progression of the atherosclerotic plaque and restenotic
vessel involve complex patterns of interaction between the cells of the arterialwall, in which
cytokines, chemokines, and growth factors are known to play a critical role [4,5]. For example,
angiotensin II (Ang II), a potent growth factor, stimulates proliferation and migration of
VSMCs, and induces the accumulation and deposition of collagen through Ang II type 1
(AT1) receptor; all factors contributing to the pathogenesis of atherosclerosis [6].

Another form of cell-to-cell interaction involves direct exchange of small cytosolic components
via gap junctions, which are composed of connexon hemichannels, each of which are made of
6 connexin (Cx) molecules [7]. Three subtypes of Cx, Cx37, Cx40, and Cx43, are found in the
cells of the vasculature, with Cx43 being the predominant one [7,8]. Changes in connexin
expression and function have been found in association with phenotypic changes in VSMCs
during the progression of atherosclerotic lesions and following injury in large arteries [9]. Also,
Ang II can activate the expression of Cx43 in the myocardial cells of rats in vitro [10]. However,
little is known about the relationship between Ang II and Cx43 expression in VSMCs of the
human saphenous vein (hSV). In this study, we examined the Cx43 expression and its role in
the proliferation and migration of VSMCs. Further, we delineated the signaling pathways
involved in the proliferation of smooth muscle cells in hSV bypass conduits following
stimulation with Ang II.

2. Methods
2.1 Specimen Collection, Processing and Culture of Smooth Muscle Cell

The experimental protocol for this study was approved by the Institutional Review Board of
Creighton University. The hSV specimens (mean patient age 71.5 ± 3.7 yrs) left over from the
bypass surgical procedure were used for the study. Specimens were collected fresh in ice-cold
University of Wisconsin solution, which is used to maintain cellular and tissue integrity in the
organs for transplantation [11]. The hSV conduits were immediately brought to the laboratory
where all of the procedures were carried out under sterile conditions. SMCs from the hSV
conduits were isolated by a method previously reported from our laboratory [2]. Briefly, after
gentle removal of the endothelial cells and adventitia, the specimen was minced and digested
with digestion media (containing elastase, collagenase, M199SF medium, 1 mg/L glucose,
HEPES, and FBS). The isolated cells were removed by centrifugation at 900g for 10 min at 4°
C, suspended in M199SF and incubated at 37°C in a humidified 5% CO2 atmosphere for 10–
14 days and passaged. The subcultured VSMCs were used between passages 3–6. The
confluent cells showed the characteristic hill-and-valley pattern associated with spindle-shaped
VSMCs. The purity of isolated VSMCs was examined with positive immunostaining to smooth
muscle α-actin and caldesmon. Prior to stimulation experiments, cells were serum-starved for
24 h in DMEM.

2.2 Scrape Loading/Dye Transfer
Levels of gap junctional intercellular communication (GJIC) in control and treated cells in
culture were determined by SL/DT (Scrape Loading/Dye Transfer) technique using a
fluorescent dye, Lucifer Yellow (LY) (Invitrogen, Eugene, OR) [12,13]. hSV SMCs were
washed thoroughly with PBS in which Ca2+ was omitted to prevent uncoupling of the cells.
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Scrape loading was performed applying three cuts on cell monolayer with a razor blade, and
then 0.5% LY dye was added to the cells. The dye was rinsed away after 5 min. Cells were
washed three times with PBS, fixed with 4% paraformaldehyde, and cells stained with LY dye
were detected by fluorescence emission with an inverted fluorescent microscope equipped with
a camera. Cells that received the LY dye from the scrape-loaded cells were considered
communicating with each other. The numbers of communicating cells in the untreated and
treated cells were counted under a light microscope (magnification 10×). GJIC was expressed
as percentage of the control.

2.3 pcDNA™3.1 - Cx43 Expression Vector Construction and Transfection of Vascular Smooth
Muscle Cells

Reverse transcription polymerase chain reaction (RT-PCR) was performed following standard
protocol. PCR was performed in a Perkin–Elmer GeneAMP PCR System 2400 as a hot-start
PCR. Primer sequences for Cx43 were 5′-GGATCCATGGGTGACTGGAGCGCC-3′
(Forward primer), 5′-GCGGCCGC CTAGATCTCCAGGTCATCAGGC-3′ (Reverse primer)
(1149bp). The primers were purchased from IDT and the Genbank Accession Code for Cx43
was NM000165. After successful amplification of cDNA from human SV SMCs, the Cx43
product (1149bp) was cloned into pcDNA™3.1(+) (5.4kb) (Invitrogen, OR, USA) using
BamHI and NotI restriction enzyme sites according to the manufacture’s instruction. Plasmids
prepared using QIAprep Spin Miniprep Kit (Qiagene Science, Maryland, USA) and plasmid
constructs were confirmed by direct sequence using an ABI PRISM™ 310 Genetic Analyzer
(PE Biosystems Japan, Chiba, Japan).

Transfection of VSMCs was performed using the nucleofector device and solutions (Amaxa
biosystems, Amaxa Inc, USA). Nucleofector device is an apparatus which delivers unique
electrical stimuli to the target cells. The resulting transfection efficiency was more than 70%
in VSMCs.

2.4 Small Interfering RNA
The small interfering RNAs (siRNA) with following sense and antisense sequences were for
Cx43: sense, 5′-CCUAGUCCAUCAGAUCAUGtt-3′; and antisense, 5′-
CAUGAUCUGAUGGACUAGGtc-3′; for control siRNA (non-silencing): sense, 5′-
UUCUCCGAACGUGUCACGUdTdT-3′; and antisense, 5′-
ACGUGACACGUUCGGAGAAdTdT-3′. siRNAs for Cx43 were purchased from Ambion
(Austin, USA), siRNA of ERK ½ P38 and c-jun were purchased from Santa Cruz
Biotechnology (California, USA).

2.5 Proliferation and Migration Assay
The BrdU incorporation assay was performed using a cell proliferation ELISA BrdU kit (Roche
Applied Science, Germany). The cells were labeled with 10 μM of BrdU solution and incubated
for 24 h at 37°C. The cells were dried and fixed, and the cellular DNA was denatured with
FixDenat solution for 30 min at room temperature. A mouse anti-BrdU monoclonal antibody
conjugated with peroxidase was added to each well and the plates were incubated again at room
temperature for 2 h. Tetramethylbenzidine was added and the cells were incubated for 30 min
at room temperature. Finally, the absorbance of the samples was measured by a microplate
reader at 450 nm. Cell numbers were counted in a hemocytometer using light microscopy.
Briefly, a suspension of hSV SMCs was prepared and treated with Ang II ((10−7 mol/L) with
pcDNA™3.1-Cx43 plasmid or Cx43-siRNA using 3 wells per group. Cells were then incubated
for 48 h after experimental stimulation, and final cell number in each well was determined.

VSMC migration assay was performed using Transwell (Costar, MA, USA) system, which
allows cells to migrate through a 5 μm pores sized polycarbonate membrane [14]. Briefly, cells
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were collected by trypsinization and 1×105 cells were added to the upper chamber of transwells.
Serum-free DMEM with chemoattractant (100nM Ang II) was added to the lower
compartment. After 24 h in a standard CO2 incubator at 37 °C, the membrane was removed
from the chamber and placed into methanol for 5 min. Cells were scraped from the upper side
of the membrane and the membrane was subsequently placed into stain with 0.2% crystal violet
for 30 seconds. The membrane was mounted on a slide and the cells present on the underside
of the membrane were counted under a light microscope (10× magnification).

2.6 Western Blot Analysis
VSMCs were collected and lysed in lysis buffer (60 mmol/L Tris HCl pH 7.4, 1% NP-40,
0.15% sodium deoxycholate, 150 mmol/L NaCl, 1 mmol/L EDTA, 1 mmol/L
phenylmethylsulfonyl fluoride, 5 mmol/L sodium orthovanadate, 5 mmol/L NaF, 20 μg/mL
leupeptin, and 5 μg/mL aprotinin), and the protein concentration of the lysate was determined
by BioRad protein assay. Proteins were resolved by SDS-PAGE and transferred to Immobilon
P membrane. Non-specific proteins were blocked by incubation in blocking buffer (5% milk
powder/Tris-buffered saline, pH 7.8/0.1% Tween 20) and the membranes were incubated
overnight at 4°C with blocking buffer containing antibodies to Cx43, cyclin E, ERK1/2, p38
MAPK and c-jun. Membranes were washed and incubated with HRP-conjugated secondary
antibody and detected using an ECL kit (Pierce, Rockford, IL). As a loading control, GAPDH
was probed and visualized in all blots.

2.7 Activation of Transcription Factor AP-1
VSMCs were transfected with 5μg of pAP-1-Luc (Panomics, Reswood City, CA) designed to
monitor the AP-1 signal transduction pathway with or without dominant-negative AP-1 (A-
Fos) (kindly provided by Dr. Charles Vinson) and 0.2μg of Renilla luciferase reporter control
vector (Promega, Madison, WI) to normalize transfection efficiencies. Twenty-four hours after
transfection, the cells were stimulated with Ang II for 3 hours following which the cells were
harvested and lysates prepared. Luciferase activity was measured using a luminometer and a
Dual Luciferase Reporter Assay System (Promega, Madison, WI) as per the manufacturer’s
protocol. All values were normalized to Renilla luciferase activity.

2.8 Statistical Analysis
Data are presented as mean ± SE, Statistical analysis was performed using Student’s t- test or
ANOVA when appropriate to analyze statistically significant differences between groups. For
this study P < 0.05 was considered significant.

3. Results
3.1 Ang II Induced Cx43 Expression Through AT1 Receptors in the SMCs of Human Venous
Bypass Vessels

Cx43 protein expression in hSV SMCs was evaluated in a time- and dose-dependent manner.
After treatment with Ang II (10−7 mol/L), the Cx43 expression was increased significantly at
0.5 h, peaked at 1 h and remained at an elevated level even after 3 h in the SV samples (Fig.
1A). Also, Ang II (10−7 and 10−6 mol/L) induced a significant maximal response in SV at 1 h
in a dose-dependent manner (Fig. 1B).

To determine which AT receptor subtype is involved in Ang II-induced Cx43 protein
expression in hSV SMCs, the cells were pretreated for 30 minutes with either AT1 receptor
antagonist, losartan (10−6 mol/L) or the AT2 receptor antagonist, PD-123319 (10−6 mol/L)
followed by stimulation with Ang II (10−7 mol/L). Ang II-induced expression of Cx43 was
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completely inhibited by pretreatment with losartan but not by PD-123319 (Fig. 1C), suggesting
that Ang-induced Cx43 expression in VSMCs is mediated through AT1 receptors.

3.2 Ang II Increased Gap Junctional Intercellular Communication in SMCs of Saphenous Vein
To determine the extent to which Cx43 expression was related to gap junctional intercellular
communication in VSMCs, we performed Scrape Loading/Dye Transfer assays using the gap
junction permeable fluorescent dye lucifer yellow. As assessed by this technique, serum-
starved cells were communication- competent and transferred lucifer yellow to numerous cells
distant to the wound edge. We added Ang II (10−7 mol/L) resulting in a significant increased
GJIC in hSV SMCs (Fig. 2).

3.3 Overexpression of Cx43 Increased the Proliferation of Saphenous Vein SMCs
We performed transient transfection analysis using construct pcDNA™3.1 –Cx43 plasmid and
investigated the Cx43 function in VSMCs. After transfection of the cells with pcDNA™3.1-
Cx43 for 48 h, the total protein expression of Cx43 was significantly increased in VSMCs (Fig.
3). Cell proliferation ELISA was designed as a precise, fast and simple colorimetric alternative
to quantify cell proliferation based on the measurement of BrdU incorporation during DNA
synthesis in proliferating cell. In addition, cell numbers were also counted using light
microscopy. The interesting finding was that the proliferation of VSMCs was induced
significantly by overexpression of pcDNA™3.1 –Cx43 plasmid. However, there was no
significant difference in the VSMC proliferation between empty and pcDNA™3.1-Cx43
plasmid transfected cells after Ang II stimulation (Fig. 4).

3.4 Cx43 Modulates Ang II-Induced Proliferation and Migration of Saphenous Vein SMCs
To obtain more insight into the role of Cx43 in Ang II-induced proliferation and migration of
SMCs of saphenous vein, we knocked down Cx43 using siRNA. Initially, VSMCs were
transfected with siRNA for Cx43 and non-silencing siRNA and the protein expression of Cx43
was determined by Western blot analysis. A marked reduction in Cx43 protein expression was
observed at 48 h and 72 h following siRNA treatment (Fig. 3B). Cx43-siRNA also decreased
the Ang II-induced expression of Cx43 protein (Fig. 3A). We then treated the VSMCs with
siRNA for Cx43 and subsequently exposed them to Ang II (10−7 mol/L) for 24 h. Ang II
significantly induced the proliferation of VSMCs and cyclin E expression in the control non-
silencing siRNA transfected cells. Interestingly, the proliferation and cyclin E protein
expression of VSMCs was significantly attenuated after transfection of the cells with Cx43-
siRNA following Ang II stimulation (Fig. 5). These results provide further evidence as to the
involvement of Cx43 in the proliferation of VSMCs.

Ang II also significantly induced the migration of VSMCs in the control non-silencing siRNA
transfected cells, the migration of VSMCs could not be significantly induced after transfection
of the cells with Cx43-siRNA following Ang II stimulation (Fig. 6). These results provide
evidence as to the involvement of Cx43 in the migration of VSMCs.

3.5 Ang II Induced Activation of ERK 1/2, p38 and JNK Signaling Pathway–Role in Cx43
Expression in Saphenous Vein

We further investigated the potential signaling pathways in Ang II-induced Cx43 expression
in hSV SMCs. Ang II markedly induced the phosphorylation of ERK ½, p38 and JNK (Fig.
7A). After transfection of the cells with siRNA for ERK, p38, c-jun, the protein expression of
ERK, p38 and c-jun was significantly attenuated at 48 h and 72 h. There was no significant
effect of control non-silencing siRNA (data not shown). However, Ang II-induced Cx43
protein expression was blocked by siRNA of ERK ½, p38 MAPK or JNK (Fig. 7B). These
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findings demonstrate that ERK 1/2, p38 MAPK and JNK mediated AngII-induced expression
of Cx43 in hSV SMCs.

3.6 Involvement of the Activation of Transcription Factor AP-1 in the Ang II-induced Cx43
Expression

In order to confirm the involvement and activation of transcription factor AP-1 in Ang II-
induced Cx43 expression, VSMCs were cotransfected with pAP-1-Luc and dominant-negative
AP-1 (A-Fos). The dominant negative AP-1 (A-Fos) significantly blocked Ang II–induced
activation of transcription factor AP-1 (Fig. 8A). Furthermore, dominant negative AP-1 (A-
Fos) markedly inhibited Ang II-induced Cx43 protein (Fig. 8B). These results demonstrate that
Ang II induces the Cx43 expression via activation of transcription factor AP-1.

4. Discussion
The hSV is the most commonly employed CABG conduit. Unfortunately, intimal hyperplasia
leading to stenosis and occlusion of hSV commonly limit long-term results following coronary
artery bypass graft (CABG) surgery [15]. The mechanisms involved in the intimal hyperplasia
are proliferation and migration of medial smooth muscle cells towards the sub-intimal space
[16]. There is increasing evidence that connexins are involved in the development of intimal
hyperplasia and restenosis involving mouse and human atherosclerotic lesions [17]. Mensink
and colleagues [18] demonstrated an increase in GJIC in VSMCs incubated with basic
fibroblast growth factor and GJIC was a candidate for mediating the corresponding effect in
vivo. We recently reported that increased Cx43 expression following stimulation of VSMCs
with Ang II and insulin-like growth factor-1 (IGF-1) contributed to more proliferation in the
SMCs of saphenous vein than in the internal mammary artery [2]. Gap junctions are the
structural basis of intercellular communication between two adjacent cells and serves as
channel for direct intercellular exchange of ions, small molecular metabolites, and as secondary
messengers [19]. In most VSMCs, Cx43 expression and function seem dominant [20].
However, the regulation of Cx43 expression is not clear. In the present study, we investigated
the effect of Ang II on the Cx43 expression and function and found that Cx43 was involved in
the proliferation and migration of hSV SMCs. In addition, we provide new evidence that the
Ang II-dependent increase in Cx43 expression is regulated by transcription factor, AP-1, via
the ERK ½, p38 MAP kinases and JNK.

Over the past several years, a number of observations have suggested that Ang II plays an
important role in various cardiovascular disease associated with VSMC proliferation such as
hypertension, atherosclerosis, stenosis following balloon angioplasty and restenosis post-
CABG [2,21]. Recent studies revealed that the upregulation of Cx43 may relate to Ang II
[22]. In our study, we demonstrate that Ang II induces increased protein expression of Cx43
in the hSV SMCs in a dose- and time-dependent manner via AT1 receptor. The increased
expression of Cx43 may result in the increase in GJIC in VSMCs. Ang II is a multifunctional
peptide that has numerous actions on VSMCs including proliferation [2,23] and regulation of
Cx43 expression [24]. In cardiac cells, Ang II induced activation of ERK1/2 and p38 pathways
and is thought to play an important role in the upregulation of gap junctions under patho-
physiological conditions [25]. In rat hepatic epithelial cells, Ang II upregulates the expression
of Cx43, which subsequently results in the changes of cellular metabolic conditions and
secondary messengers [26]. In atherosclerotic aorta of rabbits, statins reduce Cx40 and Cx43
expression by inhibition of angiotensin receptor [27]. We have recently reported that under ex
vivo conditions connexin43 expression in both saphenous vein and internal mammary artery
was influenced by angiotensin II and IGF-1 and may contribute to the pathogenesis of vein
graft disease following coronary artery bypass grafting [2]. These results correlate with the
findings in the literature that under in vitro conditions, angiotensin II can increase gap junctions

Jia et al. Page 6

J Mol Cell Cardiol. Author manuscript; available in PMC 2009 October 21.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



and intercellular communication in cardiac cells [14] and connexin43 expression in WB rat
liver epithelial cells [24]. Increased connexin43 expression in human saphenous veins in
culture is also associated with intimal hyperplasia [1]. Thus, the regulation of Ang II-induced
Cx43 expression in hSV SMCs may provide an explanation or elucidate the cause for the
selective failure of hSV bypass grafts due to restenosis following CABG.

In our study, we found that the transfection of Cx43 alone was able to induce the proliferation
of hSV SMCs. Conversely, silencing of Cx43 expression was able to inhibit the proliferation
and migration induced by Ang II. These results are consistent with previous reports to show
the participation of Cx43 in cell growth, differentiation and the development of intimal
hyperplasia [1]. Also, Christos et al. also found that with a reduction in Cx43 expression of
hypercholesterolemic mice, there is limited neointima formation after acute vascular injury
accompanied by a decrease in the inflammatory response, and reduced VSMC migration and
proliferation [28]. Thus, Cx43-mediated GJIC between VSMCs may play a role in the
proliferative and migratory responses. The underlying mechanisms are unclear. The findings
in our previous study have shown that cyclin E play an important role in the proliferation of
VSMCs in human atherosclerotic plaque [3]. In this study, we found that cyclin E was involved
in the Cx43-induced proliferation of VSMC after Ang II stimulation. Cx43 may also regulate
cell cycle inhibitor proteins via p27 and p21, since the upregulation of Cx43 accompanies an
increase in p27 and p21 expression levels in cancer cells [29]. These results provide insight
into the direct correlation of Cx43 expression and cell cycle proteins. In our study we have not
examined the relationship between Cx43 expression and p27 and p21 proteins in VSMCs.
However, increased expression and activity of Cx43 in VSMCs increased proliferation, which
is different from the studies in cancer cells [29]. None-the-less, Gap junction channels provide
an enclosed conduit for direct exchanges of signaling molecules, including ions and small
metabolites, between cells [1]. It is possible that this system of communication allows cells to
review the functional state of their neighbors and regulate MAP kinases in a feedback manner
to induce cell proliferation.

The mechanisms underlying migration and proliferation in VSMCs are different. The processes
of migration include remodeling of the cytoskeleton, changing the adhesiveness of the cell to
the matrix, and activating motor proteins. The key intracellular molecules that are involved in
the migration process include phosphatidylinositol 3-kinase, calcium-dependent protein
kinase, Rho-activated protein kinase, p21-activated protein kinases, LIM kinase, and mitogen-
activated protein kinases [30]. However, the proliferation of VSMCs is due to increase in cell
number associated with cell cycle proteins, DNA synthesis, and mitosis of cells, may involve
some of the same enzymes as in the migration process [31]. There are some reports in the
literature demonstrating that increase in Cx43 expression induces migratory and proliferative
activity in H9c2 cells and proepicardial cells [32]. Cx43 might be one of the downstream target
genes regulated by Wnt-3a [33]. Obviously, further studies are warranted to elucidate and
dissect cellular and molecular mechanisms underlying Cx43-induced proliferation and
migration of VSMCs.

JNK and MAP kinase have been reported to be important intracellular signaling pathways that
regulate Cx43 expression [34,35]. However, many of the signaling events relevant to cell
proliferation and differentiation are mediated through activation of transcription factors via
MAP kinases, which can be upregulated by Ang II [36]. Activation of the ERK, p38 and JNK
signaling pathways may participate in the regulation of cardiac gap junctions [25,37]. Here,
our results confirm that Ang II can modulate the expression of Cx43 via the ERK1/2, p38
MAPK and JNK in hSV SMCs. However, the precise role of MAPKs in the regulation of Cx43
expression and activity in VSMCs is uncertain.
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We hypothesized that Ang II mediates its effect through the ERK1/2, P38 and JNK pathways
via the activation of transcription factor AP-1. AP -1 is part of a family of dimeric transcription
factors comprised of either c-Jun homodimers or heterodimers of jun/fos family members
[38]. Dominant-negative AP-1 (A-Fos) has been proven to inhibit AP-1 activity in epithelial
tumor cell [39] and cardiac cells [40]. In cultured neonatal rat cardiomyocytes, amphetamine-
activated Cx43 gene expression was through the JNK and AP-1 pathways [37]. The AP-1 and
its promoter site are likely involved in the cytokine regulation of Cx43 [41]. Activation of
ERK1/2 induces overexpression of c-fos mRNA and enhanced AP-1 DNA-binding activity
[42]. Meanwhile, activation of p38 MAPK also results in phosphorylation of c-Jun and ATF-2
transcription factors, increasing their trans-activating AP-1 activity [43]. In our study, Ang II
induced Cx43 expression via AP-1 transcriptional activity in hSV SMCs.

In summary, we have delineated cellular pathways to further understand the molecular
mechanisms involved in the role of Cx43 in the proliferation and migration in hSV SMCs.
These findings may explain, at least in part, the proliferative vasculopathy observed in vein
graft disease. Further understanding of the expression of Cx43 in human venous bypass vessels
has great clinical significance and could provide the basis for new approaches to better and
effective treatment and to contain the morbidity and mortality associated with vein graft
disease.
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Fig. 1.
Ang II induced Cx43 protein expression through AT1 receptor in VSMCs. (A) Ang II (10−7

mol/L) induced Cx43 protein expression in SV SMCs in a time-dependent manner. (B) Ang
II induced Cx43 protein expression of SV SMCs at 1 h in a dose-dependent manner. The relative
amount of Cx43 protein expression was measured by Western blot. (C) Ang II receptor
antagonists, losartan (10−6 mol/L, AT1 receptor-specific) and PD-123319 (10−6 mol/L, AT2
receptor-specific), were added to the cultured medium for 30 minutes followed by stimulation
of the cells with 10−7 mol/L Ang II for an additional 24 hours. The relative amount of Cx43
protein expression was measured by Western blot. Each bar represents the ratio of Cx43/
GAPDH (mean ± SE) from three independent experiments. *P<0.05 compared with control
group, §P<0.01 compared with control group, #P<0.01 compared with Ang II group.
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Fig. 2.
Ang II increased gap junctional intercellular communication in saphenous vein smooth muscle
cells. SV SMCs were treated with Ang II (10−7 mol/L) for 1 hour, and gap junctional
intercellular communication capacity was assayed by the Scrape Loading/Dye Transfer
method. The number of communicating cells in the untreated and treated cultures was counted
under a light microscope (magnification 10×). GJIC was expressed as percentage of the control.
The bar represents percentage of the control (mean ± SE) for three independent experiments.
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Fig. 3.
Effect of Cx43 siRNA and overexpression of pcDNA™3.1- Cx43 on the Cx43 expression in
saphenous vein smooth muscle cells. (A) VSMCs were transfected with control-siRNA or
empty plasmid or pcDNA™3.1- Cx43 or Cx43-siRNA for 48 h. (B) SV SMCs were transfected
with siRNA against Cx43 and non-silencing siRNA and total protein expression of Cx43 was
determined by Western blot analysis after 48h and 72h. The cells which were transfected with
Cx43-siRNA were treated with Ang II (10−7 mol/L) for 24 h, lysed and protein expression of
Cx43 was measured. Values are mean ± SE for three independent experiments. §P<0.01
compared with control group. # P<0.01 compared with Ang II+Cx-siRNA group.
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Fig. 4.
Effect of Cx43 overexpression on the proliferation of VSMCs. After transfection with
pcDNA™3.1- Cx43 and empty vector, VSMCs were treated with Ang II (10−7 mol/L) for 24
h. (A) BrdU incorporation into VSMC was increased by Cx43 overexpression or Ang II
stimulation. (B) Cell number of VSMC was significantly increased by Cx43 overexpression
or Ang II stimulation. Values are mean± SE for three independent experiments. §P<0.01
compared with control group.
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Fig. 5.
Effect of Cx43–siRNA on Ang II-induced-proliferation of VSMCs and expression of cyclin E
protein. After transfection with Cx43-siRNA and control-siRNA, VSMCs were treated with
Ang II (10−7 mol/L) for 24 h. (A) BrdU incorporation into VSMC was inhibited by transfection
with Cx43-siRNA. (B) Cell number of VSMC was significantly decreased by transfection with
Cx43-siRNA. (C) Expression of cyclin E was inhibited by transfection of the cells with Cx43-
siRNA. Values are mean± SE for three independent experiments.
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Fig. 6.
Effect of Cx43–siRNA on the migration of VSMCs. After transfection with Cx43-siRNA and
control-siRNA, VSMCs were treated with Ang II (10−7 mol/L) for 24 h and subsequently
studied cells migration by using transwell apparatus. Photograph of migrated SMC of
saphenous vein were shown under microscope (magnification 10×). Each bar represents mean
± SE of cell migrated per high-power microscope for three independent experiments.
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Fig. 7.
Effect of siRNA for ERK1/2, p38 and JNK on Ang II -induced expression of Cx43 in SMCs
of saphenous vein. (A) hSV SMCs were stimulated with Ang II (10−7 mol/L) for 10 min (ERK
and p38) and 30 min (JNK). The cells were lysed and protein expression of p-ERK, p-p38 and
p-c-jun was examined. (B) After transfection of the cells with siRNA for ERK 1/2, p38, and
c-jun and control-siRNA, VSMCs were treated with Ang II (10−7 mol/L) for 24 h. Proteins
were quantified and each well was loaded with 20 μg of protein. Each bar represents the ratio
of Cx43/GAPDH (mean ± SE) from three independent experiments. §P<0.01 compared with
control group. # P<0.01 compared with Ang II group.

Jia et al. Page 17

J Mol Cell Cardiol. Author manuscript; available in PMC 2009 October 21.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 8.
Involvement of activation of transcription factor AP-1 in Ang II induced connexin43
expression in saphenous vein SMCs. (A) VSMCs were co-transfected with pAP-1-Luc and 0.2
μg of Renilla luciferase reporter control vector in the absence or presence of dominant-negative
AP-1 (A-Fos). Twenty-four hours after transfection, the cells were treated with Ang II (10−7

mol/L) for 3 hours, the cells were lysed and luciferase activities were measured. VSMCs were
transfected with either control empty plasmid or dominant-negative AP-1 (A-Fos). After
overnight recovery, cells were starved for 24 h and then either left untreated or treated with
Ang II (10−7 mol/L) for 24 hours. (B) The cells were lysed and Cx43 protein was measured.
Data are mean ± SE of five observations. §P<0.01 compared with control group. #P<0.01
compared with Ang II group.
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