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ABSTRACT 
 
Purpose: Rupture of the cap in atherosclerotic plaques is considered to be a crucial step in the 
development of myocardial infarction and stroke.  The fibrous cap in the unstable plaque is thin 
and contains few vascular smooth muscle cells (VSMCs) and more macrophages. However, 
macrophages synthesize and release cytokines such as tumor necrosis factor–alpha (TNF-a), 
interlukin-1b, 12 (IL-1b, IL-12) and interferon-gamma (IFN-g), which can induce apoptosis in 
proliferating VSMCs and this, in turn, may destabilize the lesion.  Recent studies demonstrated 
that gap junctions, which coordinate physiologic processes including cell growth and 
differentiation, may participate in the proliferation of VSMCs. Among several types of gap 
junctions (connexins), connexin-43 (Cx43) is predominantly present in the vasculature. Since 
inflammation is a hallmark of atherosclerosis, we examined the effect of inflammatory cytokines, 
TNF-a and IL-1b, on Cx43 expression in VSMCs. 
 
Method: Normal human coronary artery smooth muscle cells (hCASMCs; purchased from 
Clonetics Corp.) were cultured in smooth muscle cell medium and incubated at 37oC in a 
humidified 5% CO2 atmosphere and passaged. Prior to the experiment, cells were synchronized 
by serum-deprivation for 24 hrs in DMEM (Dulbecco's Modified Eagle's Medium (DMEM). 
Dose-and-time dependent effect of TNF-a on Cx-43 protein expression in VSMCs was 
examined by Western blot. RT-PCR technique was used to examine mRNA expression of Cx43 
after stimulation with TNF-�  (100 ng/mL) for 24 hrs. 
 
Result:  Normal hCASMCs expressed Cx43 protein.  Treatment of the cells with TNF-a 
(100ng/mL) caused a rapid reduction in Cx43 protein and mRNA levels starting at 1 hr and 
reaching 80% decrease at 24 hrs. Exposure of VSMCs to different doses of TNF-a for 24 hrs 
indicated a significant reduction from 50ng/mL with the maximum effect at 100 ng/mL. IL-1b 
(10 ng/mL for 24 hrs) also decreased the protein expression of connexin-43 in hCASMCs. 
 
Conclusion: TNF-a inhibited the expression of Cx43 in hCASMCs in a dose-and-time 
dependent manner. Since Cx43 is involved in the proliferation of VSMCs and thus stabilizing 
atherosclerotic plaques and TNF-a is upregulated in unstable plaques, these data suggest that the 
downregulation of Cx43 by TNF-a could be responsible for the instability of atherosclerotic 
plaques resulting in symptoms including heart attack and stroke. 
 
Background: 



 Of the 71 300 000 American adults with 1 or more types of cardiovascular disease 

(CVD), 27 400 000 are estimated to be 65 years or older (National Health and Nutrition 

Examination Survey [NHANES 1999–2002], CDC/NCHS). 7 200 000 people have myocardial 

infarction (MI, or heart attack), 5 500 000 have a stroke and 66 000 people die from 

atherosclerosis. Atherosclerosis causes many deaths from heart attack and stroke and accounts 

for nearly three-fourths of all deaths from CVD [1]. With all these statistics, we can clearly see 

that research in this field is very important because heart disease and atherosclerosis in particular 

is the number one killer of Americans. 

 Atherosclerotic occlusion of blood vessels is an important cause of morbidity and 

mortality worldwide. Atherosclerosis is the term for the process of fatty substances, cholesterol, 

cellular waste products, calcium and fibrin (a clotting material in the blood) building up in the 

inner lining of an artery. The buildup that results is called plaque. Plaque may partially or totally 

block the blood's flow through an artery. Two things that can happen where plaque occurs are, 

there could be possible bleeding (hemorrhage) into the plaque, and formation of a blood clot 

(thrombus) on the plaque's surface. If either of these occurs and blocks the whole artery, a heart 

attack or stroke may result. Atherosclerosis is a slow, progressive disease that may start in 

childhood. In some people this disease progresses rapidly in their third decade. In others it 

doesn’ t become threatening until they’ re in their fifties or sixties. There are various causes of 

atherosclerosis plaques; some are that the blood vessels lose a certain amount of elasticity with 

aging, a build up of fatty deposits (plaque) occurs in the blood vessel lining. High blood 

pressure, cigarette smoking, diabetes, obesity are also thought to be causative factors. Arteries 

affected with atherosclerosis lose their elasticity, and as the atheromas (thick areas of the artery 

filled with fatty materials, principally cholesterol, smooth muscle cells, and connective tissue 



cells) grow, the arteries narrow. With time, the atheromas collect calcium deposits, may become 

brittle, and may rupture. Blood may then enter a ruptured atheroma, making it larger, so that it 

narrows the artery even more. A ruptured atheroma also may spill its fatty contents and trigger 

the formation of a blood clot (thrombus). The clot may further narrow or even occlude the artery, 

or it may detach and float downstream where it causes an occlusion. 

The rupture of atherosclerotic plaque exposes thrombogenic atheroma to circulating 

blood, initiating thrombus formation that may lead to thromboembolism and subsequent 

myocardial infarction and stroke. A balance between the apoptosis and survival of vascular 

smooth muscle cells (VSMCs) in the fibrous cap appears to best correlate to plaque instability or 

stability. Stable plaques have a thick fibrous cap composed mainly of vascular smooth muscle 

cells (VSMCs) in an extracellular matrix enveloping a necrotic lipid core. By contrast in the 

unstable plaques, part or the entire fibrous cap is thin and contain few VSMCs and more 

macrophages. However, inflammatory processes that regulate the structural integrity of the 

atherosclerotic plaques, and activated macrophages are known to produce cytokines, proteolytic 

enzymes, and growth factors that alter growth and survival of VSMCs and modify the 

extracellular matrix. Tumor necrosis factor- �  (TNF-� ), interferon-gamma (IFN-g), Interleukin 

12(IL-12) and Interleukin 1ß (IL-1ß) are implicated in this process [2]. Cytokines are a group of 

proteinaceous signaling compounds that are like hormones and neurotransmitters are used 

extensively for inter-cell communication. In medicine, tumor necrosis factor alpha (TNF-� , 

cachexin or cachectin) is an important cytokine involved in systemic inflammation and the acute 

phase response. Interleukins are a group of cytokines that were are expressed by white blood 

cells as a means of communication. Interleukins and cytokines are part immune system and 

immune responses of the body. 



     Gap junctions, a form of cell-to-cell interaction involving direct intercellular communication, 

consist of aggregates of transmembrane hemichannels (or connexins) that link the cytoplasmic 

compartments of neighboring cells, allowing a direct exchange of ions and second messengers.  

Three connexins, connexin-37, connexin-40, and connexin-43, are reported to be expressed in 

the vascular wall. Smooth muscle cells in the media predominantly express Cx43. Gap junctions 

have been well described during cardiovascular disease, particularly in those cases where there is 

a disturbance to the normal cardiac rhythm. It has recently been shown that gap junctions which 

coordinated physiologic processes such as cell growth and differentiation may participate in the 

development of intimal hyperplasia [3].  However, little is known about the connexin-43 

expression and regulation in VSMC.  In this study, I examined the effect of inflammatory 

cytokines such as TNF- �  on connexin-43 expression of vascular smooth muscle cells. 

Methods 

Culture of Vascular Smooth Muscle Cells   

 Human coronary smooth muscle cells purchased from Clonetics (San Diego, CA,USA ) 

were cultured in SMC medium and incubated at 37°C in a humidified 5% CO2 atmosphere and 

cultured into 12 flasks (25 cm2 ). Prior to the following experiments, cells were serum-starved for 

24 hours in DMEM (Dulbecco's Modified Eagle's Medium).  

Western Blot Analysis 

 The 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 mg/mL 

leupeptin, and 5 mg /mL aprotinin), and the protein concentration of the lysate was determined 



by BioRad protein assay.  Proteins were resolved by SDS-PAGE (Sodium dodecyl sulfate 

Polyacrylamide Gel electrophoresis) and transferred to nitrocellulose membrane.  Non-specific 

proteins in the blots were blocked by incubation in 5% milk powder/Phosphate buffer saline 

(PBS), pH 7.8/0.1% Tween 20 and the membranes were incubated overnight at 4°C with 

blocking solution containing antibodies to connexin-43 (1:1000). Membranes were washed and 

incubated with HRP-conjugated secondary antibody and HRP activity was detected using an 

ECL kit (Pierce). As a loading control, GAPDH was run in parallel. 

Conventional RT-PCR 

          Total RNA was isolated from the VSMCs using RNAzol. 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.  After initial 

denaturation at 95oC for 5 min, PCR amplification was performed by using denaturation steps 

for 45s at 95oC, annealing for 45s at 55oC, primer extension for 60s at 72oC, and a final 

extension for 5 min at 72oC. The samples were amplified for 35 cycles, which was found to be 

on the linear phase.  b-actin was used as an internal standard for RNA loading.  Products were 

separated by gel electrophoresis (1% agarose gel) and visualized with ethidium bromide staining. 

Primer sequences for connexin43 were 5�- AGAGGAAGAACTCAAGGTTGCCCA -3� 

(Forward primer) and 5�-AGGACACCACCAGCATGAAGATGA-3� (Reverse primer). 

Results 

Effect of TNF-�  On the Expression of Connexin-43 Protein from Human Vascular Smooth 

muscle cells  

 I focused my experiments on connexin-43, which is thought to be the prominent connexin in 

smooth muscle cells .Quantitative Western blot evaluation of connexin-43 protein expression in 



a time and dose -dependent manner from human vascular smooth muscle cells. Exposure to 

TNF-a (100ng/mL) caused a rapid reduction in connexin-43 protein levels, detectable at 1.0hour 

and reaching 80% decrease at 24 hours (Fig. 1A). Exposure of VSMCs to different doses of 

TNF-a for 24 hours indicated a significant reduction from 50ng/mL and near-maximal reduction 

with 100ng/mL (Fig. 1B).  

 

 

Effect of TNF on the mRNA transcripts of connexin43 in human vascular smooth cells  
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Figure 2: Effect of TNF-a on the mRNA transcripts of connexin-43 in human VSMCs. 
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Figure 1A: Effect of TNF-a on the 
expression of connexin-43 in a time-
dependent manner from human VSMCs. 

Figure 1B:  Effect of TNF-a on the 
expression of connexin-43 in a dose-
dependent manner from human VSMCs. 
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Effect of IFN-gggg, IL-12 and IL-1bbbb on the Expression of Connexin-43 Protein from 

Human Vascular Smooth muscle cells 

To obtain insight potential effects of inflammatory cytokines such as IFN-g, IL-12 and IL-1b, we 

assessed effects of these cytokines on the connexin-43 expression in VSMCs. Studies showed 

that IFN-g (100ng /mL), IL-12 (100ng/mL) and IL-1b 10ng/mL) were enough to cause some 

effects in the VSMCs .We also choose these does cytokines to observe the connexin-43 

expression in this study. As shown in Fig. 3, IFN-g and IL-12 did not regulate connexin-43 

expression, but the expression of connexin-43 protein could be markedly inhibited by IL-1b in 

vascular smooth muscle cells. 

 

Figure 3: Effect of IFN-g, IL12 and IL-1b on the expression of Connexin-43 from human               

VSMCs 

Discussion 

 Plaque rupture is considered to play a pivotal role in embolization and thereby result in 

symptoms observed in occlusive vascular disease. One of the important factors is that 

inflammatory mediators such as TNF-�  may change atherosclerotic plaque integrity by altering 

VSMCs survival and modifying the extracellular matrix.  Studies have investigated that the TNF-

�  possibly plays a crucial role in coronary heat disease and stroke by decreasing VSMC 
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proliferation and promoting plaque instability. However, we do not know the regulation 

mechanisms of TNF-�  on the proliferation of VSMC. There is increasing evidence recently that 

connexins were involved in the neointima and restenosis of mouse and human atherosclerotic 

vascular.  In the present study, we provide new evidence that the expression of connexin-43 in 

VSMCs is controlled by TNF-�  in VSMC.   

Gap junctions provide an enclosed conduit for direct exchanges of signaling molecules, 

including ions and small metabolites, and drive numerous important biological processes such as 

the rapid transmission of electronic signals to coordinate contraction of cardiac and smooth 

muscles, the intercellular propagation of Ca2+ waves and the transfer of signals to enable proper 

embryogenesis. Growing evidence suggests that connexin-43 participate in VSMC growth, 

differentiation and the development of intimal hyperplasia. In early atheromas, the expression of 

connexin-43 in smooth muscle cells and connexin-37 in macrophages were observed in the 

neointima. In advanced atheromas, connexin-37 was detected in medial smooth muscle cells and 

in macrophages in the lipid core. Connexin-43 was also detected in the endothelium covering the 

shoulder of the plaques and neointimal smooth muscle cells. Interestingly, in 

hypercholesterolemic mice, it was recently showed that reducing connexin-43 limited neointima 

formation after acute vascular injury by decreasing the inflammatory response and reducing 

SMC migration and proliferation [4]. These data suggest that connexin-43 is involving the 

proliferation and migration of VSMCs and the different expression of connexin-43 maybe be 

responsible for the rupture of atherosclerotic plaques. 

A balance between the apoptosis and survival of VSMC in the fibrous cap appears to best 

correlate to plaque instability or stability. Therefore, how this balance is maintained remains of 

utmost importance towards understanding the mechanisms underlying the plaque stability. 



Studies have showed inflammatory cytokines TNF-� , IFN-�  and IL-12 could be responsible for 

apoptosis of VSMC and destabilization of atherosclerotic plaques. Further, inhibition of gap 

junctions by proinflammatory mediators in vitro, such as lipopolysaccharide, TNF-� , IL-12 or 

IL-1ß has been document in endothelial cells, Schwann cells, astrocytes and immortalized mouse 

hepatocytes. However, not much is known on the effect of inflammatory cytokines on the 

connexin-43 expression. To our knowledge; this is the first report on the regulation of connexin-

43 expression by TNF-�  in VSMCs. We found that TNF-�  inhibited the expression of connexin-

43 in a dose-and-time dependent manner on VSMCs, the ability of TNF-�  to downregulate 

connexin-43 is likely a direct effect.    

  TNF-�  is a typical inflammation cytokine and expressed at high levels in atherosclerotic 

plaques .Other cytokines such as IFN-� , IL-12 and IL-1 also implicated to induce the VSMC loss 

and plaque instability .In this study, although IL-1b (10ng/mL) showed to regulate connexin-43 

production on VSMCs, neither IFN-�  (100ng /mL) nor IL-12 (100ng/mL) regulated connexin-43 

expression, We will further investigate the regulation mechanism of these cytokines in next 

research. 

In summary, we showed the TNF-�  potently inhibited the expression of connexin-43 which 

is related to VSMC proliferation, this findings may explain the stability of atherosclerotic 

plaques. A further understanding of the regulation of connexin-43 expression in human vascular 

smooth muscle cells has great biological and clinical impact. This could provide the basis for 

new approaches to pharmacologically maintain the stability of atherosclerotic plaques.  

 

Acknowledgements 

Special thanks to Dr. Agrawal, Dr. Jia Guanghong, Anshu Agrawal, Bharti Chaudhari and 



Hal McGee for their guidance and contributions to this project. I would also like to Mr. 

Channing Bunch, Ms. Coletta Hallingsworth, and Dr. Sade Kosoko-Lasaki for giving me the 

opportunity to participate in this research program. I would finally like to thank the National 

Institutes of Health, for funding the research. 

                                                                                                               

References  

1. American Heart Association; http://circ.ahajournals.org/cgi/content/short/113/6/e85. 

2. A. Anwar, MD; A.A Zahid, MD; K.J. Scheidegger, PhD; Delafontaine, MD. Tumor 

Necrosis Factor-a Regulates insulin-like growth factor-1 and insulin-like growth factor 

binding protein-3 expression in vascular smooth muscle. Circulation. 2002; 105: 1220-1225. 

3. Sébastien Déglise, MD, David Martin, MS, Hervé Probst, MD, François Saucy, MD, Daniel 

Hayoz, MD, Gérad Waeber, MD, Pascal Nicod, MD, Hans-Beat Ris, MD, Jean-marc 

Corpataux, MD, and Jacques-Antoine Haefliger, PhD, Lausanne Switzerland. Increased 

connexin 43 expression on human saphenous veins in culture is associated with intimal 

hyperplasia. J Vasc Surg 2005; 41:1043-52. 

4.  Christos E. Chadjichristos, PhD, Christian M. Matter, MD, Isabelle Roth, Esther Sutter, 

Graziano Pelli, Thomas F. Lüscher, MD, Marc Chanson, PhD, Brenda R. Kwak, PhD. 

Reduced connexin 43 expression limits neointima formation after balloon distension injury 

in hypercholesterolemic mice. Circulation. 2006; 113:2835-2843.    

 

 

 

 



 
 


