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Abstract: 

Vascular smooth muscle (VSM) cell proliferation and migration are the hallmark of atherosclerosis 

and re-stenosis. In this study, we have investigated the role of mitochondrial bioactivity in VSM cell 

proliferation and migration through the regulation of miRNA expression. We also investigated for the 

first time the role of mitochondrial bioactivity in determining the content of exosomes released by 

vascular smooth muscle cells and the biological effect these exosomes have on vascular smooth 

muscle (VSM) cell proliferation and migration. 

VSM cells were isolated from 12-week old male Sprague-Dawley rats. Experiments were undertaken 

using day zero isolated (contractile phenotype), 21-day cultured (synthetic phenotype) and 21-day 

mitochondrial incompetent (synthetic phenotype- Rho cell). The effect of balloon angioplasty on rat 

aorta structural remodelling was also studied. VSM cells were also stimulated using 20 ng/ml PDGF 

and treated with mitochondrial DRP1 inhibitor MDivi-1 (10 μM). 

Inhibition of mitochondrial network formation with the DRP1 inhibitor MDivi-1 (10 μM) inhibited 

angioplasty-dependent remodelling. This observation was confirmed in VSM cell cultures where 

MDivi-1 significantly reduced proliferation and migration. Total exosomal release was significantly 

greater in the 21-day cultured cells when compared with quiesced non-proliferating cells and 21-day 

cultured Rho cells (520 +/- 10 ng, 480 +/- 20 ng and 420 +/- 10 ng per ml respectively) and total 

exosomal RNA yield was 70.2 +/- 10.2 ng/ul, 118.7 +/- 2.4 ng/ul and 70.8 +/- 4.7 ng/ul respectively.  

Mitochondrial function significantly influenced miRNA and mRNA measured in exosomes. When 

compared with the hyperproliferative synthetic VSM cell miR-21 expression was reduced by 88 +/- 

12.1% and miR-145 expression increased by 73 +/- 19.8%. We also measured a 7-fold decrease and 

6.6-fold decrease in mTOR, PI3K and 4EBP1 respectively. A significant increase expression of P53, 

cdkn2a and ROS scavenging proteins including SOD1 and SOD2 were measured in 21-day cultured 

Rho cells vs. 21-day hyperproliferative VSM cells.  

The expression of cellular miRNA was also seen to be influenced by mitochondrial bioactivity. The 

expression of miR-21 in cells treated with MDivi-1 was 2 ± 0.2 fold lower than the expression level in 

the PDGF stimulated cells. The expression level of miR-145 in the MDivi-1 treated cells was 0.5 ± 

0.1 fold higher than the expression level in the PDGF stimulated cells. 

In this study we have further correlated VSM cell hyperproliferative phenotype with mitochondrial 

function. Moreover, further demonstrated mitochondrial function/ VSM cell phenotype with exosomal 

release and cargo that potentially drives the hyperproliferative/ migratory phenotype central to 

atherosclerosis and re-stenosis.    
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1.1 Cardiovascular System:  

The cardiovascular system, also known as the circulatory system, consists of the 

heart functioning as a pump, the arterial system which distributes the oxygenated 

blood to the tissues, the venous system which collects the deoxygenated blood from 

the tissues and returns it back to the heart and the capillary system where the 

exchange of oxygen, nutrients and waste takes place.  

The main functions of the cardiovascular system are transporting oxygen and 

removing carbon dioxide, transporting nutrients and removing wastes, transporting 

hormones from the endocrine glands to the cells and regulating body temperature. 

The circulatory system is 

divided into two parts; the low 

pressure pulmonary circulation 

which links circulation with 

gas exchange in the lungs and 

the high pressure systemic 

circulation which provides 

oxygen and nutrients to the 

tissues. The blood flows down 

the pressure gradient from the 

high pressure arterial 

circulation and returning via 

the low pressure venous 

circulation (Figure 1.1).  

Figure 1.1 circulatory systems. Diagram shows the 

pulmonary circulation that transports blood to the 

lung to be oxygenated and the systemic circulation 

that transports blood from the lungs to the rest of the 

body (www.anatomyclass123.com). 
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The systemic circulation is responsible for transporting the blood around the body. 

The oxygenated blood is transported to the body through the aorta which branches 

into arteries that takes the blood to the upper part of the body first then moves to the 

lower part through further branches of arteries. The blood is then delivered to 

different tissues through the smaller capillaries. Once the oxygen is delivered to the 

tissue, the blood moves back to the capillaries and empties into the veins which then 

take the blood to the vena cava through which the blood is transported back to the 

heart (Davies and Hagen, 1994). On the other hand, the pulmonary circulation 

circulates the blood into and out of the lungs. The deoxygenated blood leaves the 

heart through pulmonary arteries and enters the lungs where it gets oxygenated and 

then leaves the lungs through the pulmonary veins and enters the heart. 

Blood flow in the circulatory system depends on blood volume that must be 

sufficient to fill blood vessels and pressure difference across the circulatory system 

that provides the force to move the blood forward. The arterial system has the highest 

pressure because of its function as a distribution system (Lee et al., 2004). The 

capillaries are small vessels linking the arterial system with the venous system and 

they contain the smallest amount of blood, whereas, the venous system contains the 

largest volume of blood and lowest pressure as it functions as a reservoir that collects 

the blood from the tissues. However, the main factors governing blood flow in the 

cardiovascular system are pressure and resistance. Blood flow through a vessel is 

determined by the pressure difference between the two ends of the vessel and the 

resistance that blood must overcome to move through the vessel caused by the 

friction between the blood and the vessel wall as in the following equation (F= ∆ 

P/R). French physician Poiseuille expanded this equation by relating flow to many 

determinants of resistance including blood vessel diameter and blood viscosity as in 

the following equation  

F = ∆ P (pressure) × π × r (radius)
4
  / 8 × L (length) × η (viscosity) 

This shows that because blood flow is directly related to the fourth power of the 

radius, any small change in vessel radius can produce large change in the blood flow 

to an organ or tissue  (Stary, 1990). 
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Many diseases affect the cardiovascular system and can have different origins but 

they share the hallmark of vascular smooth muscle (VSM) cell hyperplasia and 

migration. Increased cell growth can affect blood vessels which causes change in 

total peripheral resistance and blood pressure or it can affect cardiac tissues leading 

to ventricular hypertrophy and heart failure. Some examples of these conditions are 

atherosclerosis, hypertension and arteriovenous fistula failure (Edgington et al., 

1991). Although the triggers are not fully understood, it has been well documented 

that inflammatory response triggers the progression of these diseases. This 

inflammatory process can be initiated by focal trauma like in the case of needle 

injury, general trauma like in the case of atherosclerosis or stress on the blood vessel 

walls like in the case of hypertension (Mallika et al., 2007). These all lead to the 

same end point of shifting vascular smooth muscle cells phenotype from quiescence 

to proliferative, blood vessel remodelling and hence occlusion (Orford et al., 2000). 

Although all three layers of blood vessel are involved in the progression of 

cardiovascular disease, the extent of their contribution and the sequence in which 

each layer comes in the process is not yet conclusive. The inflammatory and 

proliferative process cascade is not yet fully understood, however, many factors have 

been identified which help in the stimulation and progression of the diseases such as 

some inflammatory cytokines and growth factors (McNamara et al., 1996). These 

factors work through well identified signalling pathways including mitogen activated 

protein kinase (MAPK), mammalian target of rapamycin (mTOR) and AMP-

activated protein kinase (AMPK). 

 

1.2 Blood Vessel Structure: 

Blood vessel walls consist of three layers: tunica intima, tunica media and tunica 

adventitia (Figure 1.2). The tunica intima is a thin inner layer of the blood vessel 

made of endothelial cells spread on a connective tissue layer known as the internal 

elastic lamina (IEL). The IEL is made of collagen, laminin and heparin sulfate 

proteoglycan (Timpl, 1996). The endothelial layer prevents the escape of the plasma, 

is an anti-thrombotic barrier and releases many vasoactive substances. Tunica media 

consists of smooth muscle cells arranged in a matrix of elastin and collagen fibres 
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which gives it strength and contractile power to maintain vessel tone and 

cardiovascular regulation. The arterial walls are normally thicker than the venous 

walls because of the presence of more smooth muscle cells and elastic fibres (Davies 

and Hagen, 1995). The adventitia is made of flexible connective tissue layer made of 

fibroblasts, nerves and extracellular matrix which helps in tethering the vessel 

loosely to the surrounding tissue (Thibodeau and Patton, 2003). All three layers 

contribute differently in regulating vascular response to injury or stress. 

 

 

 

 

 

 

 

 

 

Figure 1.2 Blood Vessel Structure.  Diagram shows the three distinct layers of the 

blood vessel and the cellular composition of each layer; Adventitial cells, vascular 

smooth muscle cells and endothelial cells (www.physio-web.org). 

 

Blood Vessel Structure and Function: Endothelial cells 

Endothelial cells cover the inner surface of blood vessels. These cells have several 

important physiologic functions and are now recognised to be critical for many 

aspects of vascular homeostasis (Pearson, 2000). Vascular endothelial cells are 

joined together tightly in a semi-permeable barrier to prevent the efflux of large 

molecules like low density lipid into the sub-endothelial spaces (Ross, 1993). These 
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cells also provide the blood vessel with a non thrombogenic surface by inhibiting 

platelet aggregation. They release platelet inhibitors prostacyclin (PGI2) and nitric 

oxide (NO). Another important function of endothelial cells is the secretion of what 

is known as endothelium-derived relaxing factors (EDRFs; (Furchgott and 

Vanhoutte, 1989). EDRFs act by relaxing smooth muscle cells causing the blood 

vessel to relax and the diameter of the lumen to increase. Although many substances 

are thought to be among the EDRFs, NO is thought to be the best characterised. 

Some factors that inhibit the migration and proliferation of smooth muscle cells are 

also secreted by the endothelial cells and this includes heparin sulphate and NO 

(Consigny, 1995). The endothelial cells are known to be responsible for the primary 

blood vessel development (vasculogenesis) and the vessel growth after this point 

(angiogenesis) (Folkman and Shing, 1992). 

The active metabolism of endothelial cells is essential for controlling blood pressure 

through the continuous adjustment of underlying vascular smooth muscle tone. The 

synthesis and secretion of PGI2 and NO are very important for vasodilatation in 

response to elevated blood pressure (Huang et al., 1995). Both NO and PGI2 

synthesis can also be triggered rapidly by many agents that are generated during 

coagulation or platelet aggregation including bradykinin, thrombin and ATP (Carter 

and Pearson 1992). Endothelial NO synthesis is also induced by increasing shear 

stress through the activation of protein kinase B (Fulton et al., 1999). Endothelial 

cells also secrete some potent vasoconstrictors such as endothelin-1 (ET-1) which 

can be modulated by physical forces such as shear or stretch (Haynes and Webb, 

1998).  

Endothelial cells play a role in the control of leukocyte trafficking. Cell activation by 

thrombin, inflammatory cytokines (such as interlukin-1 and tumour necrosis factor) 

or endotoxins result in increased expression of adhesive molecules at the endothelial 

luminal surface which attract the leukocytes to adhere to the endothelium and then 

emigrate from the blood vessel into the damaged site (Springer, 1995). Vascular cell 

adhesion molecule (VCAM) and intracellular adhesion molecule (ICAM) are some 

examples of these adhesive molecules synthesised by the endothelial cells in 



Chapter 1                                                                                       General Introduction 

7 
 

response to inflammation, oxidant stress, hyperlipidemia and hyperglycemia which 

helps in the accumulation of macrophages in the vessel wall (Marui et al., 1993).  

Endothelial cells also play an important role in platelet function, coagulation and 

fibrinolysis. They are responsible for synthesis of von Willebrand factor (vWF) 

which is a glycoprotein that has mainly two functions; vWF acts as a carrier for 

coagulation factor VIIII and as a cofactor needed for platelets to bind to the exposed 

collagen in the damaged vessel wall (Wagner, 1990). Thrombin formation also 

triggers the release of NO and PGI2 from the endothelium which are powerful 

inhibitors of platelet activation (Freedman et al., 1999). Thrombin is also inhibited by 

anti-thrombin  which is synthesised in the liver but binds from the circulation to 

surface glycosaminoglycans on endothelium (Marcum et al., 1984). The expression 

of the endothelial transmembrane protein thrombomodulin also targets thrombin and 

changes its conformation and makes it less efficient at cleaving fibrinogen and more 

efficient in activating circulating protein C which is an anticoagulant (Esmon, 1995). 

Fibrinolysis is controlled by two main precursors; tissue plasminogen activator (tPA) 

and plasminogen activator inhibitor-1 (PAI-1) which are both secreted by endothelial 

cells (Booth and Bennett, 1994).   

 

Figure 1.3 Functions of Endothelial cells. Diagram shows the components of the 

endothelial cells and the different factors released by endothelial cells on underlying 

VSM cells (Shiogai et al., 2010).   

(B) 
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Blood Vessel Structure and Function: Vascular smooth muscle cells 

Vascular smooth muscle cells which form the medial layer of blood vessels are 

differentiated cells functioning mainly for contraction. They contain of proteins, ion 

channels and signalling molecules that help them contract (Owens, 1995). They 

exhibit extensive plasticity throughout life, during repair of vascular injury caused by 

balloon angioplasty or stent insertion and disease states such as hypertension. They 

also have a diverse range of different phenotypes. This diversity occurs in response 

to different changes in the pathophysiological conditions or under normal conditions 

depending on the anatomic location of the blood vessel (Cook et al., 1994). The 

phenotypic difference helps vascular smooth muscle cells carry out different 

functions in different organs during development such as formation of new blood 

vessels during embryonic and neonatal phases (Lacolley et al., 2012). It also helps 

vascular smooth muscle cells repair injury resulting from trauma or inflammation. 

This can be seen during the early embryonic development when smooth muscle cells 

have a high rate of proliferation and migration as well as the increase in the 

production of extracellular matrix (ECM) proteins seen during late embryogenesis 

(Sasaguri et al., 1994). However, following vascular stress or injury the phenotype 

changes from contractile to proliferative (Alexander and Owens, 2012). They change 

in shape from spindle to rhomboid and lose their actin and heavy chain myosin that 

maintain its contractile state (Figure 1.4). They also gain the ability to migrate and 

secrete and synthesise extracellular matrix and other biologically mediators that 

regulate contraction and relaxation, inflammation, proliferation and apoptosis (Inoue 

et al., 2000). This change in phenotype is not completely understood and although 

some signalling pathways have been identified, the full picture of the inter-relation 

between these pathways is not drawn. Some cellular organelles such as mitochondria 

have been found to play a role in this signalling process but it is still not known how 

they do that (Leduc et al., 2010).  

Vascular smooth muscle cells have different embryological origins which determines 

the proliferative capacity of these cells once they shift from the quiesced state to the 

proliferative state following stimulation (Hungerford and Little, 1999). Although 

most vascular smooth muscle cells are known to be derived from local mesoderm 
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populations, some smooth muscle cells such as the coronary artery vascular smooth 

muscle cells are derived from pro-epicardial organ and other evidence suggest that 

under severe vascular injury or inflammation, circulating stem cells derived from 

bone-marrow give rise to smooth muscle cells or smooth muscle cell-like cells 

(Owens et al., 2004).  

There are functional differences in smooth muscle cells of different blood vessels 

including the myogenic tone difference between small and large arteries, difference 

in signalling pathways which results in variable sensitivities to drugs and difference 

in calcium regulation between phasic and tonic blood vessel (Somlyo and Somlyo, 

2003). 

 

 

 

Figure 1.4 Phenotypic Changes in VSMCs from quiesced contractile to proliferative 

synthetic phenotype. Diagram shows the morphological changes that occur in the 

VSMC following stimulation and the functional changes associated with the release 

of cytokines and growth factors, Dianna M Milewicz et al, 2010.  
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Blood Vessel Structure and Function: Adventitia  

The vascular adventitia is a very complex compartment in the vessel wall (Figure 

1.5). It is composed of fibroblasts, dendritic cells, macrophages, progenitor cells and 

perivascular nerves embedded in collagen connective tissue matrix (Ishiwata et al., 

1997). Adventitial fibroblasts are the first to be activated upon vascular stress or 

injury leading to alteration in the tone and structure of the vessel wall from the 

outside in (Rey and Pagano, 2002). They can also sense and direct responses of many 

stimuli to other adventitial cells in the same tissue as well as the neighbouring 

tissues. Their activation results in upregulation in expression of extracellular matrix, 

adhesion proteins and contractile proteins. They also secrete growth factors, 

cytokines, chemokines and angiogenic factors that are responsible for changing the 

phenotype of other vascular wall cells and also results in cell proliferation (Henn et 

al., 1998). High blood pressure also activates the adventitia causing it to lose its 

elasticity and become stiff  (Piek et al., 2000). 

Although many cell types are present in the adventitia, adventitial fibroblasts are the 

most important component as they are the first cells to sense vascular injury and 

hypertensive state and results in adventitial remodelling which is characterised by 

adventitial fibroblast proliferation (McEver and Cummings, 1997). In comparison to 

normal adventitia fibroblasts, hypertensive adventitial fibroblasts have a greater 

proliferative capacity and produce more chemokines, cytokines and adhesion 

molecules due to change in their phenotype which correlates with a change in their 

function and their ability to limit stimulus-induced proliferation (Diacovo et al., 

1994). The cross talk between the smooth muscle cells in the medial layer and the 

adventitia is important in the development of cardiovascular disease. Vascular 

fibroblasts release large amounts of NADPH oxidase-derived reactive oxygen 

species which plays a major role in fibroblast proliferation and regulating vascular 

tone. Adventitial layer has also been seen to act as a barrier to nitric oxide activity 

which in turn inhibits the function of nitric oxide by stopping it from getting to 

VSMCs and causing vessel relaxation (Rey and Pagano, 2002). It was reported that 

adventitial-derived O2
-
 diffuses through the vessel layers and interacts with 
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endothelial derived nitric oxide which inhibits its bioactivity and the NO-dependent 

relaxation.  

 

 

 

Figure 1.5 Composition of Tunica adventitia layer of the blood vessel. Diagram 

shows the different components of the adventitial layer and the factors released by 

the adventitia. 
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1.3 Cardiovascular Disorders: 

Many disorders affect the cardiovascular system including hypertension (Hoffman et 

al., 2011), heart failure and atherosclerosis (Newby and George, 1993). All are in 

part characterised by vascular smooth muscle cell proliferation and migration. These 

hyperproliferative diseases can develop normally due to risk factors including diet 

and life style as in atherosclerosis or iatrogenically after surgical procedures such as 

percutaneous coronary intervention (PCI) or injury caused by cannulation-dependent 

injury of the arteriovenous fistula (Chaudhury et al., 2007).  

Atherosclerotic occlusion can be treated by stent insertion to the occluded blood 

vessel or coronary artery bypass grafting (Chen and Fujise, 2005). Both procedures 

cause injury to the endothelium which is the basis of the formation of intimal 

hyperplasia which could occur months after the procedure (Stary, 1990). The same 

problem occurs in the anastomosis site when an arteriovenous fistula is created to 

gain haemodialysis access for renal failure patients. Many factors are involved in the 

development and progression of intimal hyperplasia including physical forces, 

morphologic changes and biochemical events. The sequence in which intimal 

hyperplasia formation is thought to take place is platelet activation, leucocyte 

recruitment, activation of coagulation, smooth muscle cell migration and finally 

smooth muscle cells proliferation (Figure 1.6). 

Endothelial damage due to vascular injury results in exposing the sub endothelial 

matrix causing platelet adhesion and aggregation. The adhered platelets become 

activated and release thromboxane A2 which is a potent chemoattractant and a 

smooth muscle cell mitogen. This is done through the release of ADP and activation 

of arachidonic acid synthesis pathway (Davies and Hagen, 1994). These activated 

platelets then release many bioactive substances such as growth factors, platelet-

derived growth factor (PDGF), cytokines (IL-1, IL-6, IL-8) and thrombin (Ishiwata 

et al., 1997). These substances initiate smooth muscle cell proliferation (Lee et al., 

2004). Thrombus generation is another consequence for platelet activation which 

occurs through a trans-membrane protein found on platelets called (CD40L). This 

protein plays another important role in the expression of many adhesion molecules 

including P-selectin and E-selectin (Henn et al., 1998). 



Chapter 1                                                                                       General Introduction 

13 
 

Following endothelial damage caused by vascular injury or shear stress, the process 

of leukocyte recruitment and infiltration at the injury site starts. Binding of 

leukocytes to the adhesion molecules causes inflammation (Piek et al., 2000). The 

leukocytes bind to the adhered platelets through P-selectin and become activated 

(McEver and Cummings, 1997) and undergo vessel wall invasion mediated by 

VCAM and ICAM-2 (Diacovo et al., 1994). Many cytokines are involved in the 

recruitment of leukocytes including IL-8 in neutrophil recruitment. Others, such as 

IL-1 and IL-6 play an important role in modulating inflammatory response. The 

extent of the injury determines the inflammatory response which explains the rich 

presence of neutrophils and macrophages at the site of stent injury (Inoue et al., 

2000). 

Damage to the endothelium layer also results in the exposure of tissue factor to the 

circulating blood (Figure 1.7). Along with monocytes, which release cytokines and 

growth factors, this triggers coagulation process and results in thrombin formation by 

binding to factor VII/ VIIa (Edgington et al., 1991). Circulating tissue factor (TF) 

becomes incorporated into the thrombus between the micro particles and the 

activated platelet. Thrombin then stimulates smooth muscle cell proliferation by 

inducing platelet release of platelet-derived growth factor (PDGF; (McNamara et al., 

1996). 
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Figure 1.6 Platelet activation and Leukocyte recruitment. Diagram shows the 

recruitment of leukocytes and the activation of the platelets following endothelial 

damage.  

Vascular smooth muscle cells found in the hyperplastic intima has been a subject of 

intensive studies in an attempt to describe the underlying pathobiology (Michel et al., 

2012). Bone marrow-derived somatic progenitor cells have been seen to migrate to 

the intima and give rise to vascular smooth muscle cells to form the neointima 

(Religa et al., 2002). Other evidence suggested that vascular injury stimulates the 

vascular smooth muscle cells in the tunica media and changes them from the 

quiescent to the proliferative phenotype which then promotes them to migrate from 

the media into the intima (Chen and Fujise, 2005). 

A number of genes have been identified to regulate the migration of the smooth 

muscle cells whether from the media into the intima or through the blood stream in 

the case of somatic progenitor cells and one of these is the human tissue inhibitor of 

metalloproteinease-1 (TIMP-1) which was investigated in an animal model of 

vascular injury (Dollery et al., 1999). 

Once the VSMCs migrate to the intima, they proliferate and secrete extracellular 

matrix (ECM) which increases in size and eventually causes the narrowing of the 
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lumen and restenosis. The blood vessel contains a variety of growth factors including 

platelet-derived growth factors (PDGF), thromboxane A2, adhesion molecules such 

as P- and E- selectins and cytokines which then cause VSMC to activate cell-cycle 

related molecules such as cyclins and cyclin-dependent kinases (Shelat et al., 2001). 

Some recent evidence also shows that the growth of VSM cells and the production of 

the ECM is not only positively regulated by growth factors but also negatively 

controlled by genes within the VSM cell such as tumour suppressor gene p53 which 

was shown to be significantly increased when the VSM cells were stimulated by 

growth factors (Mnjoyan et al., 2003). Matsushita (2000) confirmed in a rat carotid 

artery injury model that an abnormal VSM cell growth was observed when the p53 

function was disrupted. Another study showed that when wild type p53 was over 

expressed by gene transfer, the restenosis was decreased remarkably (Scheinman et 

al., 1999). 

Another protein found to be important in vascular remodelling is Fibulin-5. Fibulin-5 

is an elastin-binding protein required for the assembly and organization of the elastic 

fibres was up regulated in VSM cell within the neointimal hyperplasia in a mouse 

carotid artery model. Fibulin-5 blocks both neointimal hyperplasia and outward 

remodelling which was found when fibulin-5 deficient mice had more severe 

neointimal hyperplasia and larger vascular circumference compared to the wild type 

(Jeffrey et al., 2005). 

Many signalling pathways are involved in the process of vascular proliferative 

diseases including phosphatidyl-inositol 3-kinase (PI3K), Akt and mitogen-activated 

protein kinase (MAPK) (Rakesh and Agrawal, 2005). The most important signalling 

pathway is MAPK which will be discussed in more details in section (1.6). 

Activation of PI3K signalling pathway causes it to interact with other signal inducing 

molecules and activates other pathways (Wymann and Pirola, 1998). PI3K is 

associated with Ras and MAPK which is involved in cell proliferation, 

differentiation, motility and cell death (Cobb, 1999). PI3K is also involved in the 

functioning of Akt signalling pathway which is known to maintain the balance 

between survival, apoptosis and proliferation (Burgering and Coffer, 1995). 
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Vascular smooth muscle cells are normally maintained quiescent under normal 

conditions. When a signalling agent such as a growth factor binds to receptor with 

intrinsic tyrosine kinase activity, those smooth muscle cells enter the cell cycle again 

and growth becomes initiated (Cadena and Gill, 1992). Those receptors couple 

indirectly to many signalling pathways including MAPK and PI3K-Akt (Berra et al., 

1993). However, full mechanism and the full picture of the signalling pathways 

involved is not yet understood which raises the question about the role played by 

other cellular organelles such as mitochondria in the process of shifting VSM cell 

phenotype from contractile to synthetic resulting in different vascular hyper 

proliferative diseases such as atherosclerosis and AVF restenosis. 

 

Figure 1.7 VSMC migration and Proliferation. Diagram shows important factors 

released following the damage to the endothelium which drives VSMCs to have 

increased proliferative and migratory capacity. 

Atherosclerosis: 

Atherosclerosis is a complicated immuno-inflammatory disease that occurs in 

medium sized and large arteries (Figure 1.8). The underlying inflammatory event that 

leads to atherosclerosis occurs long before the disease becomes clinically apparent 
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(Crowther, 2005). Once atherosclerosis is initiated, it progresses as a result of a 

series of changes in the constituent cellular make-up of the vessel wall along with 

cytokine-mediated lesion growth. The atherosclerotic lesion as it develops 

accumulates lipid laden macrophages (foam cells) and is characterised by fibroblast 

proliferation (Fleming, 1999). Presently studies revealed that the major players in the 

development of atherosclerosis are lipids, endothelial cells, leukocytes and more 

importantly intimal smooth muscle cells (Ross, 1999). Atherosclerosis alone is not 

always fatal, it is the rupture of the plaque and the circulating debris in the vascular 

system that causes the devastating consequences when they become trapped and 

occlude the downstream blood supply resulting in ischemia which can result in 

stroke or myocardial infarction (Falk, 2006). Atherosclerotic lesions begin to develop 

under a dysfunctional endothelium which with time becomes de-endothelialised and 

the endothelial cells become de-endothelialised which leads to the loss of anti-

inflammatory and anti-thrombotic properties of the endothelium (Davies et al., 

1988). Plasma molecules and lipoproteins leak through the defective endothelium 

into the sub-endothelial space (Figure 1.8). When the endothelium becomes activated 

by pro-inflammatory stimuli, the expression of adhesion  molecules such as vascular 

cell adhesion molecule-1 (VCAM-1) become up-regulated which contribute to the 

recruitment of monocytes and T cells (Libby, 2002). Other adhesion molecules also 

contribute to the recruitment of blood borne-cells to the atherosclerotic lesion 

including intracellular adhesion molecule-1 (ICAM-1), E-selectin and P-

selectin(Hansson, 2005).In response to atherogenesis, leukocytes are recruited and 

that is seen in the circulating monocytes and T lymphocytes and neutrophils (Naruko 

et al., 2002). Some chemokines are required for the adhesion of leukocytes to the 

endothelium including monocytes chemoattractant protein-1 (MCP-1) which is over-

expressed in atherosclerosis. MCP-1 and its receptor on monocyte/macrophages 

(CCR2) are up-regulated during plaque formation and thought to attract both 

monocytes and T cells during this process which is then passed into the intima with 

the help of interlukin-8 (IL-8; (Glass and Witztum, 2001). During disease 

progression, the immune-inflammatory response is joined by fibro-proliferative 

response mediated by intimal smooth muscle cells which are responsible for healing 

and repair after arterial injury (Schwartz et al., 2000). However, these cells undergo 
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changes in the phenotype that causes the proliferation to be uncontrolled and 

continue until the lumen size is reduced and blood flow is compromised. 

 

Figure 1.8 Process of atherosclerosis development. Diagram shows the main steps 

involved in the initiation and progression of atherosclerosis. 
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Arteriovenous Fistula (AVF): 

The number of renal failure patients is increasing around the world, in 2001 more 

than one million patients were reported to receive dialysis worldwide and the 

numbers are growing at an annual global average rate of 7% (Rakesh and Agrawal, 

2005). This brings the need for renal dialysis and arteriovenous fistula creation at the 

top of the priorities to gain better access to the vein. The technique of Arteriovenous 

fistula creation was first introduced by Scibner shunt in 1960 (Scribner et al., 1960) 

and Brescia-Cimino fistula in 1966 (Brescia et al., 1966). This surgery helped in 

gaining better access to the vein and hence more volume of blood transfused 

compared to the older method which involved direct insertion of the cannula into a 

large vein (Figure 1.9). Despite the advantages achieved by this method and the fact 

that it is the preferred method of renal dialysis, the problem of stenosis and AVF 

failure remains unresolved (Tordoir et al., 2007). The failure can either be as a result 

of failure to mature or as a result of neointimal hyperplasia formation which causes 

vein wall thickening, stenosis and ultimately occlusion. The neointimal hyperplasia 

is caused by smooth muscle cell proliferation suggesting that there are morphological 

changes occurring in the vascular smooth cells enhancing the proliferation (Murphy 

et al., 2002). With a 63% patency rate at one year, more investigations are needed to 

underline the pathways involved in the proliferation of the smooth muscle cells 

(Biuckians et al., 2008).  

Aneurysm is another cause for AVF failure. It is the rupture and bleeding of the 

blood vessel wall that occurs in areas of repeated needle puncture sites driven by the 

loss of elasticity due to destruction of the venous wall and replacement by scar tissue 

(Mennes et al., 1978). Vascular access site infection leading to sepsis is a very 

challenging complication and can cause morbidity and mortality among hemodialysis 

patients. It can also be an important cause for AVF failure after triggering the 

immune response (Saeed Abdulrahman et al., 2002).  
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Figure 1.9 Arteriovenous fistulas. Diagram shows the creation of AV fistula by 

joining the artery with the vein shown inside the circle. 

 

AVF Failure to Mature: 

Fistula maturation is required to stand the velocity and volume of the blood flowing 

into the newly created anastomosis. Maturation is achieved when two needles can be 

cannulated to deliver a minimum blood flow for the total duration of dialysis 

(Wymann and Pirola, 1998). Almost between 20 and 50% of fistulas fail to mature 

(Cobb, 1999). Maturation of the fistula depends on having sufficient blood flow to 

support haemodialysis and prevent thrombosis. This is determined by the pressure 

gradient and the total resistance in the fistula circuit (Burgering and Coffer, 1995). 

The capacity of the fistula to dilate is needed to accommodate the increase in blood 

flow required for the maturation. They need to dilate by nearly 80% to achieve a 10 

fold increase in blood flow. Based on clinical studies, the major stimulus for the 

arterial dilation and remodelling after fistula creation is blood flow velocity and 

shear stress exerted on blood vessel wall which is sensed by the endothelium. Loss of 

endothelial cells after fistula creation may contribute to the impairment in dilation 

and maturation as a result of failing to release the vasodilator nitric oxide which 

restores the shear stress back to normal (Cadena and Gill, 1992). Formation of 
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neointimal hyperplasia downstream of the anastomosis has also been implicated with 

the fistula failure to mature. The overall rate of fistula maturation has been shown to 

improve following correction of these lesions using inhibitors of pro-hyperplasia 

signalling pathways. These pathway inhibitors include cell cycle inhibitors, 

PI3K/Akt/mTOR signalling pathway and MAPK signalling pathway (Mitra; et al., 

2005). 

AVF Stenosis: 

Although the National Kidney Foundation Disease Outcomes Quality Initiative 

(NKF-DOQI) guidelines recommend that creation of native arteriovenous fistulas  is 

preferable to arteriovenous grafts because of their lower morbidity and higher long-

term patency (K/DOQI, 2006), the AVFs are still subject to failure due to stenosis 

with an estimated failure rate of 23%-46% both in Europe and the United States 

(Chalmers et al., 2012). 

The pathology of stenosis has been the focus of many recent studies which linked the 

progression of the lesion with the damage caused to the endothelium (Figure 1.10). 

Many substances have been correlated with endothelial dysfunction as a result of 

these emerging studies. Plasma levels of asymmetrical dimethylarginine (ADMA), 

which is an endogenous inhibitor of nitric oxide production, was shown to correlate 

with endothelial dysfunction and the development of stenosis (Wu et al., 2009). Up 

to 60% of the patients with high levels of ADMA had target lesion stenosis 

compared with 25% of those with low levels; suggesting a role for ADMA in the 

progression of stenoses of AVFs which opens the doors for studying therapeutic 

targets for ADMA. It was suggested that ADMA competes with L-arginine as the 

substrate for nitric oxide (NO) synthase, resulting in decreased production of 

endothelium-dependent NO (Boger et al., 2000). The endothelium plays a crucial 

role in the maintenance of vascular homeostasis, and NO is the most important 

mediator of this process. The decrease in NO production affects platelet aggregation 

and adhesion, leukocyte adhesion, smooth muscle proliferation and extracellular 

matrix formation, which may contribute to the progression of the stenotic lesion 

(Sarkar et al., 1996). 
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The lesion associated with AVF stenosis comprises smooth muscle cells, 

myofibroblasts and endothelial cells within micro vessels (Roy-Chaudhury P et al., 

2006). It was also reported that transforming growth factor β and insulin-like growth 

factor I were present within the lesion (Stracke et al., 2002). Increase in shear stress 

(which is the frictional force exerted by blood on the vessel wall) results in 

endothelial quiescence, orientation of endothelial cells in the direction of flow and 

the secretion of anti-inflammatory and anticoagulant mediators (Paszkowiak and 

Dardik, 2003) which then causes dilatation of the blood vessel and reduction in the 

neointimal hyperplasia (Keren, 1997). On the other hand, a decrease in shear stress 

results in endothelial cells activation and proliferation and release of inflammatory 

and procoagulant substances (Meyerson et al., 2001) which causes vascular 

constriction and increase in neointimal hyperplasia (Honda et al., 2001).  

Transmural pressure (the pressure that is generated within the vessel) is another 

parameter that can cause AV fistula failure with many lines of evidences coming 

from studies linking the increase in the transmural pressure with smooth muscle cell 

activation, increased cytokine expression and resulting in thickening in the vessel 

wall (Lehoux et al., 2006).  

Surgical injury to blood vessels by direct needle injury is another risk factor for 

developing AV fistula stenosis (Konner et al., 2003) and, although angioplasty is a 

treatment for AV fistula stenosis, the procedure itself can cause significant 

endothelial and smooth muscle cell injury resulting in a worsening of the restenotic 

lesion (Chaudhury et al., 2007). This was confirmed by a study which concluded that 

increased cellular proliferation and shorter time to restenosis was observed in an AV 

fistula subjected to angioplasty compared with primary stenosis (Chang et al., 2004). 

Trauma to blood vessels activates the immune system just like any trauma occurring 

in any other organ of the body (Gilmore, 2006). The immune system detects the 

signals and responds with an inflammatory reaction in order to preserve integrity. 

The release of inflammatory cytokines such as TNF-α and IL-1 triggers the 

proliferation of the smooth muscle cells. In response to specific signals, the smooth 

muscle cells alter their phenotype from the contractile to the proliferative type. This 

has been described by moving from G0 phenotype with very low rate of proliferation 
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into G1 phenotype with a fast proliferative rate (Charron et al., 2006). The signals 

transuded mainly through Mitogen Activated Protein Kinase (MAPK) (Johnson and 

Lapadat, 2002). The inflammatory cytokines mediate the phosphorylation of 

transcription factor resulting in proliferation which will be discussed in section (1.5).  

 

 

Figure 1.10 AVF Stenosis. Diagram shows the narrowing of the blood vessel 

following AVF creation caused by the proliferation of the VSMCs in the medial layer 

and the activation and recruitment of the platelets and leukocytes. 

 

1.4 Vascular Smooth Muscle Cell Phenotypes of Stenotic Lesion: 

Different cell types were found to exist in a human stenotic lesion from 

haemodialysis vascular access. This includes contractile smooth muscle cells, 

myofibroblasts, fibroblasts and macrophages. Some early studies demonstrated the 
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translocation of adventitial fibroblasts through the media and into the intima where 

they transform into myofibroblasts and contribute to neointimal hyperplasia (Shi et 

al., 1996b). More recent investigations suggested that many of the actin positive cells 

found in the neointima are bone marrow-derived stem cells that have acquired a 

smooth muscle cell phenotype (Sata and Nagai, 2002). A more detailed analysis of 

the cellular phenotype present in venous stenosis has been described by Roy-

Chaudhury et al (2009). Neointimal cells were primarily viementin positive, SMA 

positive, desmin negative myofibroblasts and a small proportion of desmin positive 

cells. This indicates a contractile smooth muscle phenotype as summarized in the 

table below. 

 

 SMA Vimentin Desmin PGM-1 

SMCs + _ + _ 

Myofibroblasts + + _ _ 

Fibroblasts _ + _ _ 

Macrophages _ + _ + 

 

Table 1.1 cellular phenotyping in dialysis access stenosis (PGM-1= macrophage 

marker) 

 

There is a high likelihood of migration of fibroblasts from the adventitia into the 

neointima due to the presence of fibroblast-like cells within the venous media (Shi et 

al., 1996a). This was supported by a study that applied adventitial gene therapy of 

tissue inhibitor of metalloproteinase (TIMP) which showed a reduction in the 

neointimal hyperplasia in arteriovenous graft stenosis model (Meng et al., 2006). 

Thus, targeting migration of adventitial cells can be one effective way of reducing 

the extent of the stenotic lesion. However, with evidence suggesting other potential 

role of bone marrow-derived cells binding to the site of vascular injury and then 

differentiating into smooth muscle cells and myofibroblasts (Caplice et al., 2007), 

similar approaches could possibly be studied. 
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It is also thought to be possible, but not yet confirmed, that there could be an ongoing 

phenotype switching within the lesion. This means that it is possible that the 

migrating fibroblasts could acquire SMA expression to become myofibroblasts. This 

also means that contractile smooth muscle cells migrating from the media could lose 

desmin expression and acquire vimentin expression to become myofibroblasts (Roy-

Chaudhury et al., 2009). 

1.5 Inflammation Following Vascular Surgery/ Injury: 

Mechanical injury to the blood vessel wall including balloon angioplasty, 

endovascular stent deployment, AVF creation provoke an inflammatory response 

(Qiu et al., 2014). This acts as a wound healing response involving endothelial 

denudation, platelet aggregation and expression of adhesion molecules. This also 

involves inflammatory cell infiltration driven by chemical gradient of chemokines 

released from smooth muscle cells, release of growth factors from platelets, 

leukocytes and smooth muscle cells, smooth muscle cell modulation and 

proliferation, proteoglycan deposition and extracellular matrix remodelling (Hyden 

and Ghosh, 2004). Many pathological studies reported a strong link between medial 

damage, inflammation and neointimal thickening (Ghosh et al., 1998). Leukocytes 

including monocytes, neutrophils and macrophages are recruited as precursors to 

intimal thickening and are observed clustering around vascular stress or injury areas 

(Weil and Israel, 2004). Vascular injury is also associated with the recruitment of 

cytokines such as tumour necrosis factor and interleukins including C reactive 

protein and IL-6 (Zampetaki et al., 2005). These inflammatory cytokines have effects 

on endothelial cells, vascular smooth muscle cells, fibroblasts and the extracellular 

matrix. These circulating cytokines consequently activate inflammatory signalling 

pathways such as JAK-STAT and NF-κB leading to inflammatory response (Brand et 

al., 1997). Cytokine interaction with vascular smooth muscle cells activates other 

signalling pathways including MAPK pathway which promotes cell proliferation and 

migration. Recent studies have suggested a role for the mitochondria in activating 

some inflammatory pathways (Madamanchi and Runge, 2007). However, the link 

between activating inflammatory pathways following vascular injury and vascular 
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smooth muscle cell proliferation and mitochondrial regulation of these processes is 

presently poorly understood. 

 

Pro-inflammatory Cytokines in Cardiovascular Disease: 

Cytokines are small proteins synthesized by nearly all nucleated cells and they are 

known to regulate host response to infection, trauma, inflammation and immune 

response. During the initiation and progression of atherosclerosis and restenosis, a 

number of pro-inflammatory cytokines including IL-1 and C-reactive protein are 

recruited. This results in the activation of proliferative signalling pathways such as  

the mitogen activated protein kinase (MAPK) which phosphorylate the downstream 

transcription factors and cause VSM cell proliferation and migration (Dinarello, 

2000). Some cytokines induce inflammation such as Interleukins-1 (IL-1), 

Interleukins-6 (IL-6) and Tumour necrosis factor (TNF), those are known as pro-

inflammatory cytokines, Whereas, the other group which suppress the inflammation 

are known as anti-inflammatory cytokines including Interleukin-4, -10 and -13 (IL-4, 

IL-10, IL-13).  

In atherosclerosis and re-stenosis, pro-inflammatory cytokines such as IL-1, IL-6 and 

TNF interact with specific receptors on target cells such as Toll-like receptor4 

(TLR4) and cause phosphorylation of the associated protein kinase. This in turn 

activates transcription factors such as NF-κB which upon activation synthesise 

proteins responsible for leukocyte recruitment and adhesion such as E-

selectin,VCAM-1 and ICAM- 1, chemokines, growth factors such as vascular 

endothelial growth factor (VEGF) and platelet derived growth factors (PDGF), and 

inducible enzymes such as cyclooxygenase-2 (COX2) and inducible nitric oxide 

synthase (iNOS; (Adrain and Martin, 2001). Synthesis of the growth factors, 

therefore, activates MAPK signalling pathway which is the main driver of cellular 

proliferation that follows the inflammatory response (Cortese et al., 1998). 

Chemokines are another pro-inflammatory genes including IL-8 which facilitate the 

migration of leukocytes from circulation into the tissue. IL-1 and TNF induce the 

adhesion of leukocytes to the endothelial surface and IL-8 facilitates its passage into 
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the tissue by creating a chemical gradient (Dinarello, 2000). The inflammation 

process, therefore, is a cascade of gene expression triggered by pro-inflammatory 

cytokines which is initiated by inflammatory products such as endotoxins as 

illustrated in the diagram below. These genes include genes for other cytokines, 

cytokines receptors, growth factors, tissue remodelling enzymes, extracellular matrix 

components and adhesion molecules (O’Neill, 1995). 

 

 

 

 

 

 

 

 

 

 

Figure 1.11 The inflammatory cascade triggered by pro-inflammatory cytokines 

including IL-1 and TNF 

Pro-Inflammatory Cytokines: Nuclear factor- kappa B (NF-κB) 

NF-κB has recently become a very important target for studying pathways involved 

in inflammatory and immune disorders. Many factors, signalling pathways, adaptor 

proteins and stimuli lead to the activation of NF-κB which gives it more importance 

in playing roles in different physiological and pathological conditions both in 

adaptive and innate immune response (Hyden and Ghosh, 2004). NF-κB proteins are 

contained in the cytoplasm and their effect is inhibited by IκB molecules which are 

specific NF-κB inhibitors. When cells are stimulated, another complex called IκB 

kinase (IKK) becomes activated which in turn phosphorylates IκB molecules.NF-κB 
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then activates transcription of target genes in the nucleus (Ghosh et al., 1998). 

Different signalling pathways are associated with the activation of NF-κB. Toll-like 

receptors (TLRs), for example, detect pathogens of different species and induce pro-

inflammatory proteins which trigger innate immunity. T cell and B cell receptors on 

T and B lymphocytes also sense different antigens and consequently activate NF-κB 

(Weil and Israel, 2004). Increased activation of NF-κB was detected in many chronic 

disorders including atherosclerosis (Brand et al., 1997). NF-κB activation was also 

associated with post-injury trauma where its translocation was significantly increased 

in trauma patients compared with base line level (Biberthaler et al., 2004).  

1.6 Mitogen Activated Protein Kinase (MAPK) Pathway: 

MAPK is the main signalling transduction pathway known to mediate smooth muscle 

cell proliferation. Although many MAPK pathways have been identified, three of 

them have been the subject of extensive study: extracellular signal-regulated kinases 

1/2 (ERK1/2), c-jun amino-terminal kinases (JNK) and P38 MAPK (Figure 1.12). 

ERK1/2 is the main one responsible for vascular smooth muscle cell proliferation. 

The cascade begins when a ligand such as a cytokine or a growth factor binds to the 

extracellular portion of the membrane bound receptor of the family of receptor of 

tyrosine kinases (RTK). This leads to the dimerisation of two subunits of the receptor 

(RTK). At the inner sides of the receptors, tyrosine kinase domain catalyses 

phosphorylation of itself and also the other subunit. Then, the growth factor receptor 

bound protein-2 (GRB-2) can bind to phosphorylated (RTK). The protein son of 

sevenless (SOS) is able to bind to membrane bound protein (RAS). Inactive (RAS) is 

bound to the nucleotide guanosinediphosphate (GDP) against guanosine triphosphate 

(GTP) (Campbell et al., 1998). This exchange leads to the activation of (RAS) 

protein which binds to several effector proteins such as A-Raf, B-Raf and Raf-

1(Geyer and Wittinghofer, 1997). The kinase B-Raf is one of the most important 

effectors of (RAS). Regulation of both Raf and Ras is very essential for the 

maintainance of cell proliferation (Chong et al., 2003). Active B-Raf phosphorylates 

and activates the kinases (MEK1/2) which phosphorylates and activates (ERK1/2). 

Finally, the kinase cascade leads to the activation of transcription factors of the 

activator protein-1 family (AP-1) which includes transcription factors fos and jun. 
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Fos and jun move to the cell nucleus and bind to AP-1 motif which leads to 

expression of genes and coding for growth factors, cyclins and cytokines which 

activates cell proliferation.  

 

Figure 1.12 Mitogen Activated Protein Kinase (MAPK) pathway. Schematic shows 

the three main signalling pathways involved in MAPK; growth factor activated 

ERK1/2 and stress activated P38 and JNK. 
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1.7 Mitochondrial Role in Cardiovascular Disease: 

Mitochondria are small organelles enclosed in a membrane inside the cell (Figure 

1.13). They were first described in the nineteenth century by botanist Andreas 

Schimper (Antonsson, 2001). But in 1960, the scientists started to give more 

attention to study them and their features and functions. Mitochondria are the main 

source of cellular energy through the production of Adenosine TriPhosphate (ATP). 

They also function in cell signalling, cell differentiation, apoptosis and cell 

proliferation and growth (Frohman, 2010). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.13 Structure of the mitochondria. Representative diagram showing the 

different components of the mitochondria 
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Recent studies have discovered links between mitochondrial functions and 

cardiovascular diseases including hyper proliferative disorders through specific 

signalling pathways such as MAPK and mTOR pathways (Archer, 2010). 

Mitochondria were long thought to be static organelles but more recent studies 

revealed that they are dynamic and they undergo fission and fusion to maintain 

steady state mitochondrial morphology (Suen et al., 2008). These processes are 

mediated by specific proteins; fission which is the separation of the mitochondria is 

found to be mediated by DRP1 protein (Wakabayashi et al., 2009) while Mitofusin 

(Mfn)1 and (Mfn2) mediate fusion of the outer mitochondrial membrane and OPA1 

mediates fusion of the inner mitochondrial membrane (Hales and Fuller, 1997). 

Impaired function of mitochondrial fusion proteins can play a role in developing 

cardiovascular disease by modulating oxidative stress. Mfn2 has been demonstrated 

to suppress cell proliferation in vascular smooth muscle cells and might have 

therapeutic importance in restenosis (Zheng and Xiao, 2010). On the other hand, 

some studies suggested that inhibiting DRP1 in the heart can protect it from 

ischemia. It is thought that mitochondrial fusion is important to provide ATP in 

oxygen poor regions in the cell. It is also essential for calcium buffering across 

mitochondrial network. It is also required by the cell to overcome the effect of 

mitochondrial mutations by complementing fused organelles (Skulachev, 2001). 

Impaired mitochondrial biogenesis has also been shown to result in enhanced activity 

of renin-angiotensin-aldosterone system, reactive oxygen species production (ROS) 

and mitochondrial induced apoptosis (Ren et al., 2010). The same study also pointed 

at a pathological positive feedback pathway between impaired insulin signalling, 

glucose metabolism and mitochondrial dysfunction. Another study linked ROS 

production and mitochondrial metabolism and the activity of transcription factors to 

explain the increase in proliferation in pulmonary artery hypertension. The lower 

production of ROS has caused resistance to apoptosis due to down regulation of 

redox-sensitive potassium channels resulting in increase of intracellular potassium 

and calcium, increase proliferation, activation of transcription factors such as 

hypoxic inducible factor (HIF) and nuclear factor of activated T-cells (NFAT) 

(Dromparis et al., 2010). Chalmers et al. (2012) have recently studied the role of 

mitochondrial dynamics in smooth muscle cell proliferation. They found that when 
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proliferation of smooth muscle cells was encouraged, the mitochondria became 

motile and changed its shape into small spheres, short rod-shaped. This led to the 

conclusion that mitochondrial plasticity is an essential mechanism for the 

development of smooth muscle cells proliferation (Chalmers et al., 2012). The link 

between mitochondrial activation, inflammatory signalling pathway and proliferation 

and migration of smooth muscle cells is still to be further clarified and investigated. 

 

Mitochondrial Cytochrome C: 

 

Mitochondria play a major role in regulating cell death through the mitochondrial 

apoptotic pathway (Antonsson et al., 2001). The release of cytochrome c from the 

mitochondria into the cytoplasm in response to growth stimuli activates caspase-9 

which activates caspase-3 (Figure 1.14) resulting finally in apoptosis (Orrenius, 

2007). Cytochrome C is a redox carrier between complex III and IV in the electron 

transport chain. This release is facilitated by the opening of the mitochondrial 

permeability transition pore (MPTP) in response to different stimuli including 

increased levels of Ca
2+

 and ROS allowing cytochrome c to move from the inter-

membrane space into the cytosol (Adrain and Martin, 2001). Cytochrome C in the 

inter-membrane space can either be loosely tethered to the inner mitochondrial 

membrane by an electrostatic interaction with anionic phospholipids or partially 

embedded in the membrane by hydrophobic interactions (Cortese et al., 1998). The 

release can also be triggered by members of BCL-2 family (Antonsson, 2001). 

 

Mitochondrial Dynamin related protein 1: 

Dynamin related protein 1 (DRP1) is a mitochondrial outer membrane protein that, 

once activated regulates fission and the division of mitochondria (Westermann, 

2010). DRP1 is activated as a result of its phosphorylation by cyclin B1 and cyclin 

dependent kinase 1 (CDK1). Activated DRP1 then moves from the cytosol to the 

mitochondrial outer membrane where they assemble in helical structure and cause 

constriction of the mitochondrial membrane followed by mitochondrial division 

(Ingerman et al., 2005). The importance of DRP1 was studied in different cell types 
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but it is more essential in highly polarised cells including neurons. Deletion of DRP1 

in mice resulted in a decrease in neurites and defective synapse formation (Dickey 

and Strack, 2011). Mutational defects of DRP1 was also associated with early infant 

mortality and cardiomyopathy (Ashrafian et al., 2010). DRP1 has also been 

implicated in myocardial ischemia where the transfection of cells with the dominant 

negative mutant of DRP1 prevented the effects of ischemia and reperfusion injury 

(Ong et al., 2010). Recently in a mouse femoral artery wire injury model, neo-intima 

formation was markedly reduced in transgenic mice expressing DLP1-K38A which 

was associated with a reduction in ROS level (Wang et al., 2015). In the same study, 

in-vitro findings also showed that the migratory effect of PDGF was associated with 

the shortening of the mitochondrial length. Inhibiting mitochondrial fission resulted 

in the inhibition of VSM cell migration and a reduction in ROS production.  

 

Mitochondrial Mitofusin 2: 

Many lines of evidence have been shown to support that Mfn-2 is a major 

determinant of oxidative stress-mediated cardiomyocyte apoptosis (Shen et al., 

2007). Overexpression of Mfn-2 was found to trigger myocyte apoptosis. This was 

associated with an inhibition of Akt activation without altering ERK1/2 signaling. 

Inhibition of caspase 9, overexpression of Bcl-xL and activation of 

phosphatidylinositol reduce the Mfn-2-induced myocyte apoptosis (Shen et al., 

2007). This indicates that increased Mfn-2 expression is essential for oxidative stress 

induced heart muscle cells apoptosis. 

 

Ras-mediated activation of Akt is thought to be one of the signalling pathways that 

promote cell survival and proliferation (Malumbres and Barbacid, 2003). This 

signalling pathway has become the focus of many recent studies and many evidences 

suggested it has a role in cardiovascular diseases including hypertensive vascular 

proliferative growth (Chien and Olson, 2002). This pathway has been shown to be 

inhibited by Mfn-2 which caused suppression of cell growth and proliferation in 

multiple tumour cell lines as well as rat vascular smooth muscle cells both in vivo 

and in vitro. This is believed to be via inhibition of the Ras-ERK MAPK signaling 

pathway (Chen et al., 2004). Another strong evidence suggested that Mfn-2 might 



Chapter 1                                                                                       General Introduction 

34 
 

have a role in mitochondrial apoptotic signalling after being confirmed that it was 

associated with Bax which  is a pro-apoptotic member of the Bcl-2 family (Zamzami 

and Kroemer, 2001).  

 

 

Figure 1.14 Schematic showing the role played by mitochondrial protein in 

regulating cellular proliferation and apoptosis. Mfn2 and DRP1 are mitochondrial 

outer membrane proteins that regulate mitochondrial dynamics needed for cellular 

proliferation and cytochrome c is a mitochondrial intermembrane protein that is 

released to stimulate apoptosis.  

 

A number of studies demonstrate that Mfn-2 protects against Bax-mediated 

cytochrome c release and reduces free radical-mediated mitochondrial injury 

(Neuspiel et al., 2005). In addition, protection against apoptotic stimuli can be 

provided by overexpression of both Mfn-1 and Mfn-2 (Sugioka et al., 2004). This 

can suggest that high levels of fused mitochondria act as a cell defence mechanism 

against the accumulation of oxidative lesions (Wei et al., 2001). Moreover, Bax and 

Bak might undergo conformational changes favouring anti-apoptotic or pro-apoptotic 

features regulating mitochondrial morphology and apoptosis through their interaction 

with Mfn-2 and fusion process (Karbowski et al., 2006). 
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Healthy and Dysfunctional Mitochondria: 

Healthy mitochondria have multiple functions of ATP production, cellular growth 

and apoptosis. They are also known to regulate communication between cells and 

tissues which can influence organism’s physiology (Nunnari and Suomalainen, 

2012). Any defect and mutation in the mitochondrial DNA can result in 

mitochondrial diseases which can affect any organ at any age (Suomalainen, 2011). 

Mitochondria produce ATP via oxidative phosphorylation. The phosphorylation of 

ADP to ATP is driven by proton gradient generated by complexes I, III and IV 

(Okuno et al., 2011). These are the proteins making up the electron transport chain 

(ETC) (Diaz et al., 2011). The membrane potential is also important for 

mitochondrial protein import (Neupert and Herrmann, 2007). Complexes I and III are 

important in generating reactive oxygen species (ROS) such as oxygen radicals and 

hydrogen peroxide. ROS can cause damage to a cell’s lipids and proteins (Murphy, 

2009). ROS also have been shown to affect signalling pathways that control cell 

proliferation and differentiation as well as the hypoxia adaptive stress signalling 

pathways (Hamanaka and Chandel, 2010). Change in the phenotype from quiescence 

state to proliferative state was also confirmed in hematopoietic progenitor cells in 

response to ROS production (Ito et al., 2004).   

Dysfunctional mitochondria also affect cellular response to the metabolic status. 

Even under normal nutrition condition but in mitochondrial dysfunction state, the 

cells misinterpret decreased ATP synthesis as starvation. Several pathways involving 

phosphatidylinositol 3-kinase (PI3K) signalling, including Akt/PI3K are activated 

(Tyynismaa et al., 2010). This can be controlled by AMP-activated protein kinase 

(AMPK) which is activated by the increase in the AMP:ATP ratio and increased 

ADP concentrations (Hardie et al., 2011). This triggers the up regulation of the 

catabolic pathways including oxidative phosphorylation and autophagy and down 

regulation of anabolic pathways including cell growth and proliferation (Carling et 

al., 2011). This results in the activation of signalling events that result in initiation of 

apoptosis and autophagy and inhibition of VSM cell proliferation and migration.  
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Mitochondrial Signalling: 

Many recent lines of evidence show that the mitochondria play an active role in some 

biological processes such as mitogenic signalling (Arciuch et al., 2012), 

differentiation and hypoxic stress responses (Chandel, 2010) by being initiators and 

transducers of cell signalling. They regulate signalling by either acting as a platform 

on which the protein-protein signalling interaction occurs or by regulating the 

intracellular signalling molecules such as Ca
2+

 and ROS (Finkel, 2011). 

Mitochondria have an important signalling role in cell death and apoptosis (Oberst et 

al., 2008). Cytochrome c proteins which are found in the intermembrane space 

activate caspase proteases, which are required for apoptosis, when they are released 

into the cytoplasm (Tait and Green, 2010). In the mitochondria apoptotic pathway, 

BAX and BAK cause mitochondrial outer membrane permeabilization (MOMP). 

This results in the release of cytochrome c and SMAC into the cytoplasm where they 

promote activation of caspase which then leads to apoptosis (Chipuk et al., 2010).  In 

some circumstances, MOMP can be incomplete which can occur because of 

inhibition of mitochondrial fusion which prevents MOMP of one mitochondrion 

from causing MOMP in other mitochondria (Westermann, 2010).  

Mitochondria are also one of the main sources of damage-associated molecular 

patterns (DAMPs) and in some studies their DNA was proved to act as an effective 

DAMPs and induced pro-inflammatory response (Collins et al., 2004). DAMPs are 

proteins that are released from damaged cells and activate innate immune system by 

binding to pattern recognition receptors (Medzhitov, 2007). Recognizing DAMPs 

then up regulates  pro-inflammatory cytokines, type I interferons (IFNs) and co-

stimulatory molecules (Chen and Nunez, 2010). In a recent study, injection of 

mitochondria lysates containing mitochondrial DNA induced lung and liver 

inflammation through activation of TLR-9 (Zhang et al., 2010). 

 

1.8 Mammalian Target of Rapamycin (mTOR) Signalling Pathway: 

mTOR signalling is important in regulating cell metabolism, growth, proliferation 

and survival. This is an important signalling pathway involved in the initiation and 

progression of VSM cell proliferation which is a key event in atherosclerosis and re-
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stenosis (Zhao et al., 2011). mTOR inhibitors are currently used to coat stents used in 

percutaneous coronary intervention including rapamycin. However, due to their side 

effects including de-endothelialisation and thrombosis following implantation (Joner 

et al., 2006), they are used under precaution and there is still a need for more specific 

inhibitors that would target only the phenotypically switched proliferative VSM cell. 

This requires the need to identify novel signalling cascade that involves mTOR 

effector proteins. 

 

 The intracellular and extracellular signals are processed through two main 

complexes (Figure 1.15): mTOR complex1 (mTORC1) and mTOR complex2 

(mTORC2) (Laplante and Sabatini, 2009). Cell proliferation and growth is regulated 

by mTORC1 through promoting biosynthesis of proteins and lipids and limiting 

autophagy (Guertin and Sabatini, 2007). Protein synthesis is promoted by 

phosphorylating the eukaryotic initiation factor 4E (eIF4E), binding protein 1 (4E-

BP1) and the p70 ribosomal S6 Kinase1 (S6K1) (Richter and Sonenberg, 2005). 

mTORC1 is stimulated by four major signals; growth factor, energy status, oxygen 

level and amino acid. Growth factors which stimulate it through the activation of the 

canonical insulin and Ras signalling pathways which increases the phosphorylation 

of TSC2 by AKT (Inoki et al., 2002) , by ERK1/2 (Ma et al., 2005) and by p90 

ribosomal S6 kinase1 (RSK1) resulting in increased protein synthesis and 

transcription factors which lead to cellular growth and proliferation (Roux et al., 

2004). Hypoxia activates AMPK when the ATP levels drops low and that activates 

TSC1/2 and inhibits mTORC1 signalling (Arsham et al., 2003). MTORC1 can also 

be blocked by activating TSC1/2 through transcriptional regulation of DNA damage 

response (REDD1) in response to hypoxia (DeYoung et al., 2008). MTORC1 can 

also be stimulated by inflammatory mediators via TSC1/2 complex. Pro-

inflammatory cytokines such as tumour necrosis factor TNFα inactivates TSC1 

through IκB kinase-β (IKKβ) activation which consequently results in the activation 

of mTORc1 (Lee et al., 2008). 

 

MTORC1 also regulates mitochondrial metabolism and biogenesis. Mitochondrial 

membrane potential, oxygen consumption and cellular ATP levels are all lowered 
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when the mTORC1 is inhibited by rapamycin (Schieke et al., 2006). It was also 

found that mitochondrial DNA copy number and the expression of many genes 

which encode the proteins that are involved in oxidative metabolism were reduced by 

rapamycin and increased by mutations that activate mTORC1 signalling 

(Cunningham et al., 2007).  
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Figure 1.15 Mammalian Target of Rapamycin (mTOR) signalling pathway. Diagram 

shows different effector proteins involved in the activation of mTOR signalling 

pathway both upstream and downstream. 
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AMP-activated Protein Kinase (AMPK) and (mTOR) Pathways: 

AMPK is known to regulate metabolic processes to maintain cellular energy 

homeostasis through repression of energy consuming processes and simultaneous 

enhancement of energy producing processes. mTOR, which is involved in cell 

growth and division and it is one of the  protein kinase regulating protein synthesis 

pathway has been found to be a target for AMPK as the synthesis consumes a lot of 

cellular energy (Fingar and Blenis, 2004). Many recent studies have shown that the 

activation of AMPK is linked to reduction in mTOR signalling. Activation of AMPK 

using AICAR or any other agents that reduce the intracellular level of ATP was seen 

to decrease phosphorylation of S6K1 which indicates that mTOR signalling was 

repressed despite the amino acid-induced activation of mTOR (Dubbelhuis and 

Meijer, 2002). Another study also showed that mTOR signalling was repressed in 

skeletal muscles of rats when treated with AICAR. Increase in the AMPK 

phosphorylation was observed along with the dephosphorylation of 4E-BP1 and 

S6K1 which are believed to be directly phosphorylated by mTOR (Bolster et al., 

2002).  

 

1.9 Regulation of Signalling Pathways by micro RNA (miRNA): 

Vascular diseases such as atherosclerosis and restenosis initiate and progress via 

well-established signalling pathways including MAPK, mTOR and NFκβ signalling 

pathways. However, new molecules that contribute to the initiation and progression 

of these signalling cascades are continuing to be discovered. One of these is a class 

of gene regulators known as micro RNAs (miRNAs). MiRNAs are negative 

regulators of gene synthesis that inhibit mRNA translation or cause a post 

transcriptional degradation of specific mRNA targets. They regulate the synthesis of 

over 30% of the genes in the cell and therefore control cell physiology and 

pathogenesis. Changes in the miRNA expression profile in VSM cell has been linked 

to changes in cell differentiation, proliferation and migration that are involved in 

angiogenesis and neointimal formation underlying vascular diseases including 

atherosclerosis and restenosis (Weber et al., 2010).  
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In atherosclerosis, the endothelial cell layer is in direct contact with haemodynamic 

forces including shear stress. In cultured endothelial cells, expression of miR-21 was 

induced in response to the exposure to oscillatory shear stress (Zhou et al., 2011). 

This has led to inflammatory response mediated by peroxisome proliferators-

activated receptor-α. Oscillatory shear stress was also found to upregulate the 

expression of miR-92a which targets KLF-2. KLF-2 has athero-protective properties 

and regulates the expression of other athero-protective genes including eNOS and 

thrombomodulin (Wu et al., 2011). Expression of other miRNAs have also been 

found to be regulated by shear stress in endothelial cells including miR-663 (Ni et 

al., 2011) and miR-19a (Qin et al., 2010). MiR/mRNA expression profile conducted 

in atherosclerotic plaques obtained from patients revealed an increase in the 

expression of a number of miRNAs including miR-21, -43a, -146a and -210. 

Bioinformatics analysis identified a number of mRNA targets involved in different 

signalling pathways including metabolism, immunodeficiency, P53 and cell 

proliferation (Raitoharju et al., 2011).  MiR-43a was found to be one of the key 

players in the development of atherosclerosis by regulating apoptosis and cell cycle. 

Likewise, the increase in the expression of miR-221 and miR-222 seen in balloon-

injured carotid arteries play a major role in the regulation of p27(Kip1) and 

p57(Kip2) which are negative regulators of VSM cell proliferation through cell cycle 

control (Liu et al., 2009). The importance of miR-145 in VSM cell differentiation 

and its role in cardiovascular diseases has been the focus of some studies recently. 

MiR-145 was found to be highly expressed in the smooth muscle cells of the aorta 

postnatally (Cordes et al., 2009). MiR-145 was also found to target genes that are 

involved in the dedifferentiation and proliferation of VSM cell including KLF-4 and 

ELK-1 (Elia et al., 2009). Another equally important miRNA is miR-21 which is an 

oncomir found at significantly elevated levels in neointimal lesions (Bonci, 2010). 

miR-21 enhances VSM cell proliferation and neointimal formation by blocking 

apoptotic signalling pathways through the direct targeting of PTEN and PDCD4 (Lin 

et al., 2009).   
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miR Function Effect Potential 

Targets 

 

miR-21 Vascular 

Remodelling 

Increase VSM cell 

proliferation 

PTEN, BCL2 

miR-26 Vascular 

Remodelling 

Decrease VSM cell 

proliferation 

SMAD 

miR-145 Vascular 

Remodelling 

Decrease VSM cell 

proliferation 

KLF4, KLF5 

miR-146a Vascular 

Remodelling 

Increase VSM cell 

proliferation 

KLF4 

miR-

221/222 

Vascular 

Remodelling 

Increase VSM cell 

proliferation 

P27/ P57 

miR-126 Atherosclerosis Increase EC cell proliferation Spred1, PI3K 

 

miR-146 Atherosclerosis Increase VSM cell 

proliferation 

KLF4 

 

 

Table 1.2 Lists key miRNAs involved in cardiovascular diseases, their function, 

cellular effect and potential gene targets. 

 

 

1.10 Regulation of Mitochondrial Bioactivity by miRNAs: 

Different cellular functions played by mitochondria including supply of energy, 

calcium homeostasis, apoptosis and the production of reactive oxygen species all 

require synthesis of genes that regulate these pathways. Although limited, some of 

these genes are synthesised within the mitochondria using mitochondrial genome 

whereas others are synthesised in the nucleus and transported to the mitochondria 

(Cannino et al., 2007). This means that mitochondria can play an important role in 

miRNA sourcing as well as being a target for miRNAs synthesised either by their 

own genome or nuclear genome. MiR-338 is one of the miRNAs found to target 

cytochrome c oxidase IV (COXIV) which is a key regulator of the electron transfer 

chain and ATP production. Overexpression of miR-338 associated with neuronal 

diseases was seen to reduce mitochondrial oxygen consumption, mitochondrial 

metabolic activity and ATP production (Aschrafi et al., 2008). This is also important 

for the proliferation and migration of VSMCs during the initiation and progression of 

atherosclerosis and re-stenosis. Another miRNA known to target mitochondrial ATP 
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synthesis is miR-23a/b which targets glutaminase. Glutaminase converts glutamine 

to glutamate which is catabolised to produce ATP in the tricarboxylic acid cycle in 

the mitochondria (Gao et al., 2009). Mitochondrial biogenesis was seen to be 

regulated by miR-696 through targeting peroxisome proliferator-activated receptor 

gamma co activator 1-alpha (PGC-1α) (Aoi et al., 2010).  

 

MiRNAs also regulate mitochondrial intrinsic apoptotic pathway. MiR-15a and 

miR16-1 regulate apoptosis through the downregulation of the expression of Bcl-2 

and Mcl-1(Gao et al., 2010). This leads to the translocation of Bax and Bad from the 

cytosol into mitochondrial outer membrane and results in mitochondrial membrane 

permeabilisation and the release of cytochrome c. The miR-143 is another miRNA 

associated with mitochondrial-dependent apoptotic pathway. miR-143 targets ERK5 

which regulates cell proliferation and results in an induction of apoptotic pathway 

(Nakagawa et al., 2007). 

Mitochondrial morphology and dynamics are also regulated by miRNAs. The miR-

30 family has been associated with mitochondrial fission through targeting p53 (Li et 

al., 2010a). P53 is required for the transcriptional activation of dynamin related 

protein-1 (DRP-1) which regulates mitochondrial fission by acting on the 

mitochondrial outer membrane. This is also important in atherosclerosis and re-

stenosis as mitochondrial fission is required for the initiation of VSM cell 

proliferation and migration (Chalmers et al., 2012).The miR-499 is another miRNA 

that regulates mitochondrial fission by targeting calcinurin which negatively 

regulates DRP-1. The increase in miR-499 expression is also transcriptionally 

regulated by p53 and results in an increase in mitochondrial fission (Wang et al., 

2011).  

 

MiRNAs can either exert their effect on their target mRNAs of the same cell or be 

transported to another cell where they become functionally active. They are 

transported via extracellular vesicles including exosomes and taken up by the 

recipient cell where they act either on the cytoplasmic mRNAs or mitochondrial 

mRNAs.     
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It is now clear that mitochondrial health/ bioactivity/ bioenergetics are important in 

determining cellular health. Cellular functions including growth, differentiation, 

proliferation and apoptosis is closely associated with mitochondrial functions. Any 

change in mitochondrial essential functions including ATP supply, Calcium 

homeostasis and ROS production will result in a vital change in cellular biology 

leading to pathological changes including VSM cell proliferation and migration 

which give rise to diseases including atherosclerosis and re-stenosis. Interestingly, 

these changes could be driven by miRNAs which are transported within circulating 

exosomes.  

 

1.11 Cellular Communication and Initiation of Proliferation and 

Migration Cascades through Exosomes: 

Information transmission between one cell and another is important in the initiation 

and progression of VSM cell proliferation and migration and the development of 

cardiovascular diseases such as atherosclerosis and restenosis. One way of this 

communication is through the release of extracellular vesicles including exosomes.  

Exosomes are vesicles that are released by the endosomal system and carries 

membrane and cytosolic components within their cargo. The cargo contains proteins, 

mRNAs, miRNAs and lipids (Belting and Wittrup, 2008). The transfers of these 

membrane and nucleic components from one cell to another makes exosomes an 

important player in many physiological functions and pathological conditions 

(Simons and Raposo, 2009). Exosomes range in size between 30- 120 nm and are 

released in body fluids including blood, urine, milk and seminal fluid (Gonzales et 

al., 2009). Although mitochondrial proteins and genes have been detected in 

exosomes, it is still not well understood whether mitochondria have a role in 

exosomes biogenesis and cargo content in VSM cell. This could be potentially be a 

therapeutic target in atherosclerosis and restenosis if mitochondria shown to be 

important in the formation and sorting of exosomes. 
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1.12 Hypothesis and Aims: 

The working hypothesis in this project aims to establish a relationship between 

vascular injury and activation of mitochondrial-dependent signalling pathways 

regulated by specific miRNAs contained in exosomes which in part drive VSM cell 

proliferation and migration.  

The general aim of this study was to gain better understanding of the mechanisms 

underpinning VSM cell phenotype switching from a contractile cell to a proliferative, 

migratory cell. Defining the role of mitochondria in the proliferative, migratory 

phenotype and relationship in atherogenesis.  
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2.1 Materials: 

- Foetal calf serum (Sigma, UK) 

- Ham's F12 medium (Gibco, UK) 

- Paraformaldehyde (Sigma, UK) 

- Penicillin streptomycin (Gibco, UK) 

- Sodium hydroxide (Sigma, UK) 

- Sodium lauryl sulphate (Sigma, UK) 

- Trichloroacetic acid (Sigma, UK) 

- Triton X 100 (Sigma, UK) 

- Tryple Express (Gibco, UK) 

- Emulsifier-safe scintillation fluid (PerkinElmer, USA) 

- MAPK inhibitor U0126 (Sigma, UK) 

- mTOR inhibitor everolimus (Sigma, UK) 

- Mitochondrial inhibitor Mdivi-1 (Sigma, UK) 

- Anti ERK antibody (Cell Signalling, UK) 

- Anti P38 antibody (Cell Signalling, UK) 

- Anti GAPDH antibody (abcam, UK) 

- Anti-cytochrome C  antibody (abcam, UK) 

- Anti Akt antibody (abcam,UK) 

- Anti mTOR antibody (Invitrogen, UK) 

- Anti 4EBP1 antibody (Invitrogen, UK) 

- Anti-Cyclin D antibody (Santa Cruz, UK) 

- Anti α-smooth muscle actin (Sigma, UK) 

- Anti-CD9 antibody (Life Technologies, Paisley, UK) 

- Anti-CD63 antibody (Life Technologies, Paisley, UK) 

- Anti-CD81 antibody (Life Technologies, Paisley, UK) 

- Mitochondria/cytosol Fractionation kit (abcam, UK) 

- 3
H thymidine solution (Amersham, UK) 

- Waymouth's medium (Gibco, UK) 

- Anti-mitochondria antibody (abcam, UK) 

- Anti-mouse IgG HRP-linked secondary antibody (Cell Signalling, UK) 
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- Anti-rabbit IgG HRP-linked secondary antibody (Cell Signalling, UK) 

- Thermo Scientific Luminaris Color HiGreen High ROX qPCR Master Mix 

(Life Technologies, Paisley, UK) 

- Platelet Derived Growth Factor (PDGF) (Sigma,UK) 

- ApoTox-Glo reagent (Promega, Madison, USA) 

- ROS-Glo H2O2 reagent (Promega, Madison, USA) 

- ToxGlo reagent (Promega, Madison, USA) 

- Ethidium Bromide (Life Technologies, Paisley, UK) 

- Sodium Pyruvate (Sigma, UK) 

- Uridine (Sigma, UK) 

- Isolate II RNA mini kit (Bioline, London, UK) 

- Tetro cDNA synthesis kit (Bioline, London, UK) 

- Mitochondrial array RT
2
 profiler PCR array (QIAGEN, USA) 

- RT
2
 SYBR Green Mastermix (QIAGEN, USA) 

- MicroAmp tubes (Applied Biosystems, Paisley,UK) 

- mirVana miRNA 21 mimic (Life Technologies, Paisley, UK) 

- mirVana miRNA 21 inhibitor (Life Technologies, Paisley, UK) 

- mirVana miRNA 145 mimic (Life Technologies, Paisley, UK) 

- mirVana miRNA 145 inhibitor (Life Technologies, Paisley, UK) 

- mTOR siRNA silencer (Life Technologies, Paisley, UK) 

- Exosomal RNA and protein extraction kit (101 Bio, USA) 

- 96 well plates (Applied Biosystems, Paisley, UK) 

- Taqman master mix (Applied Biosystem, Paisley, UK) 

- Wheat germ agglutinin conjugates (Life Technologies, Paisley, UK) 

- Balloon catheter (Boston Scientific, Ireland) 

- Propodium iodide (Sigma, UK) 

- miRNeasy min isolation kit ( Qiagen, USA) 

- miRNA reverse transcription kit ( Applies biosystem, Paisley, UK) 

- vector-shield containing DAPI (Vector laboratories, USA) 

- Tris (2-carboxyethyl) phosphine (TCEP, Sigma, UK) 

- iodacetamide (IOA, Sigma, UK) 

- L-Cysteine (Sigma, UK) 
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Methods: 

2.2 Cell culture:  

All cell culture procedures were conducted in class II biological safety cabinet and 

following strict aseptic conditions. 

Vascular smooth muscle cells were explanted from rat’s aorta. The rings were placed 

in T25 flasks in 10% FCS made from 50: 50 Waymouth and F12. The medium was 

changed 48-72 hourly and growth was monitored using a light microscope until they 

reached ~70% confluency (Passage 0). Cells were then split into T75 flasks and 

allowed to grow to ~70% confluency (Passage 1). Cells were then again split into six 

well plates, 24 well plates or 96 well plates for further analysis. 

- Six well plates were seeded at 2x10
5
 density then treated with four different 

concentrations of the mitochondrial inhibitor MDivi-1 (0.1 μM, 1 μM, 5 μM 

and 10 μM). The first two wells had the quiesced 0.1% FCS and the 

stimulated 10% FCS without MDivi-1. Cells were quiesced for 24 hours then 

stimulated for 15 minutes using 10% foetal calf serum or 20ng/ml PDGF. 

Treatment was added 30 minutes prior to stimulation. The cells were then 

lysed using 1x sample buffer and stored in -20
o
C for western blotting. 

 

- Additional six well plates were prepared by adding 1 mm glass cover slips 

and seeded with P1 vascular smooth muscle cells at 2x10
5
 density then 

treated with MDivi-1 as above. The first two wells had the quiesced 0.1% 

FCS and the stimulated 10% FCS without MDivi-1. Cells were quiesced for 

24 hours then stimulated 15 minutes using 10% FCS or 20ng/ml PDGF. 

Treatment with MDivi-1 was added 30 minutes prior to stimulation with FCS 

or PDGF. The cells were then fixed in 4% paraformaldehyde and stored in 

4
o
C for immunohistochemistry. 

 

- 24-well plates were seeded at 2x10
4
 and cells were allowed to grow until they 

were 70% confluent. MDivi-1 was used as outlined above. The experiment 

was done in quadruplicate where the first four wells contained the quiesced 
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cells in 0.1% FCS and the second four wells had the stimulated 10% FCS or 

20ng/ml PDGF. Cells were quiesced for 24 hours, treated 30 minutes prior to 

stimulation with MDivi-1 then stimulated for 24 hours with either 10% FCS 

or 20 ng/ml PDGF.  

 

2.3 Western blotting:  

Preparation of whole cell extracts were from rat aortic VSMCs. Cells were grown up 

to 70% confluency in 6 well plates using 10% FCS media. Cells were then washed 

twice with warm sterile PBS and serum starved for 24 hours using 0.1% FCS media. 

Different concentrations of MDivi-1 were added 30 minutes prior to stimulation. 

Cells were then stimulated using 10% FCS or 20 ng/ml PDGF for the desired period 

of time. Following stimulation, 200 μl of pre-heated sample buffer was added 

(63mM Tris-HCL (pH6.8), 2 mM Na4P2O7, 5mM EDTA, 10% (v/v) glycerol, 2% 

(w/v) SDS, 50mM DTT, 0.007% (w/v) bromophenol blue). The cells were then 

scraped from the well and the lysate transferred to labelled microcentrifuge tubes and 

boiled for 5 minutes for protein denaturation before storing at -20
o
C.  

2.4 SDS-Polyacrylamide Gel Eletrophoresis (SDS-PAGE):  

Gel preparation components were cleaned in 70% ethanol and dried before assembly. 

Running component was prepared at 10% (w/v) acrylamide as follows: (N, N’-

methylenebis-acrylamide (30: 0.8), 0.375 M Tris (pH 8.8), 0.1% (w/v) SDS and 10% 

(w/v) ammonium persulfate (APS). Acrylamide polymerisation was commenced by 

the addition of 0.05% (v/v) N, N, N’, N’-tetramethylethylenediamine (TEMED) and 

quickly poured between two glass plates assembled according to manufacturer’s 

instruction (Bio-Rad) and left to set for ~15 minutes at 40
o
C in a drying oven. 

Following polymerisation, loading component was prepared containing (10% (v/v) 

N, N’-methylenebis-acrylamide (30: 0.8), 125 mM Tris (pH 6.8), 0.1% (w/v) SDS, 

0.05% (w/v) ammonium persulfate (APS) and 0.05 (v/v) TEMED. The acrylamide 

was poured on top of the running component and 9 well comb was placed to shape 

the loading wells. The acrylamide was left to set (polymerise) at room temperature 

for ~45 minutes. Thereafter, the combs were removed and up to 25 μl of sample was 
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loaded to each well. The first well was typically loaded with 10 μl of molecular 

weight marker. Samples were electrophoresed at 200V for 45 minutes or until the 

bromophenol dye had reached the bottom of the gel in running buffer (25mM Tris, 

129mM glycine, 0.1% (w/v) SDS).   

2.5 Electrophoretic Transfer of proteins to Nitrocellular Membrane:  

The separated proteins by SDS-PAGE were transferred to nitrocellulose membrane 

by electrophoretic blotting. The gel was sandwiched against nitrocellulose sheet and 

assembled in transfer cassette between two pieces of Whatman 3M paper and two 

sponge pads. The cassette was placed in a Bio-Rad Mini Trans-Blot 
TM

 tank filled 

with transfer buffer (25 mM Tris, 19 mM glycine, 20% (v/v) methanol). A constant 

voltage of 100 V was applied for 60 minutes and the tank was cooled by the insertion 

of an ice pack.   

2.6 Immunological detection of Proteins:  

Following Transfer, the nitrocellulose membranes were then carefully removed from 

the cassettes and placed in 25 mls of 3% (w/v) BSA in TTBS buffer (150 mM NaCl, 

20 mM Tris, 0.2% Tween-20; pH 7.4) at room temperature for 1 hour on a slow 

rocking plate. The membranes were then removed from the blocking buffer and 

incubated overnight with antibodies specific to the target proteins diluted in TTBS 

buffer containing 1% BSA and left in the cold room. The concentrations of the 

primary antibodies were prepared according to manufacturer’s instruction. 

Thereafter, the nitrocellulose membranes were removed and placed in a small plastic 

dish and washed with TTBS four times for ~15 minutes on a rocking plate. The 

membranes were then incubated for 1 hour at room temperature with secondary 

horseradish peroxidase-conjugated antibody directed against the primary 

immunoglobulin and diluted according to manufacturer’s instruction in TTBS 

containing 1% BSA. The nitrocellulose membranes were then washed with TTBS 

three times of 10 minutes each at room temperature on rocking plate.  Enhanced 

Chemiluminescence reagent (ECL) mixture was prepared in the dark room and 

applied to each nitrocellulose membrane for 1 minute with agitation, lifted from the 

tray onto a paper towel to remove any excess ECL. The membranes were then placed 
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in exposure cassettes with an X-ray film on top (Kodak Ls X-OMAT) for the 

required exposure time under dark room conditions and developed using X-OMAT 

(KODAK M35-M X-OMAT processor). 

2.7 Nitrocellulose membrane stripping and re-probing:  

Nitrocellulose membranes were stored in the fridge in sealed dishes containing TTBS 

for further detection of other proteins. Antibodies were stripped from nitrocellulose 

membranes by incubation in 15 ml stripping buffer containing (0.05 M Tris-HCL, 

2% SDS and 0.1 M of β-mercaptoethanol) for 60 minutes at 70
o
C on a rocking plate. 

This was followed with three washes of 15 minutes each with TTBS buffer to 

remove any residual stripping buffer from the membranes. The membranes were then 

incubated again overnight with primary antibody prepared in TTBS buffer with 1% 

BSA. Following day, membranes were washed four times with TTBS buffer and 

incubated with the secondary for 1 hour in TTBS containing 1% BSA followed by 

three washes with TTBS. The blots were then ready for immunological detection as 

described previously. 

2.8 Scanning Densitometry:  

All data obtained from western blotting were scanned using GS-800 Calibrated 

Densitometer (Bio-Rad) and values were normalised against loading control values. 

2.9 Cell proliferation 
3
H thymidine incorporation assay:  

Cells were quiesced for 24- 48 hours in 0.1% FCS. Thereafter, cells in the 24-well 

plates were stimulated using 10% foetal calf serum for 24 hours. 18 hours through 

the stimulation, 10μl of thymidine was added into each well and left for the 

remaining 6 hours. After completing the 6 hours, the wells were washed with ice-

cold PBS for 10 minutes followed by four washes with ice-cold 10% TCA for 10-15 

minutes each. 250 μl of 2% SDS was added into each well after the washes. The 

contents of each well was then transferred into the scintillation vials which was 

prefilled with 2ml of  Emulsifier-safe scintillation fluid, labelled and analysed using 

protocol 2 in the scintillation analyser machine. 
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2.10 Cell migration assay:  

Passage 1 vascular smooth muscle cells were plated in six well plate at 2x10
5
 density 

and incubated until ~ 90% confluency. Cells were then quiesced using 0.1% FCS for 

24 hours. A vertical scratch was then created using a sterile 200μl tip which crosses a 

horizontal black mark which was drawn at the bottom of each well that marks the 

middle of the well. Cells were stimulated after that using 10% FCS or 20 ng/ml 

PDGF, which are the same stimulants used to drive VSM cell proliferation, and 

treated with the MDivi-1. Images were taken at 0 hour, 6 hours, 24 hours and 48 

hours using Motic inverted light microscope. The captured images were analysed and 

the scratch gap closure (distance travelled by the cells) was measured using ImageJ 

software. 

2.11 Generation of mitochondrial incompetent (Rho) cells:  

VSMCs were cultured in T75 flasks in 10% FCS supplemented media. 

Mitochondrial DNA was depleted by co-incubation with 50 ng/ml of Ethidium 

Bromide supplemented with 50 ng Uridine and 1mM of sodium pyruvate for 21 

days. The efficiency of the mitochondrial loss of bioactivity was measured by the 

level of expression of mitochondrial markers at the end of the 21 days incubation. 

2.12 RNA isolation for PCR work:  

VSMCs were cultured in three different conditions: 0.1% FCS, 21 days cultured in 

10% FCS and cells cultured with ethidium bromide to generate mitochondrial 

incompetent Rho cells as described in previous section. After the incubation period, 

total RNA was isolated using isolate II RNA mini kit (Bioline, London, UK). Cells 

were lysed by adding 350 μl lysis buffer with 3.5μl of β-Mercaptoethanol into each 

well. The lysate was transferred into isolate II violet filter and centrifuged at 11000 g 

for 1 minute at room temperature. 350 μl of 70% ethanol was added to the flow 

through and mixed by pipetting up and down ~5 times. Each sample was then loaded 

into one RNA mini column and centrifuged at 11000 g for 30 seconds at room 

temperature. The silica membrane was then desalted by adding 350 μl of membrane 

desalting buffer and centrifuged at 11000 g for 1 minute to dry the membrane. The 

DNA was then digested by adding 95 μl of DNase I reaction mixture (made up by 
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adding 10 μl of reconstituted DNase I to 90 μl of reaction buffer for DNase I) to the 

centre of the silica membrane of each column and was incubated for 15 minutes at 

room temperature. The silica membrane was then washed three times with 200 μl 

wash buffer RW1 and spun for 30 seconds at 11000 g, 600 μl wash buffer RW2 and 

spun for 30 seconds at 11000 g and finally 250 μl wash buffer RW2 and spun for 2 

minutes at 11000 g. The final step was eluting the RNA with 60 μl RNase free water 

and the column was spun at 11000 g for 1 minute. RNA concentration was then 

measured using Nano Drop spectrophotometer.      

2.13 cDNA preparation:  

To quantify the mRNA transcripts of target genes, total RNA was reversed 

transcribed to complementary DNA (cDNA) using a Tetro cDNA synthesis kit 

(Bioline, London, UK). All RNA concentrations were normalised to 500 ng in all 

reactions. The mixture was prepared by adding 1μl of oligo-dT primer mixture as the 

first strand synthesis primer and 1μl of dNTP mixture (10mM). 4 μl of 5x RT buffer 

was also added to the mixture followed by 1 μl of RiboSafe RNase inhibitor and 1 μl 

of Tetro Reverse Transcriptase diluted to 20 μl with DEPC-treated water. The 

samples were mixed gently by pipetting, reactions incubated at 45C
o
 for 30 minutes 

and terminated by incubating at 85
o
C for 5 minutes followed by chilling on ice. 

2.14 Mitochondrial PCR array:  

The qRT-PCR assay was performed by preparing reaction mixtures of the cDNA to 

be loaded into each well of the 96 well plate format of the mitochondrial array RT
2
 

profiler PCR array (Qiagen, USA). The 20μl of the prepared cDNA was added to 

91μl of RNase free water to make up the cDNA synthesis reaction. The PCR 

components mix was then prepared by adding 1350 μl of 2x RT
2
 SYBR Green 

Mastermix (Qiagen, USA) to 102 μl of the cDNA synthesis reaction and 1248 μl of 

RNase free water to make a total volume of 2700 μl which is sufficient for the 96 

well plate. 25 μl of the mixture was added into each well. The plate was then sealed 

using the optical adhesive film and centrifuged for 1 minute at 1000 g at room 

temperature to remove bubbles. The thermal cycling and detection was performed on 

an applied Biosystems StepOne Plus real-time PCR system (Table 2.1) 
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Hold stage Cycling stage (40 cycles) Final extension stage 

DNA polymerase 

activation 10 minutes at 

95C
o
 

Melt Step 15 seconds at 

95C
o
 

Cooling down at 4C
o
 to 

stop PCR reaction 

 Anneal/Extend step 1 

minute at 60C
o
 

 

Table 2.1 shows the thermal cycle conditions used to run PCR array plates 

2.15 Quantitative real time polymerase chain reaction amplification of 

individual primer genes:  

The qRT-PCR assay was performed in PCR fast reaction MicroAmp tubes (Applied 

Biosystems, Paisley,UK). The PCR reaction was carried out in a volume of 20 μl 

containing 19 μl of PCR master mix and 1 μl of each template cDNA sample. The 

master mix contained 1 μl of 10 pmol/μl Forward primer, 1 μl of 10 pmol/μl Reverse 

primer, 10 μl of thermo scientific Luminaris Color HiGreen High ROX qPCR Master 

Mix (Life Technologies, Paisley, UK) and 7 μl RNAase free water. Two technical 

and three biological replicates were conducted for each assay. The thermal cycling 

and detection was performed on an applied Biosystems StepOne Plus real-time PCR 

system (Table 2.2) 

Hold stage Cycling stage (40 cycles) Final extension stage 

DNA polymerase 

activation 10 minutes at 

95C
o
 

Melt Step 15 seconds at 

95C
o
 

Cooling down at 4C
o
 to 

stop PCR reaction 

 Anneal/Extend step 1 

minute at 60C
o
 

 

 

Table 2.2 shows the thermal cycle conditions used to run QRTPCR for individual 

primers 
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2.16 Relative quantification [∆∆Ct] method for real time PCR:  

The quantification method used with the PCR results was the relative quantification 

(∆∆Ct) method. This method normalises Ct values of the target gene to Ct value of 

the reference gene in order to get the fold change in gene expression between the 

control and treated samples according to the following equations: 

1- (∆Ct) = Ct target – Ct reference gene (This is to calculate the difference between 

the treated and control samples). 

2- (∆∆Ct) = (Ct target – Ct reference) treated – (Ct target – Ct reference) control (This 

is to calculate the difference between the ∆Cts of the treated and control 

samples). 

∆∆Ct = ∆Ct treated - ∆Ct control 

3- The fold change in the samples = 2-∆∆Ct 

 

2.17 PCR primers for SYBR green based real time assays: 

Primers were designed to ensure that they only bind to their target genes and avoid 

non-specific products in SYBR green assays. All primers were designed as described 

in the following process: 

- Sequences of the genes were obtained from GeneBank. 

- To identify potential primer pairs, the sequences were imported into the 

PrimerQuest web tool (http://eu.idtdna.com/Primerquest/Home/Index) in the 

Integrated DNA Technologies (IDT) website (http://eu.idtdna.com/site). 

- “qPCR – 2 Primers and Intercalating dye” was chosen in the setting. 

- Amplicon size between 90 – 140 was chosen to maximise PCR efficiency. 

- Primer sequences were generated and only the one with good specificity was 

selected and validated using Primer-BLAST (Basic Local Alignment Search 

Tool) in the National Centre for Biotechnology Information (NCBI) website 

(http://ncbi.nlm.nih.gov/tools/primer-blast/index.cgi). 

- Melting temperature (Tm) of all primers was selected between 47 - 62
o
C and 

the ∆Tm between the forward and the reverse was ≤ 1
o
C.  

http://eu.idtdna.com/Primerquest/Home/Index
http://eu.idtdna.com/site
http://ncbi.nlm.nih.gov/tools/primer-blast/index.cgi
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Primers lengths were selected between 18-30 bases and the primers GC 

content was between 35% - 70% 

Gene Forward Sequence 

GAPDH 5ʹ-GCTCTCTGCTCCTCCCTGTTCT-3ʹ 

COXII 5ʹ-GGCTTACCCATTTCAACTTGGC-3ʹ 

Tfam 5ʹ-AGTTCATACCTTCGATTTTC-3ʹ 

16S 5ʹ-TCCGCTGCAGTCCGTTCAAGTCTT-3ʹ 

MHC 5ʹ-GACACCAGCGCCCACCTG-3ʹ 

CNN1 5ʹ-TTGAACTTGTCTGGGTCATCTC-3ʹ 

Gene Reverse Sequence 

GAPDH 5ʹ-CAGGCGTCCGATACGGCCAAA-3ʹ 

COXII 5ʹ-CACCTGGTTTTAGGTCATTGGTTG-3ʹ 

Tfam 5ʹ-TGACTTGGAGTTAGCTGC-3ʹ 

16S 5ʹ-GCCAAACTTCTTGGATTCGCAGCG-3ʹ 

MHC 5ʹ-ATAGCAACAGCGAGGCTCTTTCTG-3ʹ 

CNN1 5ʹ-TGGGCCAGCTTGTTCTTTAC-3ʹ 

 

Table 2.3 Primers used to characterise mitochondrial-depleted Rho cells 

 

2.18 Data and statistical analysis: 

Values are presented as mean  standard error of the mean (SEM). Statistical 

analysis of the data was performed using Microsoft Excel 2010 and minitab 16 

statistical software. Comparison of different culture conditions was by one-way 

analysis of the variance (ANOVA). Where appropriate a post hoc test for multiple 

comparisons or Dunnett’s comparison of all vs. control was chosen. Significance was 

assumed if p<0.05. 
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3.1 Introduction 

One key feature seen in the cardiovascular hyper- proliferative disorders is the 

change in the phenotype of vascular smooth muscle cells from the contractile to the 

synthetic phenotype (Milewicz et al., 2010). This underpins vascular remodelling, 

increase in wall thickness and reduction in lumen size associated with atherosclerosis 

and re-stenosis (Schwartz et al., 1995). Therefore, the contribution of VSM cell 

proliferation in the pathophysiology of atherosclerosis and re-stenosis is important 

and inhibiting this has been a focus of treatment strategy (Dzau et al., 2002). 

Although the mechanisms that drive this change is not fully understood, emerging 

evidence suggests that mitochondria play an important role in this process (Chang et 

al., 2010). Mitochondria have an impact on many cellular functions. ATP production, 

ROS synthesis, inhibition of pro-apoptotic mediator proteins such as cytochrome c 

and mitochondrial dynamics all have been shown to be important and directly related 

to the progression and development of cardiovascular hyper-proliferative diseases 

(Chen and Zweier, 2014). The balance between apoptosis and cell proliferation is, in 

part, regulated by mitochondria and mitochondrial dysfunction could potentially 

result in either increase in cellular growth or an increase in apoptosis (Li et al., 

1997). Despite that the exact signalling mechanism mediated by the mitochondria are 

not completely understood, it has become evident that key proteins including Akt, 

PI3K and mTOR are involved (Parra et al., 2014). Parra et al reported that treating 

cardiomyocytes with insulin increased the level of Opa-1 protein and promoted 

mitochondrial dynamics. They also reported that treatment with insulin resulted in 

increased mitochondrial membrane potential and elevated levels of intracellular ATP 

and oxygen consumption. They also confirmed that altering mitochondrial dynamics 

which consequently altered metabolic effects triggered by insulin was driven by Akt/ 

mTOR/ NFκB signalling pathway. 

The study of mitochondrial dynamics suggested that mitochondrial morphology and 

the process of mitochondrial fission and fusion are important in determining 

mitochondrial bioactivity and mitochondrial biogenesis. Different molecules were 

previously used to try and inhibit mitochondrial activities including ATP production 

and mitochondrial biogenesis. More recently, MDivi-1 has been used to inhibit 

mitochondrial fission process through the inhibition of DRP1 (Cassidy-Stone et al., 
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2008). Inhibition of mitochondrial dynamics, via MDivi-1/ DRP1 resulted in 

reduction in the proliferation of VSM cells (Lackner and Nunnari, 2010). These 

results led to further investigations in an attempt to understand the signalling 

mechanisms blocked by MDivi-1.  

3.2 Mitochondrial motility and biogenesis:  

Mitochondrial motility and bioactivity have been linked to changes in VSM cell 

phenotype switching from the native contractile to disease associated synthetic 

phenotype. However, relatively little is known about mitochondrial movement in 

cardiovascular tissues, cardiac or vascular (Beraud et al., 2009). Mitochondrial 

fission and fusion are linked to mitochondrial motility and any disturbance to 

mitochondrial dynamics leads to a change in mitochondrial and cell function. 

Mitochondria in native non-proliferative cells exist in a static form but upon the 

exposure to stimulants they become mobile towards the nucleus and organelles as 

part of the cell proliferative progression (Chalmers et al., 2012). 

3.3 Mitochondrial division inhibitor-1 MDivi-1:  

This DRP1 inhibitor MDivi-1 was first characterised by Cassidy et al (2008) 

following the screening of compounds that affect mitochondrial morphology 

(Cassidy-Stone et al., 2008). MDivi-1 selectively inhibits DRP1 by binding to an 

allosteric binding site and stabilising a conformational form of unassembled DRP1 

that binds GTP. This conformational change stops DRP1 from assembling into spiral 

filaments and blocks their polymerisation. Inhibiting DRP1 leads to the inhibition of 

mitochondrial fission which has been recently associated with VSM cell 

proliferation, migration and cell cycle progression. The differences in the structure of 

mitochondria are important in determining cellular physiology (McCarron et al., 

2013). This change in the morphology is determined by the energetic requirements of 

the cell (Westermann, 2010). Change in mitochondrial morphology then influences 

other important cellular functions including Ca
2+

 and ROS signalling which are 

associated with VSM cell proliferation and migration (Szabadkai et al., 2004).   
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3.4 Chapter Aims: 

The aims of the work described in this chapter: 

- To evaluate the effect of balloon injury on blood vessel structure and the 

effect following mitochondrial inhibition. 

- To measure the effect of mitochondrial inhibition on VSM cell proliferation 

and migration. 

- To study possible signalling pathways involved in mitochondrial-dependent 

proliferation and migration. 

- To investigate the effect of mitochondrial inhibition on mitochondrial gene 

expression. 
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3.5 Specific Methods: 

3.6 Histological sectioning and staining of balloon injured vascular 

tissues: 

Rat aortic blood vessels were harvested and exposed to balloon catheter injury using 

2.5 x 24 mm balloon catheter in an in-vitro setting. The catheter was inserted in the 

blood vessel and inflated at 9 ATM for 20 seconds. The catheter was then deflated 

and removed from the blood vessel. The blood vessel was then cultured in 10% 

foetal calf serum (FCS) for 21 days without treatment or with one of the following 

treatments: 100 nM Rapamycin, 10 μM MDivi-1, 50 ng/ml Ethidium bromide and 

100 nM Wortmannin. These treatments were introduced to the cultured vessels every 

time the media was changed during the 21 days.  

3.7 Fixation, wax embedding and cutting of vascular tissues:  

Following 21 day culture, vessels were fixed in 4% paraformaldehyde for 24 hours. 

Tissues were then processed in a citadel 1000 (Thermo Shandon, UK) processor 

overnight using the following programme: 

               Step Duration (hours) 

1. 70% ethanol 3 

2. 90% ethanol 3.5 

3. 100% ethanol 2 

4. 100% ethanol 1 

5. 1:1 (v/v) ethanol: histoclear 1 

6. 100% histoclear 1 

7. 100% histoclear 1 

8. Paraffin wax 2 

9. Paraffin wax 2 
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Tissues were then embedded in paraffin wax using a leica EG1140H (Leica 

microsystems, UK) embedder and 4 μm sections were cut using a Leica 

RM2125RTF (Leica microsystems, UK) microtome. Tissue sections were floated 

onto silanated slides using a water bath at 60
o
C. Slides were silanated using the 

following steps: 

 

                 Step Duration (minutes) 

1. Acetone wash             10 

2. Submersion in 3-

aminopropyltriethoxysilane 

(APES) solution (0.1% APES 

in acetone) 

            10 

3. Running tap water             10 

4. Covered and air dried            ~48 hours 

  

 

Wax embedded sections were mounted on salinated slides and placed in a drying 

oven at 60
o
C for 30 minutes.  

3.8 Rehydration and dehydration of tissue slides: 

 Prior to histological staining, tissue sections were rehydrated using a varistain 24-4 

auto stainer (Thermo Shandon, UK) using the following steps: 

               Step Duration (minutes) 

1. Histoclear 10 

2. Histoclear 10 

3. Histoclear 10 

4. 100% ethanol 5 

5. 100% ethanol 5 

6. 100% dH2O 5 
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At the end of staining, the slides were dehydrated using the following steps: 

                 Step Duration (minutes) 

1. 100% ethanol 10 

2. 100% ethanol 10 

3. 100% ethanol 10 

4. Histoclear 5 

5. Histoclear 5 

6. Histoclear 5 

 

3.9 Haematoxylin and eosin staining:  

Following rehydration, the slides were placed into metal racks for staining with 

haematoxylin and eosin (H&E) using the following steps: 

  Step Duration (minutes) 

Haematoxylin 6 

dH2O 1 

Acid alcohol (1%) 3 sec 

dH2O 1 

Scots tap water substitute 2 

dH2O 1 

Eosin 1 

dH2O 1 

 

Slides were then dehydrated and mounted using histomount and 24 x 50mm 

coverslips and left to dry overnight before analysis. 
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3.10 Image analysis and quantification of histological sections:  

A digital image of each section was captured with the same magnification using 

Adobe Photoshop v5 on a leica DMLB2 microscope fitted with a Leica DFC320 

camera (Leica microsystems, UK). Images were then quantified using Image J; the 

thickness of the blood vessel, the lumen diameter and blood vessel area, the wall: 

lumen ratio was calculated and the statistical significance was calculated using one 

way ANOVA on minitab v15, a p value of <0.05 was considered significant. Graphs 

were plotted using Microsoft Excel 2010.  

3.11 Immunocytochemistry of histological sections:  

Immunocytochemistry was undertaken to characterise the expression of vascular 

smooth muscle cells such as α-smooth muscle actin as well as looking at the 

localisation of mitochondria within the cell following treatment with mitochondrial 

fission inhibitor MDivi-1 and stimulation with 10% FCS. Cells were fixed at the end 

of the treatment period using 4% paraformaldehyde. The 4% paraformaldehyde was 

then removed from the wells and the glass cover slips were washed in PBS three 

times followed by permeabilising the cells using 0.1% Triton X-100 in PBS for 5 

minutes. 10% goat serum was prepared in PBS and added to the cover slips for 60 

minutes at room temperature to block the unspecific binding. This was removed and 

followed by adding anti-α-SMA raised in mouse (1/400; Sigma, UK) and anti-

mitochondria (1/500; Sigma, UK) primary antibodies and incubated overnight at 

4°C. Next day, the slides were washed in three times with PBS before adding a 

fluorescent anti-mouse secondary antibody (1/1000; Sigma, UK) at room 

temperature for 45 minutes. Coverslips were then mounted using hard set vector-

shield containing DAPI (Vector laboratories, USA) and visualised under an epi-

fluorescent microscope. 
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3.12 Fluorescence-activated cell sorting (FACS) analysis:  

MDivi-1 (0.1 μM, 1 μM, 5 μM and 10 μM) was added when cells reached ~50% 

confluency. A background where cells were cultured in 0.1% FCS and a maximum 

stimulation in 10% FCS in the absence of MDivi-1 were measured as reference. All 

cells were quiesced for 24 hours followed by stimulation with 10% FCS for 24 hours, 

the exception being the background control in 0.1% FCS. Cells were then lifted from 

the culture plates using Triple E Express and centrifuged at 2500 g for 10 minutes at 

4
o
C. The supernatant was removed and 300 μl of ice cold PBS was added and the 

cells were re-suspended. 700 μl of ice cold ethanol was added drop wise with a 

gentle vortex. The vials were then stored in the fridge. The following day, 1ml of 

PBS was added to each vial and the cells were spun at 2500 g for 10 minutes. The 

supernatant was removed and another 1ml of PBS was added and spun at 2500 g for 

10 minutes. The PBS was removed and 250 μl of PBS was added back with gentle 

vortex. The cells were then transferred to FACS tubes and 5 μl of RNAse A (Sigma, 

UK) was added to each tube and left in the incubator for 1 hour covered in tin foil. 

13.5 μl of propodium iodide (Sigma, UK) was finally added to each tube and 

analysed on (FACS CANTO, Becton Dickinson, Oxford, UK) flow cytometer using 

FACS Diva software. A total of 10,000 events were measured per sample.  

3.13 Cell apoptosis assay:  

VSMCs were cultured in 96 well plates until they reached ~70% confluency. Cells 

were quiesced for 24 hours using 0.1% FCS and subsequently stimulated with 10% 

FCS or 20 ng/ml PDGF for 24 hours. MDivi-1 was added to the treated cells 30 

minutes before stimulation. As a positive apoptotic control one well of cells was 

treated with 1 μM of paclitaxel. At the end of the 24 hours stimulation, 100 μl of 

ApoTox-Glo reagent (Promega, Madison, USA) was added to each well and 

incubated at room temperature for 1 hour. The luminescence of each sample was 

then measured in a polar star plate reader which corresponds to the caspase 3/7 

activity within the cells. 
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3.14 Reactive oxygen species (ROS) assay:  

VSMCs were cultured in 96 well plates until they reached ~70% confluency, 

quiesced for 24 hours (0.1%FCS) and stimulated with 10% FCS or 20 ng/ml PDGF 

for 24 hours. MDivi-1 was added to the treated cells 30 minutes before stimulation. 

At the end of the 24 hours stimulation, 100 μl of ROS-Glo H2O2 reagent (Promega, 

Madison, USA) was added to each well and incubated at room temperature for 20 

minutes. The luminescence of each sample was then measured in a polar star plate 

reader which corresponds to the level of ROS released by the cells in each treatment. 

3.15 Cellular ATP assay:  

VSMCs were cultured in 96 well plates until they reached ~70% confluency, 

quiesced for 24 hours (0.1%FCS) and stimulated with 10% FCS or 20 ng/ml PDGF 

for 24 hours. MDivi-1 was added to the treated cells 30 minutes before stimulation. 

At the end of the 24 hours stimulation, 100 μl of mitochondrial ToxGlo reagent 

(Promega, Madison, USA) was added to each well and incubated at room 

temperature for 30 minutes. The luminescence of each sample was then measured in 

a polar star plate reader which corresponds to the level of ATP released by the cells 

in each treatment. 
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3.16 Results 

3.17 Effect of MDivi-1 on balloon-injured whole artery:  

Balloon injured artery haematoxylin & Eosin staining results showed differences in 

the wall thickness and wall: lumen ratio between different conditions (Figure 3.1). 

The wall thickness measured in the 21 days cultured artery was 10 ± 4.1 m greater 

than the freshly fixed artery (Figure 3.3). The wall thickness and the wall: lumen 

ration was seen to increase more with the balloon injured artery in comparison to the 

freshly fixed and the 21 days cultured artery. The wall thickness in the injured and 

cultured artery was 35 ± 10 m higher than the freshly fixed artery and the wall: 

lumen ratio was doubled in the injured and cultured artery compared to the freshly 

fixed (Figure 3.2). The wall thickness was reduced to 93 ± 2 m, 87 ± 2 m, 84 ± 0.9 

m and 87 ± 2 m following treatment with 100 nM Rapamycin, 10 M 

mitochondrial fission inhibitor MDivi-1, 50 ng/ml Ethidium Bromide and 100 nM 

Wortmanin respectively. The wall: lumen ratio was also decreased to 0.8 ± 0.02, 0.7 

± 0.02, 0.7 ± 0.02 and 0.8 ± 0.03 in the balloon injured artery following treatment 

with 100 nM Rapamycin, 10 M mitochondrial fission inhibitor MDivi-1, 50 ng/ml 

Ethidium Bromide and 100 nM Wortmanin respectively. Lumen diameter reduced 

from 1347 ± 39 m in the freshly fixed artery to 1148 ± 47 m in the injured-

cultured artery. The lumen diameter was increased to 1414 ± 65 m, 1419 ± 48 m, 

1407 ± 53 m and 1383 ± 60 m following treatment with 100 nM Rapamycin, 10 

M mitochondrial fission inhibitor MDivi-1, 50ng/ml Ethidium Bromide and 100 

nM Wortmanin respectively (Figure 3.4).  
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Figure 3.1 shows the change in the vascular wall thickness following balloon injury 

and the reduction following different treatments.  Haematoxylin & Eosin staining 

show the increase in wall thickness following balloon injury and no increase in the 

vascular thickness following balloon injury when treated with rapamycin, MDivi-1, 

ethidium bromide. 

Injured Rho tissue Injured + MDivi-1 Injured + Rapamycin 

Cultured + Injured Cultured Freshly Fixed 
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Figure 3.2 shows the change in the vascular wall: lumen ratio following balloon 

injury and the change in cultured + injured, injured + rapamycin, injured + MDivi-

1, injured + EB (ethidium bromide) and injured + wortmanin (n=6). ●p<0.05 

cultured + injured vs the freshly fixed, *p<0.05 different treatments vs cultured + 

injured.  

 

 

 

 

 

 

 

○ 

0

0.5

1

1.5

2

2.5

W
al

l:
L

u
m

en
 r

at
io

 

● 

* 
* * 

* 



Chapter 3                     Role of mitochondria in VSM cell proliferation and migration 

71 
 

0

20

40

60

80

100

120

140

160
W

al
l 

T
h
ic

k
n
es

s 
(μ

m
) 

● 

* * 

* 
* 

 

 

Figure 3.3 shows the change in the vascular wall thickness following balloon injury 

and the change in cultured + injured, injured + rapamycin, injured + MDivi-1, 

injured + EB (ethidium bromide) and injured + wortmanin (n=6). ●p<0.05 cultured 

+ injured vs the freshly fixed, *p<0.05 different treatments vs cultured + injured.  
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Figure 3.4 shows the change in the vascular lumen diameter following balloon 

injury and the change in cultured + injured, injured + rapamycin, injured + MDivi-

1, injured + EB (ethidium bromide) and injured + wortmanin (n=6).  ●p<0.05 

cultured + injured vs the freshly fixed, *p<0.05 different treatments vs cultured + 

injured.  
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(A) (B) 

3.18 VSM Cell Morphology:  

Vascular smooth muscle cells were characterised by their morphology under the 

bright field microscope (figure 3.5A). They were also classified by some specific 

markers including smooth muscle actin using the epi-fluorescent microscope (figure 

3.5B). The cells expressed actin filaments which are shown in green and the nuclei 

were visualised using DAPI stain which is shown in blue. The expression of actin 

confirms that these are vascular smooth muscle cells. 

 

         

 

 

 

 

 

Figure 3.5 The bright field microscope was used at x20 magnification to visualise 

vascular smooth muscle cells pattern (Hills and Valleys) (A). The epi-fluorescent 

image shows vascular smooth muscle cell actin filaments labelled with smooth 

muscle actin antibody (green) and nucleus stained with DAPI (blue). Image was 

taken at x20 magnification (B). 
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3.19 Effect of MDivi-1 on mitochondrial morphology and localisation:  

The localisation, density and morphology of the mitochondria within the cell was 

investigated using the fluorescent anti-mitochondrial antibody recognising the 60 

KDa non glycosylated protein component of mitochondria found in human cells. 

Images were taken to show the distribution of mitochondria in the cytoplasm for the 

different treatments used. The images show that the mitochondria were scattered 

around the cell with the 0.1% FCS (quiesced) with a longer size 0.6 ± 0.1 μm (figure 

3.6) and when stimulated using 10% FCS they fragment and become shorter in size 

0.1 ± 0.1 μm, migrate and accumulate around the nuclei (figure 3.7). Mitochondrial 

fission inhibition with MDivi-1 resulted in a network formation and an increase in 

mitochondrial length 0.5 ± 0.07 μm (figure 3.8). 
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Figure 3.6 The mitochondria were visualised using anti-mitochondria antibody 

(red). The distribution of the mitochondria was measured by the intensity of the red 

fluorescence. The mitochondria were scattered evenly with low density around the 

nuclei in the quiesced cells x60. 
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Figure 3.7 The mitochondria were visualised using anti-mitochondria antibody 

(red). The distribution of the mitochondria was measured by the intensity of the red 

fluorescence. The mitochondria were seen to fragment and accumulate in higher 

density around the nuclei when they were stimulated with 10% FCS x60. 
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Figure 3.8 The mitochondria were visualised using anti-mitochondria antibody 

(red). The distribution of the mitochondria was measured by the intensity of the red 

fluorescence. 10 μM treatments with MDivi-1 reduced mitochondrial density and 

restored mitochondrial network structure x60.            
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Figure 3.9 shows the graph representation of mitochondrial length in the quiesced 

0.1% FCS, 10% stimulated cells and stimulated + MDivi-1 treated cells (n=3). 

*p<0.05 10% FCS stimulated cells vs 0.1% FCS cultured cells, ●p<0.05 stimulated 

+ MDivi-1 treated cells vs 10% FCS stimulated cells. 

 

 

 

 

 

 

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.1% FCS 10% FCS 10% FCS + MDivi-1

M
it

o
ch

o
n
d
ri

al
 n

et
w

o
rk

 L
en

g
th

 (
μ

m
) 

* 

● 



Chapter 3                     Role of mitochondria in VSM cell proliferation and migration 

79 
 

0

2

4

6

8

10

12

0.1%FCS 10% FCS 10% FCS + Mdivi-1

F
o
ld

 C
h
an

g
e 

in
 P

ro
li

fe
ra

ti
o
n

 * 

● 

3.20 Effect of MDivi-1 on VSM cell proliferation: 

The proliferation of VSM cells and the effect of MDivi-1 treatment were measured 

using 
3
H Thymidine incorporation assay. The inhibition in VSM cell proliferation 

using 10 μM of Mdivi-1 was assessed following stimulation with 10% FCS (Figure 

3.10) and 20 ng platelet derived growth factor (PDGF) (Figure 3.11). Inhibiting 

mitochondrial fission in the 10% FCS stimulated cells resulted in a 24 ± 10% 

reduction in proliferation whereas inhibiting mitochondrial fission in the PDGF 

stimulated cells resulted in a 55 ± 2% reduction in proliferation.  

     

   

 

 

 

 

 

Figure 3.10 Shows the effect of proliferation inhibition using 10 μM of Mdivi-1 

following 10% FCS stimulation (n=7). *p<0.05 cells cultured in 10% FCS vs cells 

cultured in 0.1% FCS, ●p<0.05 cells cultured in 10% FCS + MDivi-1 vs cells 

cultured in 10% FCS. 
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Figure 3.11 Shows the effect of proliferation inhibition using 10 μM of Mdivi-1 

following 20 ng PDGF stimulation (n=7). *p<0.05 cells cultured in PDGF vs cells 

cultured in 0.1% FCS, ●p<0.05 cells cultured in PDGF +  MDivi-1 vs cells cultured 

in PDGF. 
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3.21 Effect of MDivi-1 on VSM cell migration:  

The migration of VSM cells was measured using a scratch assay to assess the impact 

of mitochondrial fission inhibition on VSM cell migration. Treating VSM cells with 

10 μm of the mitochondrial inhibitor MDivi-1 inhibited cell migration and gap 

closure following stimulations with 10% FCS and 20 ng PDGF. Results show that 

the scratch area was reduced by 79 ± 4% after 24 hours of 10% FCS stimulation. 

However the scratch area was only reduced by 10 ± 2% following stimulation with 

10% FCS and treatment with 10 μM of MDivi-1 (Figure 3.12). Results also show 

that scratch area was reduced by 50 ± 2% following 20 ng/ml PDGF stimulation. 

However when cells were treated with 10 μM of MDivi-1, the scratch area was 

reduced by 14 ± 4% (Figure 3.13). 
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Figure 3.12 Microscope images using x 5 magnification of the scratch assay 

showing the magnitude of vascular smooth muscle cells migration following 

stimulation with 10% FCS and the consequent inhibition following Mdivi-1 treatment 

(n=3). *p<0.05 cells cultured in 10% FCS vs cells cultured in 0.1% FCS, ●p<0.05 

cells cultured in 10% FCS + MDivi-1 vs cells cultured in 10% FCS.  
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Figure 3.13 Microscope images using x 5 magnification of the scratch assay 

showing the magnitude of vascular smooth muscle cells migration following 

stimulation with 20 ng/ml PDGF and the consequent inhibition following Mdivi-1 

treatment (n=3). *p<0.05 cells cultured in 20 ng PDGF vs cells cultured in 0.1% 

FCS, ●p<0.05 cells cultured in 20 ng PDGF + MDivi-1 vs cells cultured in 20 ng 

PDGF.  

  

 

 

 

0

2

4

6

8

10

12

14

0.1% FCS 20ng PDGF 20ng PDGF + MDivi-1

S
cr

at
ch

 A
re

a 
(m

m
)2

 

* 

● 



Chapter 3                     Role of mitochondria in VSM cell proliferation and migration 

84 
 

3.22 Effect of MDivi-1 on protein expression:  

Phosphorylation and expression of different proteins were investigated by western 

blots after treating the cells with MDivi-1 to measure the effect of inhibiting 

mitochondria dynamics on MAPK signalling pathway, mTOR signalling pathway 

and cell cycle progression. Figure 3.14 showed no difference in the phosphorylation 

of ERK1/2 at tyrosine 204 site following treatment with MDivi-1.  

 

 

 

 

 

 

 

Figure 3.14 shows the phosphorylation of ERK1/2 following 10% FCS stimulation 

and MDivi-1 treatment. The ERK1/2 was measured relative to Total ERK (n=3). 

*p<0.05 cells cultured in 10% FCS vs cells cultured in 0.1% FCS. 

 

 

 

 

 

0
0.5

1
1.5

2
2.5

3
3.5

4
4.5

0.1%

FCS

10%

FCS
0.1μM 1μM 5μM 10μM 

F
o
ld

 C
h
an

g
e 

MDivi-1 concentration 

P.ERK 

T.ERK 

42/44 

42/44 

* 



Chapter 3                     Role of mitochondria in VSM cell proliferation and migration 

85 
 

However, increased phosphorylation was measured between the quiesced vs. 10% 

FCS and 20 ng PDGF (Figures 3.14 & 3.15).  

 

 

 

 

 

 

 

 

 

Figure 3.15 shows the phosphorylation of ERK1/2 following 20ng PDGF stimulation 

and MDivi-1 treatment. The ERK1/2 was measured relative to GAPDH (n=3). 

*p<0.05 cells cultured in 20 ng PDGF vs cells cultured in 20 ng PDGF + MDivi-1. 
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Cell cycle protein Cyclin D1 showed a decrease in their expression by 60 ± 10% 

following treatment with MDivi-1 (Figure 3.16).  

 

 

 

 

 

 

 

Figure 3.16 shows the expression of cyclin D following 10% FCS stimulation and 

MDivi-1 treatment. Level of cyclin D was measured relative to GAPDH (n=3). 

*p<0.05 cells treated with 10 μM of MDivi-1 vs cells cultured in 0.1% FCS. 
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The effect of mitochondrial inhibition on mTOR pathway was assessed by the 

phosphorylation of upstream Akt and the phosphorylation of the downstream 4EBP1. 

Akt phosphorylation at the ser-473 site was increased following stimulation with 

both 10% FCS and 20 ng PDGF. MDivi-1 showed a concentration-dependent 

inhibition of phosphorylation. The maximum reduction of phosphorylation was 

measured at 10 μM. At this concentration MDivi-1 inhibited phosphorylation by 57 ± 

9% in the 10% stimulated cells (Figure 3.17) and by 23 ± 6% in the PDGF stimulated 

cells (Figure 3.18).  

 

 

 

 

 

 

Figure 3.17 shows the phosphorylation of Akt following 10% FCS stimulation and 

MDivi-1 treatment. Akt was measured relative to GAPDH (n=3). *p<0.05 cells 

treated with 10 μM of MDivi-1 vs cells cultured in 0.1% FCS. 
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Figure 3.18 shows the phosphorylation of Akt following 20 ng PDGF stimulation 

and MDivi-1 treatment. The phosphorylation of Akt was measured relative to 

GAPDH (n=3). *p<0.05 cells cultured in 20 ng PDGF vs cells cultured in 0.1% 

FCS, ○p<0.05 cells cultured in 20 ng PDGF + MDivi-1 vs cells cultured in 20 ng 

PDGF. 
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The downstream 4EBP1 also showed a reduction in the phosphorylation at tyrosine 

37 site by 50 ± 7% following mitochondrial inhibition in both 10% FCS and 20 ng 

PDGF (Figures 3.19 & 3.20).  

 

 

 

 

 

 

 

Figure 3.19 shows the phosphorylation of 4EBP1 following 10% FCS stimulation 

and MDivi-1 treatment. 4EBP1 was measured relative to GAPDH (n=3). * p<0.05 

cells treated with 10 μM of MDivi-1 vs cells cultured in 0.1% FCS. 
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Figure 3.20 shows the phosphorylation of 4EBP1 following 20 ng PDGF stimulation 

and MDivi-1 treatment. The phosphorylation of 4EBP1 was measured relative to 

GAPDH (n=3). *p<0.05 cells cultured in 20 ng PDGF vs cells cultured in 0.1%  

FCS, ○p<0.05 cells cultured in 20 ng PDGF + MDivi-1 vs cells cultured in 20 ng 

PDGF. 
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The effect of MDivi-1 on the bioenergetics of the mitochondria, reflected by the 

release of Cytochrome C, was assessed and showed no difference in the total 

Cytochrome C levels with all the different concentrations of MDivi-1 (Figures 3.21 

& 3.22).    

 

 

 

 

 

 

 

Figure 3.21 shows the expression of cytochrome c following 10% FCS stimulation 

and MDivi-1 treatment. Level of cytochrome c was measured relative to GAPDH 

(n=3). 
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Figure 3.22 shows the expression of cytochrome c following 20 ng PDGF 

stimulation and MDivi-1 treatment. The expression of cytochrome c was measured 

relative to GAPDH (n=3). 
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3.23 Effect of MDivi-1 on cell cycle progression: 

The percentage of cells in each phase of the cell cycle following MDivi-1 treatment 

was measured to determine the phase at which the drug works (Figure 3.23). The 

results showed 76 ± 4% increase in G2 phase following 10 μM MDivi-1 treatment 

compared to the 10% stimulated control (Figure 3.24).  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.23 Shows percentage of cells in different phases of the cell with different 

concentrations of MDivi-1 compared to the background cells 0.1% FCS and control 

cells 10% FCS (n=3). 
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Figure 3.24 Shows percentage of cells in G2 with increasing MDivi-1 concentration 

to 10 μM compared to the control cells 10% FCS (n=3) *p<0.05 cells treated with 

10 μM of MDivi-1 vs cells cultured in 10% FCS. 
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3.24 Effect of MDivi-1 on the level of caspase 3/7 in VSM cells: 

Apoptosis was assessed by measuring caspase 3/7 activity. The release of caspase 3/7 

was not seen to change significantly following stimulation with 10% FCS and 20 

ng/ml PDGF. However, the level of caspase was increased following treatment with 

10 μM mitochondrial fission inhibitor MDivi-1 by 3 fold in the 10%FCS stimulated 

cells and 0.5 fold in the PDGF stimulated cells (Figure 3.25).  

 

 

 

Figure 3.25 Shows the differences in apoptotic activity measured by caspase 3/7 

activity under different treatments. The release of caspase 3/7 was measured in 

background 0.1% FCS and compared with the level following stimulation with 10% 

FCS and 20 ng PDGF. The level was also measured following treatment with MDivi-

1 in cells cultured in 0.1% FCS, 10% FCS and 20 ng PDGF. The level was 

compared to the level of caspase activity measured following treatment with 

paclitaxel (n=3) •p< 0.05 cells cultured in 10% FCS + MDivi-1 vs cells cultured in 

10% FCS, *p< 0.05 cells cultured in 10% FCS + treated with paclitaxel vs cells 

cultured in 10% FCS. 
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3.25 Mitochondrial functions (ROS &ATP): 

Mitochondrial bioactivity was measured by the generation of ROS and ATP 

turnover. Results highlighted that the generation of ROS in the mitochondrial-

depleted Rho cells did not differ significantly between 0.1 % FCS, 10% FCS and 

10% FCS + MDivi-1. However the total ROS measured was lower when compared 

with control (wild type) VSM cell (Figures 3.26 & 3.27).  

 

 

 

 

 

 

 

 

 

 

Figure 3.26 Shows the difference in ROS release between normal cells and Rho cells 

following stimulation with 10% FCS and 20 ng/ml PDGF (n=3) *p < 0.05 cells 

cultured in 10% FCS vs cells cultured in 0.1% FCS. 
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Figure 3.27 Shows the difference in ROS release between normal cells and Rho cells 

following stimulation with 10% FCS and 20 ng/ml PDGF in VSM cell treated with 

MDivi-1(n=3), *p < 0.05 cells cultured in 10% FCS + MDivi-1 vs cells cultured in 

0.1% FCS + MDivi-1. 
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The generation of ROS was seen to be increased by 100% ± 13% and 10% ± 2% in 

stimulated cells with both 10% FCS and 20ng/ml PDGF respectively. Inhibiting 

mitochondrial fission using MDivi-1 significantly reduced the level of ROS released 

in VSM cell. A 20% ± 5% reduction in the 10% FCS stimulated cells and 36% ± 5% 

reduction in the PDGF stimulated cells were measured (Figure 3.28). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.28 Shows the release of ROS in 0.1% FCS cultured cells, 10% FCS 

stimulated cells, 20 ng PDGF stimulated cells, 0.1% FCS + MDivi-1 treated cells, 

10% FCS + MDivi-1 treated cells and 20 ng PDGF + MDivi-1 treated cells (n=3), 

*p < 0.05 cells cultured in 10% FCS + MDivi-1 vs cells cultured in 10% FCS. ●p < 

0.05 Cells cultured in 20 ng PDGF + MDivi-1 vs cells cultured in 20 ng PDGF. 
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The production of ATP was also significantly increased in the stimulated vs. control 

VSM cell by 34% ± 12% following 10% FCS stimulation and by 36% ± 13% 

following PDGF stimulation. ATP level was reduced following treatment with 

MDivi-1 by 7% in the 10%FCS stimulated cells and by 12% in the PDGF stimulated 

cells (Figure 3.29). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.29 Shows the production of ATP in 0.1% FCS cultured cells, 10% FCS 

stimulated cells, 20 ng PDGF stimulated cells, 0.1% FCS + MDivi-1 treated cells, 

10% FCS + MDivi-1 treated cells and 20 ng PDGF + MDivi-1 treated cells (n=3), 

*p < 0.05 cells cultured in 10% FCS + MDivi-1 vs cells cultured in 10% FCS. ●p < 

0.05 Cells cultured in 20 ng PDGF + MDivi-1 vs cells cultured in 20 ng PDGF. 
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3.26 Generation of Rho cells: 

To inhibit the mitochondria non-pharmacologically, mitochondrial-depleted Rho 

cells were generated. These cells were characterised by the absence of mitochondrial 

activity markers including Tfam and cytochrome c oxidase II. The results showed 

that the level of Tfam was reduced to half the normal level (Figure 3.30) and the 

level of cytochrome c oxidase II was almost abolished (Figure 3.31).  

 

 

 

 

 

 

 

 

 

Figure 3.30 Shows the loss of mitochondrial marker Tfam in the mitochondrial 

depleted Rho cells in comparison to 21 days cultured cells (n=3), *p < 0.05 cells 

cultured for 21 days vs freshly isolated cells. ●p < 0.05 Rho cells vs 21 days cultured 

cells.  
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Figure 3.31 Shows the loss of mitochondrial marker cytochrome c oxidase II in the 

mitochondrial depleted Rho cells in comparison to 21 days cultured cells (n=3), *p 

< 0.05 cells cultured for 21 days vs freshly isolated cells. ●p < 0.05 Rho cells vs 21 

days cultured cells.  
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Contractile markers including Calponin and myosin heavy chain were also seen to be 

lost in Rho cells (Figures 3.32 & 3.33).  

 

 

 

 

 

 

 

 

 

 

 

Figure 3.32 Shows the loss of mitochondrial marker calponin in the mitochondrial 

depleted Rho cells in comparison to the 21 days cultured cells (n=3),*p < 0.05 cells 

cultured for 21 days vs freshly isolated cells. ●p < 0.05 Rho cells vs 21 days cultured 

cells.  
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Figure 3.33 Shows the loss of mitochondrial marker Myosin heavy chain in the 

mitochondrial depleted Rho cells in comparison to the 21 days cultured cells (n=3), 

*p < 0.05 cells cultured for 21 days vs freshly isolated cells. ●p < 0.05 Rho cells vs 

21 days cultured cells.  
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These cells were also imaged by epi-fluorescent microscope and the mitochondria 

seem to be fragmented and distributed in the cytoplasm (Figure 3.34). 

 

 

Figure 3.34 Shows mitochondrial morphology and distribution in Rho cells using 

epi-fluorescent microscope x 60 magnification. Results showed that mitochondria 

stained with mitochondrial antibody (red) tend to be fragmented in Rho cells and 

spread across the cytoplasm with no concentration around the nuclei which is 

stained with DAPI (blue). Plasma membrane was stained using wheat germ 

agglutinin conjugate (green). 
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Generating mitochondrial-depleted Rho cells resulted in an increase in the expression 

of pro-apoptotic proteins such as Bnip3, cdkn2a, Pmaip1 and P53 compared to 21 

days cultured VSMCs. The expression of Bnip3 was reduced by 80 ± 4% in the 21 

days cultured VSM cells compared to the freshly isolated VSM cells and increased 

by 73 ± 2.5% in the Rho cells compared to the 21 days cultured VSM cells (Figure 

3.36). 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.36 Shows the expression of pro-apoptotic gene Bnip3 in freshly isolated 

cells, 21 days cultured cells and Rho cells. (n=3), *p <0.05 21 days cultured cells vs 

freshly isolated cells, ●p <0.05 Rho cells vs 21 days cultured cells. 

 

 

 

 

 

 

0

0.2

0.4

0.6

0.8

1

1.2

Freshly Isolated 21 days cultured Rho Cells

B
n
ip

3
 E

x
p
re

ss
io

n
 F

o
ld

 C
h
an

g
e 

* 

• 



Chapter 3                     Role of mitochondria in VSM cell proliferation and migration 

107 
 

The expression of cdkn2a was reduced by 63 ± 2% in the 21 days cultured VSM 

cells compared to the freshly isolated VSM cells and increased by 73 ± 3% in the 

Rho cells compared to the 21 days cultured VSM cells (Figure 3.37). 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.37 Shows the expression of cell cycle inhibitor gene Cdkn2a in freshly 

isolated cells, 21 days cultured cells and Rho cells (n=3), *p <0.05 21 days cultured 

cells vs freshly isolated cells, ●p <0.05 Rho cells vs 21 days cultured cells. 
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The expression of pmaip1 was reduced by 95 ± 10% in the 21 days cultured VSM 

cells compared to the freshly isolated VSM cells and increased by 38 ± 4% in the 

Rho cells compared to the 21 days cultured VSM cells (Figure 3.38). 

 

 

 

 

 

 

 

 

 

 

Figure 3.38 Shows the expression of pro-apoptotic gene Pmaip1 in freshly isolated 

cells, 21 days cultured cells and Rho cells (n=3), *p <0.05 21 days cultured cells vs 

freshly isolated cells, ●p <0.05 Rho cells vs 21 days cultured cells. 
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The expression of P53 was reduced by 60 ± 8% in the 21 days cultured VSM cells 

compared to the freshly isolated VSM cells and increased by 63 ± 4% in the Rho 

cells compared to the 21 days cultured VSM cells (Figure 3.39). 

 

 

 

 

 

 

 

 

 

 

Figure 3.39 Shows the expression of pro-apoptotic gene in freshly isolated cells, 21 

days cultured cells and Rho cells (n=3), *p <0.05 21 days cultured cells vs freshly 

isolated cells, ●p <0.05 Rho cells vs 21 days cultured cells. 

 

 

 

 

 

 

 

 

 

 

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

Freshly Isolated 21 days cultured Rho Cells

P
5
3
 E

x
p
re

ss
io

n
 F

o
ld

 C
h
an

g
e 

* 

• 



Chapter 3                     Role of mitochondria in VSM cell proliferation and migration 

110 
 

Results also showed that expression of mitochondrial transport proteins such as 

Hsp90aa1, Hspd1 and slc25a16 were reduced in Rho cells compared to 21 days 

cultured cells. The expression of Hsp90aa1 was increased by 100 ± 12% in the 21 

days cultured VSM cells compared to the freshly isolated VSM cells and decreased 

by 51 ± 29% in the Rho cells compared to the 21 days cultured VSM cells (Figure 

3.40). 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.40 Shows the expression of mitochondrial transport gene Hsp90aa1 in 

freshly isolated cells, 21 days cultured cells and Rho cells (n=3), *p <0.05 21 days 

cultured cells vs freshly isolated cells, ●p <0.05 Rho cells vs 21 days cultured cells. 
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The expression of Hspd1 was decreased by 75 ± 28% in the Rho cells compared to 

the 21 days cultured VSM cells (Figure 3.41). 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.41 Shows the expression of mitochondrial transport gene Hspd1 in freshly 

isolated cells, 21 days cultured cells and Rho cells (n=3), ●p <0.05 Rho cells vs 21 

days cultured cells. 
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The expression of Slc25a16 was increased by 70 ± 15% in the 21 days cultured VSM 

cells compared to the freshly isolated VSM cells and decreased by 61 ± 22% in the 

Rho cells compared to the 21 days cultured VSM cells (Figure 3.42). 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.42 Shows the expression of mitochondrial transport gene in freshly isolated 

cells, 21 days cultured cells and Rho cells (n=3), *p <0.05 21 days cultured cells vs 

freshly isolated cells, ●p <0.05 Rho cells vs 21 days cultured cells. 
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We also found that the expression of both SOD1 and SOD2 were increased in Rho 

cells in comparison to 21 days cultured cells. The expression of SOD1 was decreased 

by 80 ± 7% in the 21 days cultured VSM cells compared to the freshly isolated VSM 

cells and increased by 40 ± 1% in the Rho cells compared to the 21 days cultured 

VSM cells (Figure 3.43). 

 

 

 

 

 

 

 

 

 

 

Figure 3.43 Shows the expression of ROS scavenging gene SOD1 in freshly isolated 

cells, 21 days cultured cells and Rho cells (n=3), *p <0.05 21 days cultured cells vs 

freshly isolated cells, ●p <0.05 Rho cells vs 21 days cultured cells. 
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The expression of SOD2 was decreased by 90 ± 7% in the 21 days cultured VSM 

cells compared to the freshly isolated VSM cells and increased by 40 ± 0.01% in the 

Rho cells compared to the 21 days cultured VSM cells (Figure 3.44). 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.44 Shows the expression of ROS scavenging gene SOD2 in freshly isolated 

cells, 21 days cultured cells and Rho cells (n=3), *p <0.05 21 days cultured cells vs 

freshly isolated cells, ●p <0.05 Rho cells vs 21 days cultured cells. 
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3.28 Discussion 

3.29 Effect of MDivi-1 on the balloon injured artery: 

Restenosis following stent insertion is a major challenge limiting the use of bare-

metal stents. On the other hand, drug-eluting stents containing mTOR inhibitors 

including Rapamycin have undesirable effects on proliferative as well as normal 

healthy cells which also limit its use in coronary angioplasty. In this experiment, we 

investigated the effect of balloon injury on the blood vessel structure. Results showed 

that culturing the blood vessel in media containing 10% FCS for 21 days resulted in 

an increase in the blood vessel wall compared to the thickness of a normal freshly 

fixed blood vessel (Figure 3.1). When the blood vessel was injured using a balloon 

catheter, the increase in the thickness was seen to be bigger and the wall: lumen ratio 

was significantly higher than the normal blood vessel or blood vessel which was 

cultured in serum-containing media alone (Figure 3.2). This suggests that the balloon 

injury resulted in a damage to the endothelial cell layer which resulted in an exposure 

of the medial layer containing smooth muscle cells to growth factors in the media. 

The de-endothelialisation is followed by a loss of endothelial layer to release 

antithrombotic factors including nitric oxide, prostacyclin and tissue plasminogen 

activator (Farb et al., 2002). This contributes to platelet adhesion and aggregation 

which release mitogens like platelet derived factors and thromboxane A2 (Pakala et 

al., 1997). This results in a shift in VSMCs phenotype from contractile to synthetic 

and an initiation of VSMCs proliferation and migration which led to the increase in 

the wall thickness we have reported (Miano et al., 1993). The increase in the wall 

thickness (Figure 3.3) and wall: lumen ratio leads to a decrease in the lumen diameter 

of the blood vessel which we saw in both cultured blood vessel and cultured and 

injured blood vessel (Figure 3.4). This leads to a reduction in blood flow and 

ischaemic disorders.  

Measuring the effect of inhibiting identified mitogenic or mitochondrial signalling 

pathways in balloon injury artery model resulted in a reduction in the wall thickness 

and the wall: lumen ratio. The most remarkable resolution of injury-dependent 

vascular wall remodelling was attributable to use of the mTOR inhibitor rapamycin, 
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mitochondrial fission inhibitor MDivi-1, the PI3K inhibitor wortmanin and ethidium 

bromide used to inhibit mitochondrial genome.  

The addition of MDivi-1 had a similar effect in reducing blood vessel wall thickness 

and improving lumen diameter as rapamycin and wortmanin. However, because both 

rapamycin and wortmanin have serious side effects on healthy cells, it will be of a 

great interest to study the toxic effect of MDivi-1 on the un-proliferative healthy 

cells. 

3.30 VSM cell characterisation: 

Vascular smooth muscle cells are characterised by their morphology which is 

described as the “Hill and Valley” as well as some specific markers which are highly 

expressed in the contractile phenotype such as α- smooth muscle actin and heavy 

chain myosin which was clearly seen in the cells explanted from rat aorta (Figure 

3.5). Change in the phenotype following stimulation of VSM cells causes a decrease 

in these markers.  

3.31 Effect of inhibiting mitochondrial fission on the morphology and 

localisation of mitochondria: 

Mitochondria have been thought for long to be static organelles acting as a power 

house to the cell by producing ATP. However, other roles have been recently widely 

recognised are proliferation and apoptosis. The localisation of the mitochondria in 

the cytoplasm differs depending on the status of the cell (Eapen et al., 1998). They 

are normally localised in certain areas of the cytoplasm, however, their locations 

change based on the cellular stimulation followed by cellular growth and 

proliferation (Weakley, 1976). The higher density of mitochondria shown in the 

image obtained from stimulated vascular smooth muscle cells (Figure 3.7) when 

compared to the quiesced cells (Figure 3.6). This perhaps suggests that the number of 

mitochondria increase upon stimulation to meet the demand for higher cellular 

energy needed to complete cell cycle and cellular growth (Naokatu arakaki et al., 

2006) (Arakaki et al 2006). This increase in the number of mitochondria is 

accompanied by a change in their location. Not surprisingly mitochondria are 



Chapter 3                     Role of mitochondria in VSM cell proliferation and migration 

117 
 

observed to translocate from the cytoplasm to the nucleus. This suggests that 

mitochondrial number and location within the cell is an important determinant of 

cellular functions and growth. Treatment with MDivi-1 which is a selective inhibitor 

of the mitochondrial division dynamin (DRP1) prevented mitochondrial 

fragmentation and resulted in the formation of mitochondrial network as seen in 

(Figure 3.8). This could be due to low cellular turn over caused by an increase in the 

apoptotic pathway or a reduction in the cellular growth leading to lower rate of 

proliferation. The mitochondria play a major role in both apoptosis and proliferation 

and any imbalance could finally lead to the uncontrolled proliferation. Mitochondria 

control these cellular functions by undergoing dynamical changes of fission and 

fusion which are regulated by proteins including DRP1, MFN1 and MFN2. DRP1 is 

thought to enhance mitochondrial fragmentation which results in apoptosis whereas 

MFN1 and MFN2 are thought to enhance network formation and cell survival. It was 

clear that 10 μm of MDivi-1 maintained long filamentous mitochondrial network 

around the nucleus (Figure 3.8).  

3.32 Effect of mitochondrial fission inhibition on VSM cell proliferation: 

The 
3
H thymidine incorporation assay shows that the cultured VSM cells have a 

proliferative capacity when compared with quiesced VSM cells in 0.1% FCS. Upon 

stimulation with 10% FCS, the cells enter the cell cycle and start proliferating 

(Rzucidlo et al., 2007). This, however, was reduced when MDivi-1 was incubated for 

24 hours. As the concentration of MDivi-1 was increased, the proliferation was 

shown to be decreased in a concentration dependent manner. This suggests that 

mitochondrial movement and fission process are important for the cells to proliferate. 

And following the inhibition of DRP-1, mitochondrial movement was restricted by 

inhibiting fission process and forming a fused mitochondrial network which resulted 

in the reduction in proliferation (Chalmers et al., 2012). 

The inhibition in vascular smooth muscle cells proliferation was greater following 

stimulation with platelet derived factor (PDGF) compared to the inhibition seen 

when the cells were stimulated using 10% FCS which could suggest that 

mitochondria stimulate vascular smooth muscle cells through specific pathways 

including PDGF but not the others. This greater inhibition following PDGF 
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stimulation goes in line with the reduction in Akt and 4EBP1 phosphorylation which 

are mTOR upstream and downstream substrates suggesting that inhibiting 

mitochondria results in inhibiting vascular smooth muscle cell proliferation through 

PI3k/ Akt/ mTOR signalling pathway. PDGF was previously reported to initiate 

VSM cell proliferation and migration through the activation of PI3K/Akt/mTOR 

signalling pathway (Goncharova et al., 2002). However, our results suggest that 

mitochondria mediate this activity and inhibiting mitochondria results in PI3K/ Akt/ 

mTOR inhibition.  

3.33 Migratory capacity of VSM cells following mitochondrial fission inhibition: 

The migratory feature seen in VSM cells following their stimulation with 10% FCS 

and PDGF indicates that these cells have undergone phenotypic switch from being 

contractile to being synthetic. This switch is accompanied with a release of growth 

factors, cytokines and extracellular matrix components which activate some 

signalling pathways and promote cell’s migration (Carrillo-Sepulveda and Barreto-

Chaves., 2010). Some of the signalling pathways that have already been identified 

include Mitogen Activated Protein Kinase (MAPK) (Yamboliev and Gerthoffer, 

2001), Rho-activated protein kinase, P21-activated protein kinases (Dechert et al., 

2001), calcium- dependent protein kinase and phosphatidyl-inositol 3-kinases (PI3K) 

(Yamboliev et al., 2001). Both stimuli used help promote VSM cell migration 

through the activation of different signalling cascades. Blocking mitochondrial 

division using MDivi-1 and the resulting effect seen in restricting VSM cell 

migration further supports that the mitochondria play an essential role in mediating 

these signalling cascades. It also supports the involvement of PI3K/ Akt/ mTOR 

signalling pathway through which mitochondria signal activates the migration 

process. The reduction in PI3K/ Akt/ mTOR signalling seen following mitochondrial 

inhibition could contribute to the inhibition of VSM cell migration. Previous study 

has reported that PDGF-induced VSM cell proliferation and migration was seen to be 

mediated by PI3K/ Akt/ mTOR signalling pathway (Goncharova et al., 2002). Our 

results take this further by showing that mitochondria mediate VSM cell migration 

following stimulation through PI3K/ Akt/ mTOR signalling pathway. 
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3.34 Proteins expression and phosphorylation following mitochondrial fission 

inhibition: 

The MAP Kinases (ERK1/2, P38 and JNK) are considered common signalling 

cascades in VSM cell proliferation (Sprague and Khalil, 2009). Interestingly, blotting 

for ERK1/2 phosphorylation showed no significant differences when the 

mitochondrial fission process was inhibited. This suggests that mitochondria signal 

independent of ERK1/2 and that any role mitochondria might have in inducing 

proliferation is signalled through another pathway. 

Inhibiting mitochondrial DRP1 using MDivi-1 reduced the expression of cell cycle 

protein Cyclin D. This reduction suggests cell cycle arrest at G1 phase of the cell 

cycle. This could result in reduction in cell growth and proliferation as it is one of the 

important mitogenic sensors that responds to different growth factors and results in 

cell cycle progression (Tchakarska et al., 2011). It also attaches to transcription 

factors and chromatin remodelling proteins which control cell proliferation and 

migration (Li et al., 2006). The reduction in the expression of cyclin D correlates 

with the reduction in proliferation and migration we see in later sections. This 

suggests that the inhibition of VSM cell proliferation we see when we inhibit 

mitochondrial fission could be in part due to the cell cycle arrest. 

Phosphorylated Akt was reduced as a result of inhibiting mitochondrial activity (Sun 

Young Ahn et al., 2010). This leads to the inactivation of downstream mTOR 

effector proteins such as 4EBP1 resulting in inhibition of mRNA translation and 

protein synthesis. This signalling cascade is mediated by phosphoinositide-3-OH 

kinase (PI3K) which indirectly activates mTOR signalling pathway (Mendez et al., 

1996). Full activation of Akt requires the phosphorylation of both 3-

phosphoinositide-dependent kinase-1 (PDK1) and PI3K-dependent kinase (Gingras 

et al., 1998). This activation is responsible for the control of many cellular functions 

including proliferation and migration. The activation of this signalling pathway is 

also implicated in the activation of other signalling cascades involved in VSM cell 

proliferation and migration such as ERK1/2 and P38. Therefore, the inhibition of Akt 

phosphorylation may result in partial inhibition of PI3K, mTOR, ERK1/2 and P38. 

However, because ERK1/2 involvement was rolled out based on initial results 
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obtained from western blot, PI3K and mTOR may still be a potential pathway 

inhibited as a result of inhibiting mitochondrial fission. 

Cytochrome c is released from mitochondria to induce apoptosis in response to 

cellular proliferation and differentiation (Orrenius, 2004). The inhibition of 

mitochondrial fission resulted in reduction of cytochrome c level in the cell. This 

suggests that fission process regulated by DRP-1 is important for the release of 

cytochrome c (Youle and Karbowski, 2005). Cytochrome c release was also inhibited 

following the expression of the negative mutant DRP-1 which also inhibited 

mitochondrial fragmentation (Frank et al., 2001). Although the release of cytochrome 

c is blocked when the DRP-1 is inhibited, release of other pro apoptotic factors is 

unaffected such as Smac/DIABLO and the apoptosis process is not inhibited 

(Estaquier and Arnoult, 2007). This could explain the reduction in proliferation seen 

despite the decrease in the level of cytochrome release seen following treatment with 

MDivi-1.   

3.35 Cell cycle analysis:  

The increase in the percentage of cells in G2 phase of the cell cycle seen with the 

increase concentrations of MDivi-1 suggest that this drug causes cell cycle arrest at 

G2/M phase. This was also seen when MDivi-1 was used to inhibit DRP-1 protein in 

cells cultured from pulmonary arterial hypertensive subjects (Marsboom et al., 2012). 

DRP-1 is phosphorylated by Cyclin B1 and cyclin-dependent kinase-1 (CDK1) 

which regulate the G2 phase of the cell cycle resulting in its activation (Chang and 

Blackstone, 2007). Once activated, DRP-1 moves from the cytosol to the 

mitochondria where it exerts its effect by dividing the mitochondria. One action of 

MDivi-1 is to lock the mitochondria in a fusion status and stop cell cycle progression 

from G2 to mitosis. The net result being a reduction/ inhibition of VSM cells 

proliferation (Rehman et al., 2012). This observation of cell cycle highlights that the 

fission of mitochondria is an important determinant of cell cycle progression and 

cellular growth and proliferation. Inhibiting mitochondrial fission resulted in a cell 

cycle arrest which leads to inhibition of VSM cell proliferation.    
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3.36 The effect of inhibiting mitochondrial fission on VSM cell apoptosis: 

The activation of the intrinsic apoptotic signalling pathway was studied by measuring 

the level of caspase 3/7 release in VSM cells. Results show that caspase 3/7 did not 

change significantly in 10% FCS and 20 ng PDGF stimulated cells. However, 

following mitochondrial fission inhibition using 10 μM of MDivi-1, the level of 

caspase 3/7 increased significantly similar to the level seen in paclitaxel treated cells. 

Mitochondrial division regulated by DRP1 is an essential cellular process that 

maintains normal cellular function (Parone et al., 2008) and the increase in the level 

of caspase 3/7 activity is linked with the increase in Mfn2 expression level in the cell 

as a result of the inhibition of DRP1. The pro-apoptotic effect of DRP1 inhibition 

seen here is mediated by the inhibition of the Akt signalling which results in the 

activation of the mitochondrial apoptotic pathway and increased mitochondrial 

Bax/Bcl-2 ratio (Xiaomei Guo et al., 2007). This then leads to the activation of 

apoptosis through the release of cytochrome c or the activation of other pro-apoptotic 

proteins including Smac/DIABLO which then results in reduction in cell number and 

inhibition in proliferation.   
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3.37 VSM cell ROS generation and ATP activity: 

Both ROS cellular level and ATP production were measured to assess mitochondrial 

activity under different treatment conditions. Level of H2O2 was significantly 

increased following stimulation with both 10% FCS and 20 ng PDGF (Figure 3.12 

A&B). The increase is due to the increase in the mitochondrial bioactivity required to 

produce cellular energy which we see in the corresponding ATP levels (Figure 3.14). 

When the mitochondrial fission was inhibited using MDivi-1, H2O2 and ATP levels 

were significantly reduced. This finding confirms that the increase in ROS level 

which correlates to the increase in VSM cell proliferation following stimulation is 

due to the increase in cellular energy demand which leads to an increase in ROS in 

the electron transport chain (Yoshida et al., 2005). These results suggest that 

mitochondrial fission is an important process during VSM cell proliferation and 

migration required to produce ATP. Results also suggest that ROS is also important 

in driving VSM cell proliferation further and that inhibiting mitochondrial fission 

limited both ATP and ROS level within the cell (Lee et al., 2007).  

3.38 Mitochondrial gene profiling of wild type VSM cells vs. Rho cells:  

To further evaluate signalling pathways involved in the mitochondrial-dependent 

VSM cell proliferation, qRT-PCR was performed. Mitochondrial function was 

compromised using a non-pharmacological approach. Loss of mitochondrial activity 

was confirmed by measuring gene expression of Tfam and cytochrome c oxidase. 

Tfam is mitochondrial transcription factor A which is required for VSM cell 

proliferation during the progression of atherosclerosis (Yoshida et al., 2005). The 

level of Tfam was seen to increase in VSM cells of balloon-injured rat carotid artery 

model in response to an increased energy demand in proliferating VSM cells. 

Cytochrome c oxidase is another mitochondrial gene involved in mitochondrial 

oxidative phosphorylation to produce ATP required for cellular functions (Aurelio et 

al., 2001). Our results showed a reduction in the expression of both genes. 

Mitochondrial gene expression proteins showed that there is an increase in the pro-

apoptotic gene expression in the Rho cells in comparison to the 21 days cultured 

hyper-proliferative cells. These genes include BBC3, Bnip3, cdkn2a, Pmaip1 and 

P53. These proteins have been previously seen to inhibit cellular proliferation 
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through the inhibition of mTOR and the activation of autophagy (Spencer, 2010). 

Similarly, P53 responds to the DNA damage caused by increased level of ROS and 

initiates autophagy to maintain cellular health (Mazure and Pouysségur, 2010). This 

was reflected in the increase of P53 following the depletion of mitochondrial DNA in 

Rho cells which could have initiated cellular apoptotic or autophagic signalling 

pathway resulting in the inhibition in VSM cell proliferation we reported earlier in 

this chapter. Results also showed that there is a decrease in the mitochondrial 

transporter genes in the Rho cells compared to 21 days cultured cells. These genes 

include Hsp90aa1, Hspd1 and Mtx2. Hsp90 is highly expressed in mitochondria of 

tumour cells to regulate the permeability transition pores. The shutting down of these 

pores stops essential apoptotic proteins from moving outside the mitochondria 

therefore inhibiting mitochondrial apoptotic signalling pathway (Kang et al., 2011). 

The reduction of the mitochondrial transporter genes in Rho cells suggest that 

permeability transition pores are open and there is a possible movement of pro-

apoptotic proteins from the mitochondria to the cytosol which inhibits VSM cell 

proliferation. The expression of proteins regulating the transport of small molecules 

between the cytosol and the mitochondria including sh3glb1 and slc25a16 were also 

different. In Rho cells there is a decrease in their expression compared to the hyper-

proliferative cells. Sh3glb1 is a protein that localises between the cytosol and the 

mitochondrial protein depending on the cell’s status. It is required for mitochondrial 

fission following VSM cell growth stimulation (Karbowski et al., 2004). Its 

subcellular distribution is an essential determinant of whether the cells undergo 

autophagy or apoptosis (Takahashi et al., 2007, Takahashi et al., 2005). It is therefore 

important in mitochondrial fission regulation during autophagy through DRP1 

modulation (Twig et al., 2008). This resulted in the inhibition of VSM cell 

proliferation which we reported earlier. Furthermore, the expression of ROS 

scavenging proteins including SOD1 and SOD2 is increased in Rho cells in 

comparison to the 21 days cultured cells. This ties in with our previous finding that 

level of ROS was significantly reduced when the mitochondria was inhibited using 

MDivi-1. This also goes in line with other clinical findings where SOD2 expression 

was seen to be reduced in Pulmonary artery hypertension disease (Archer et al., 

2010). It was also found to be a major element in other diseases including cancer 
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(Hitchler et al., 2008). The increase in SOD1 and SOD2 levels contributes to ROS 

scavenging therefore limits the proliferative effect of ROS on VSM cells.  

These results suggest that inhibiting mitochondrial bioactivity results in cell cycle 

arrest and initiation of apoptosis which was seen in the increase in pro-apoptotic gene 

expression and the reduction in the cell cycle regulatory protein (Figure 3.45). The 

reduction in proliferation could also partly be due to the decrease in ROS and ATP 

production which play a major role in VSM cell proliferation and migration. These 

events were driven by PI3K/ Akt/ mTOR signalling pathway which was 

downregulated following mitochondrial inhibition.   

 

 

Figure 3.45 Shows a summary of the main findings of this chapter. Inhibiting 

mitochondrial dynamics and bioenergetics results in a reduction in the proliferation 

inducing genes including Akt, 4EBP1, HSP90aa1 and Slc25a16. It also results in an 

increase in the pro-apoptotic, cell cycle inhibitory genes and ROS scavenging genes 

including Bnip3, Cdkn2a, P53, Cyclin D, SOD1 and SOD2.     
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Summary of the primary experimental findings reported in this chapter: 

- Inhibiting mitochondrial dynamics and bioactivity reduces neo-intimal 

formation in an ex-vivo setting. 

- Inhibiting mitochondrial dynamics reduces VSM cell proliferation and 

migration in an in-vitro setting. 

- Inhibiting mitochondrial dynamics induces cell cycle arrest at G2/M phase. 

- Mitochondrial inhibition results in down-regulation of PI3K/ Akt/ mTOR-

dependent signalling pathway. 

- Inhibiting mitochondrial bioactivity results in a down-regulation of 

mitochondrial transportation genes and increase in the expression of pro-

apoptotic genes, cell cycle inhibitory genes and ROS scavenging genes. 
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4.1 Introduction 

Micro RNAs (miRNA) are small non coding RNAs that have been found to 

contribute in different cellular processes such as embryonic development, cell 

differentiation, proliferation and apoptosis. They were first discovered in 1993 when 

Lin-4 was the first miRNA to be characterised (Lee et al., 1993). Despite this, 

miRNAs were only relatively recently recognised as active gene regulators (Bartel, 

2004). miRNAs are approximately 20 nucleotides long and regulate gene expression 

post transcriptionally by binding to the 3 ́untranslated regions (UTR) or the 5 ́ 

untranslated region (UTR) of the messenger RNA leading to inhibition of translation 

or degradation of the target messenger RNA (Filipowicz et al., 2008). miRNA have 

also been shown to activate translation of targeted mRNA (Vasudevan et al., 2007).  

miRNA synthesis starts with the primary miRNA (pri-miRNA) which is transcribed 

by RNA polymerase II. Pri-miRNA is then cleaved in the nucleus by the nuclear 

RNAse III-type protein Drosha and the cofactor the DiGeorge syndrome critical 

region gene 8 (DGCR8) to release a small hairpin structure called precursor miRNA 

(pre-miRNA) (Lee et al., 2002). Pre-miRNA is then transported from the nucleus to 

the cytoplasm by the exportin-5/RAN-GTP complex. This results in activation of 

Dicer which is another type-III RNAse and consequent cleavage of the pre-miRNA 

into a small double stranded RNA which has the mature miRNA in one strand and 

the complementary sequence on the strand (Lund et al., 2004). miRNA duplex is 

then assembled into the RNA induced silencing complex (RISC) which separates the 

two miRNA strands (Figure 4.1) then selects and recruits one strand whereas the 

other strand is excluded and degraded. RISC complex with miRNAs then initiates 

translational inhibition or mRNA degradation (Kim et al., 2009).     
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Figure 4.1: Schematic showing miRNA biogenesis. Diagram shows the synthesis of 

miRNA inside the nuclei to form the primary miRNA and the precursor miRNA which 

is then transported to the cytoplasm to form the mature miRNA. 

 

The produced miRNAs bind their targets between their second and eighth 

nucleotides of their 5 ́ extremity. The binding also occurs between the ninth and the 

twentieth nucleotides but their complementarity is not as important (Lewis et al., 

2005). This imperfect complementarity allows one single miRNA to regulate the 

expression of different messenger RNAs and control different biological functions 

(Baek et al., 2008). miRNAs can be considered as biomarkers for a wide range of 
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diseases being found in urine, saliva, circulating blood and other biological fluids 

(Weber et al., 2010). miRNAs have also been found to act as hormones since they 

not only regulate gene expression in the mother cell where they are expressed, but 

circulating miRNAs can regulate gene expression in other cells distant from the 

mother cell (Hu et al., 2012).   

4.2 Role of miRNAs in vascular diseases: 

Many growth factors have been shown to regulate vascular development and 

angiogenesis including vascular endothelial growth factor and platelet derived 

growth factor (Hoch and Soriano, 2003). However, the upstream regulation of gene 

expression and translation is not fully understood. Endothelial cell functions and 

angiogenesis have been demonstrated to be regulated by miRNAs such as Let7-f, 

miR-27b and miR-130a (Kuehbacher et al., 2007). On the other hand, miRNAs have 

been seen to inhibit endothelial cell migration, proliferation and angiogenesis by  

miR-221 and miR-222. These miRNAs were seen to target stem cell factor receptor 

c-kit and endothelial nitric oxide synthase (Suarez et al., 2007). Other miRNAs 

including miR-21 were found to increase VSM cell proliferation through targeting 

pro-apoptotic proteins such as PTEN (Ji et al., 2007a). miR-21 was also found at 

significantly elevated levels in neo-intimal lesions suggesting an important role in the 

development of re-stenosis (Bonci, 2010). MiR-126 was also found to inhibit the 

expression of vascular cell adhesion molecule 1 (VCAM-1) resulting in decreased 

leukocyte adherence to endothelial cells (Harris et al., 2008). Moreover, miR-145 

was seen to reduce atherosclerotic plaque rupture and to limit atherosclerotic plaque 

morphology and cellular composition (Lovren et al., 2012). MiR-145 was also found 

to target genes that are involved in the dedifferentiation and proliferation of VSM 

cell including KLF-4 and ELK-1 (Elia et al., 2009). Deng et al (2015) also found that 

miR-143 modulated cellular proliferative response in pulmonary vascular cells (Deng 

et al., 2015). 

4. 3 Mitochondria as a potential destination of miRNAs: 

Although mitochondria contain around 1500 different proteins, only 13 of those are 

encoded by the mitochondrial genome and are involved in the regulation of the 
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mitochondrial electron transport chain (Lopez et al., 2000). Other proteins are 

encoded by nuclear genome in the nucleus and translocated into mitochondria or 

nuclear RNA is trafficked into mitochondria and translated into proteins. Proteins 

trafficking into mitochondria are mediated by TOM/TIM complexes through well-

studied signalling pathways such as carrier protein transport pathway, redox-

regulated import pathway and oxidative folding pathway (Becker et al., 2012). Some 

miRNAs have repeatedly been reported to be enriched in the mitochondria such as 

let-7 family which regulate cell cycle, proliferation and apoptosis by targeting c-

Myc, ras, STAT3 and P53 (Sripada et al., 2012). The let-7 family includes hsa-miR-

107, hsa-miR-145, hsa-miR-134, hsa-miR-503 and hsa-miR-21 (Barrey et al., 2011). 

4.4 Transporting miRNAs: 

Emerging evidence has recently shown that RNA is transported between the cytosol 

and mitochondria by ATP or voltage dependent anion channels located in the 

mitochondrial outer membrane (Rubio et al., 2008). Polynucleotide phosphorylase 

(PNPASE) which is an inter membrane space protein is also important for transport 

of miRNA (Wang et al., 2012a). Furthermore, proteins involved in miRNA 

biogenesis such as Ago2 were found to play a key role in the transportation of tRNA 

Met to mitochondria (Maniataki and Mourelatos, 2005). 

A number of studies have shown that a small number of nuclear encoded miRNAs 

target mitochondrial proteins and the majority target nuclear encoded mRNAs 

(Barrey et al., 2011). The same was also seen with the mitochondrial encoded 

miRNAs which prefer to target nuclear genes more than mitochondrial genes (Kren 

et al., 2009). miRNAs are transported from one cell to another via exosomes (Hu et 

al., 2012). Exosomal transportation prevents the miRNAs from undergoing 

degradation when moving from one cell to another (Hu et al., 2012). These exosomal 

miRNAs play a vital role in the recipient cell by preventing mRNA translation of the 

target genes therefore causing a change in the cellular functions of the target cell. 

However, it is not fully understood how these miRNAs are sorted into the exosomes. 

Four potential different mechanisms have been suggested for sorting miRNAs into 

the exosomes. The first is the neural sphingomyelinase2-dependent pathway 

(nSMase2; (Kosaka et al., 2013). The second is the miRNA motif and sumoylated 
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heterogeneous nuclear ribonucleoproteins-dependent pathway (hnRNPs: (Villarroya-

Beltri et al., 2013). Thirdly, the 3`-end of the miRNA sequence-dependent pathway 

(Koppers-Lalic et al., 2014). The fourth mechanism is the miRNA induced silencing 

complex-dependent pathway (miRISC; (Frank et al., 2010). 

4.5 Chapter Aims: 

The aims of this chapter are: 

- To measure the expression levels of miR-21 and miR-145 in VSM cells 

following stimulation and mitochondrial inhibition. 

- To study the effect of miR-21 and miR-145 on mitochondrial network 

formation. 

- To study the role of miR-21 and miR-145 in VSM cell proliferation and 

migration. 

- To investigate and evaluate mRNA potential targets for miR-21 and miR-145. 

 

  



Chapter 4                                                    Role of mitochondria in miRNA regulation  

132 
 

4.6 Specific Methods: 

4.7 miRNA isolation from cultured VSM cell:  

MiRNAs from VSMCs were isolated using miRNeasy mini kit (Qiagen, USA). 

VSMCs in the 6 well plates were washed with sterile PBS. 700 μl of lysis reagent 

Qiazol was added into each well and left for 5 minutes at room temperature. It was 

then gently scraped and the content was removed into Eppendorf tubes. 140 μl of 

chloroform was added into each Eppendorf and homogenised vigorously using 

vortex for 15 seconds. Samples were then left for 5 minutes at room temperature to 

separate the three layers. Samples were then centrifuged at 12000 RPM for 30 

minutes at 4
o
C. The top clear layer only was collected into a new 1.5 ml tube and 

added to 1.5 volume of 100% ethanol. The mixture was re-suspended using pipette 

then transferred to labelled columns. Samples in the columns were then spun at 

12000 RPM for 30 seconds at room temperature and the flow through liquid was 

discarded. 350 μl of RWT buffer was added into each column to wash the DNA and 

spun at 12000 RPM for 1 minute at room temperature (Qiagen, USA). The liquid in 

collection tube was discarded and 80 μl of DNAse I was added to each column to get 

rid of the DNA and incubated at room temperature for 15 minutes. Another 350 μl of 

RWT buffer was added to each column and spun at 12000 RPM for 1 minute at room 

temperature. 500 μl of RPE buffer was added into each column and spun at 12000 

RPM for 1 minute at room temperature. The liquid in the collection tube was 

discarded and another 500 μl of RPE buffer was added to each column and spun at 

12000 RPM for 2 minutes at room temperature. The used collection tube was 

exchanged for a new one and re-spun at 12000 RPM for 1 minute at room 

temperature. The column was transferred into an Eppendorf tube and 40 μl of RNase 

free water was added into each column. Columns were spun twice at 12000 RPM for 

30 seconds at room temperature. RNA yield was measured by absorbance at 260 nm 

using Nano Drop spectrophotometer.  

 

 

 



Chapter 4                                                    Role of mitochondria in miRNA regulation  

133 
 

4.8 miRNA reverse transcription preparation:  

To quantify the miRNA transcripts of target genes, miRNA yield was reverse 

transcribed using miRNA reverse transcription kit (Applied Biosystem, Paisley, UK) 

following the manufacturer’s manual. miRNA concentrations were normalised to 5 

ng in all samples. For each reaction, 0.075 μl of dNTPs was added followed by 0.5 μl 

of multiscribe and 0.75 μl of the 10 x RT buffer and 10 reactions were prepared at 

each time to avoid pipetting errors associated with measuring very small volumes. 

0.095 μl of RNA inhibitor was also added with 2.08 μl of RNase-free water and 1.5 

μl of the 5 x RT primer. This was followed by adding 2.5 μl of the RNA stock 

diluted to 2 ng/μl to make up a total reaction volume of 7.5 μl. The reaction was then 

run in a thermal cycler at 16
o
C for 30 minutes, 42

o
C for 30 minutes and the reaction 

was terminated by heating to 85
o
C for 5 minutes. The resulting RT product was then 

used for quantitative real-time PCR to measure miRNA expression under different 

treatment conditions.
 
 

4.9 Quantitative real time polymerase chain reaction amplification of miR-21 

and miR-145:  

The qRT-PCR assay was performed by placing the samples in 96 well plates 

(Applied Biosystems, Paisly, UK). The PCR reaction was carried out in a volume of 

10μl containing 8.5 μl of PCR master mix and 1.5 μl of each template cDNA sample. 

The PCR master mix contained 5 μl of (2x) Taqman master mix (Applied Biosystem, 

Paisly, UK), 0.5 μl of the miRNA probe, 3 μl RNase free water and 1.5 μl of the RT 

product to make a total reaction volume of 10 μl.  Two technical and three biological 

replicates were conducted for each assay. The thermal cycling and detection was 

performed on an applied Biosystems StepOne Plus real-time PCR system (Table 

4.1). 
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Hold stage Cycling stage (40 cycles) Final extension stage 

DNA polymerase 

activation 10 minutes at 

95C
o
 

Melt Step 15 seconds at 

95C
o
 

Cooling down at 4C
o
 to 

stop PCR reaction 

 Anneal/Extend step 1 

minute at 60C
o
 

 

  

Table 4.1 shows the thermal cycle conditions used to run QRTPCR for miRNA 

4.10 miR-21 and miR-145 transfection:  

VSMCs were cultured in 6 well plate until they were ~60% confluent. Cells were 

then transfected using 30 nM of mirVana miRNA inhibitors and mirVana miRNA 

mimics for both miR-21 and miR-145 (Life Technologies, Paisley, UK). Cells were 

washed with sterile PBS to remove any media containing antibiotics and 1.8 ml of 

Optimem media was added into each well. Two solutions were prepared in two 

different tubes and added at the end. Solution A contains 90 pmol of the mirVana in 

100 μl Optimem media and solution B contains 6 μl in 100 μl of Optimem media. 

The two solutions were added together and incubated at room temperature for 5 

minutes. The final 200 μl of the mixture was added into the well to make it up to 

total volume of 2 ml. Cells were incubated in Optimem for 24 hours after which cells 

were put back in normal media for another 48 hours. Cells were then lysed and RNA 

was isolated for further PCR analysis. 

4.11 Proliferation assay following miRNA transfection: 

VSMCs were cultured in 24 well plates until they were 60% confluent. Cells were 

then transfected with miR-21 inhibitor, miR-21 mimic, miR-145 inhibitor and miR-

145 mimic for 72 hours. Cells were then quiesced using 0.1% FCS for 24 hours 

followed by a stimulation using 20ng/ml PDGF for 24 hours. 3H labelled thymidine 

was added 18 hours through the stimulation. At 24 hour, cells were washed with an 

ice cold PBS once for 10 minutes followed by 4 washes with 10% ice cold TCA 10 

minutes each. Cells were then lysed using 250μl of 0.2% SDS and the lysate is added 

into scintillation vials containing 2ml of scintillation emulsifier. Measurement of 
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disintegration per minute of each sample was taken using protocol 2 in the 

scintillation analyser machine. 

4.12 Migration assay following miRNA transfection: 

VSMCs were cultured in 6 well plate until they are 90% confluent. Cells were then 

transfected with miR-21 inhibitor, miR-21 mimic, miR-145 inhibitor and miR-145 

mimic for 72 hours. Cells were then quiesced using 0.1% FCS for 24 hours. A 

scratch was made using 200μl tip and cells were then stimulated using 20ng PDGF. 

Pictures of the scratch were taken at 0hour, 6 hour, 12 hour and 24 hour. Area of the 

scratch was measured using ImageJ software.  

4.13 mTOR siRNA silencing:  

VSMCs were cultured in 6 well plate until they were 60% confluent. Cells were then 

transfected using 40 nM of mTOR siRNA for 72 hours (Life Technologies, Paisly, 

UK). Cells were washed with sterile PBS to remove any media containing antibiotics 

and 1.8 ml of Optimem media was added into each well. Two solutions were 

prepared in two different tubes and added at the end. Solution A contains 75 pmol of 

the siRNA in 100 μl Optimem media and solution B contains 6 μl in 100 μl of 

Optimem media. The two solutions were added together and incubated at room 

temperature for 5 minutes. The final 200 μl of the mixture was added into the well to 

make it up to total volume of 2 ml. Cells were incubated in Optimem for 24 hours, 

thereafter replaced with basal media for 48 hours. Cells were then lysed and RNA 

was isolated for further PCR analysis of the genes in (Table 4.2). 

 



Chapter 4                                                    Role of mitochondria in miRNA regulation  

136 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 4.2 Primers used to validate targets of miR21 and miR145 

 

4.14 Results    

4.15 Effect of mitochondrial fission inhibition on VSM cell miRNA expression: 

RT-qPCR results showed that VSM cells express different levels of miR-21, miR-

143 and miR-145 in the quiesced 0.1% FCS cultured VSM cells, PDGF stimulated 

VSM cells and following treatment with mitochondrial fission inhibitor MDivi-1. 

Expression of miR21 following stimulation with 20 ng PDGF resulted in a 3 ± 0.2 

fold over basal level of miR-21 (Figure 4.2). Following addition of MDivi-1 the 

effect of PDGF on expression of miR-21 was negated (Figure 4.2). 

Gene Forward Sequence 

PI3K 5ʹ-CGCCCCCTTAATCTCTTACA-3ʹ 

Akt 5′-CTTCGTGAACATTAACGACAGGGCC-3′ 

mTOR 5′-TTGAGGTTGCTATGACCAGAGAGAA-3′ 

4EBP1 5ʹ-TAGCCCTACCAGCGATGAGCCT-3ʹ 

P70s6k 5′-GGAGCCTGGGAGCCCTGATGTA-3′ 

Cdkn2a 5' - GGCACCAGAGGCAGTAACCAT- 3' 

P53 5'-AACGGTACTCCGCCACC-3' 

Gene Reverse Sequence 

PI3K 5ʹ-TGGATGTTCTCCTAACCATCTG-3ʹ 

Akt 5′-AATGGCCACCCTGACTAAGGAGTGG-3′ 

mTOR 5′-TTACCAGAAAGGACACCAGCCAATG-3′ 

4EBP1 5′-GTATCAACAGAGGCACAAGGAGGTAT-3′ 

P70s6k 5′-GAAGCCCTCTTTGATGCTGTCC-3′ 

Cdkn2a 5' - GACCTTCCGCGGCATCTATG- 3' 

P53 5'-CGTGTCACCGTCGTGGA-3' 
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Figure 4.2 Shows miR-21 expression following stimulation with 20 ng PDGF and the 

reversed effect following 10 μM treatment with MDivi-1, expression of miRNA was 

measured relative to the VSM cell endogenous control U87 (n=3), *p<0.05 PDGF 

stimulated VSM cells vs 0.1 % FCS cultured VSM cells. ●p<0.05 PDGF + MDivi-1 

treated VSM cells vs PDGF stimulated VSM cells. 

 

 

 

 

 

 

 

0

0.5

1

1.5

2

2.5

3

3.5

0.1% FCS PDGF PDGF + MDivi-1

R
Q

 (
m

iR
2
1
 v

s 
U

8
7
) 

● 

* 



Chapter 4                                                    Role of mitochondria in miRNA regulation  

138 
 

The expression of both miR-143 and miR-145 were reduced by 50 ± 16% following 

stimulation with 20 ng PDGF. Similar to miR-21, addition of MDivi-1 returned miR-

143/ 145 expressions to near baseline (Figure 4.3 & 4.4). 

 

 

 

Figure 4.3 Shows miR-145 expression following stimulation with 20ng PDGF and 

following incubation with 10 μM MDivi-1, expression of miRNA was measured 

relative to the VSM cell endogenous control U87 (n=3), *p<0.05  PDGF stimulated 

VSM cells vs 0.1 % FCS cultured VSM cells. ●p<0.05 PDGF + MDivi-1 treated 

VSM cells vs PDGF stimulated VSM cells. 
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Figure 4.4 Shows miR-143 expression following stimulation with 20 ng PDGF and 

the reversed effect following 10 μM treatment with MDivi-1 , expression of miRNA 

was measured relative to the VSM cell endogenous control U87 (n=3), *p<0.05  

PDGF stimulated VSM cells vs 0.1 % FCS cultured VSM cells. ●p<0.05 PDGF + 

MDivi-1 treated VSM cells vs PDGF stimulated VSM cells. 
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4.16 MiRNA transfection efficiency: 

MiRNA transfection with miRNA mimics and inhibitors showed a difference in the 

level of expression following the transfection. Levels of expression of both miR-21 

and miR-145 were almost zero following transfection with miR-21 and miR-145 

inhibitors (Figure 4.5 and 4.6).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.5 Shows the transfection efficiency of miR-145 using miR mimics and miR 

inhibitors. Expression of miR-145 increased 265 folds with miR-145 mimic and 

decreased to almost 0 with miR-145 inhibitor (n=3), *p<0.05 PDGF stimulated 

cells, miR-145 inhibitor, miR-145 mimic vs 0.1% FCS cultured VSM cells. 
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On the other hand, transfection with miR-21 and miR-145 mimics resulted in 1868 ± 

762 and 265 ± 90 fold increase respectively in the expression of these miRNAs 

(Figure 4.5 and 4.6). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.6 Shows the transfection efficiency of miR-21 using miR mimics and miR 

inhibitors (n=3), *p<0.05 PDGF stimulated cells, miR-145 inhibitor, miR-145 mimic 

vs 0.1% FCS cultured VSM cells. 
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4.17 Effect of miR-21 and miR-145 on mitochondrial morphology: 

Images obtained from epi-fluorescent microscope for mitochondria using mito-

tracker following transfection with miR-21 and miR-145 inhibitors and mimics show 

that miR-21 enhances mitochondrial fragmentation whereas miR-145 promotes 

mitochondrial elongation and fusion (Figure 4.11). Images show that mitochondrial 

length in cells transfected with miR-21 mimic is 0.48 ± 0.03 μm (Figure 4.7) whereas 

the length of mitochondria in cells transfected with miR-21 inhibitor is 3.5 ± 0.2 μm 

(Figure 4.8).  
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Figure 4.7 shows VSM cell mitochondrial change in morphology following miRNA 

transfection. Results show that transfection with miR-21 mimic leads to 

fragmentation of mitochondria, mitochondria were stained using mito-tracker and 

imaged using x 60 magnification in the epi-fluorescent microscope.  

 

 

 

 

 

 

 

 

 

 

Figure 4.8 shows VSM cell mitochondrial change in morphology following miRNA 

transfection. Results show that transfection with miR-21 inhibitor leads to elongation 

of mitochondria, mitochondria were stained using mito-tracker and imaged using x 

60 magnification in the epi-fluorescent microscope.  
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On the other hand, the length of mitochondria in cells transfected with miR-145 

mimic is 4.1 ± 0.1 μm (Figure 4.9) and in the cells transfected with miR-145 

inhibitor is 0.6 ± 0.04 μm (Figure 4.10). 

 

 

 

 

 

 

 

 

Figure 4.9 shows VSM cell mitochondrial change in morphology following miRNA 

transfection. Results show that overexpressing miR-145 leads to formation of 

elongated mitochondria, mitochondria were stained using mito-tracker and imaged 

using x 60 magnification in the epi-fluorescent microscope. 

 

 

 

 

 

 

 

Figure 4.10 shows VSM cell mitochondrial change in morphology following miRNA 

transfection. Results show that knocking down miR-145 leads to mitochondrial 

fragmentation; mitochondria were stained using mito-tracker and imaged using x 60 

magnification in the epi-fluorescent microscope. 
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Figure 4.11 shows mitochondrial length following miRNA transfection with miR-21 

inhibitor, miR-21 mimic, miR-145 inhibitor and miR-145 mimic (n=3),
 
* p<0.05  

miR-21 inhibitor vs miR-21 mimic, ○p<0.05  miR-145 inhibitor vs miR-145 mimic. 

4.18 miR-21 and miR-145 potential gene targets in VSM cells: 

RT-qPCR results showed that miR-21 and miR-145 could potentially target a 

selected number of genes related to ROS scavenging, mTOR signalling and cell 

cycle regulation. The expression of these selected genes was measured at basal 0.1% 

FCS level and following 20 ng/ml PDGF stimulation and compared to the level of 

expression following transfection with either miRNA inhibitor or mimic. Results 

showed that miR21 could potentially target ROS scavenging gene SOD1 and cell 

cycle regulatory genes P53 and cdkn2a. Although the level of SOD2 did not change 

significantly with miR-21 inhibitor and miR-21 mimic (Figure 4.12B), the level of 

SOD1 expression in cells transfected with miR-21 inhibitor is 40 ± 14% higher than 

what is seen in the PDGF stimulated cells. However, the level of SOD1 expression in 

miR-21 mimic transfected cells is 20 ± 8% lower than what is seen in the PDGF 

stimulated cells (Figure 4.12A). 
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Figure 4.12 shows the expression of ROS scavenging proteins SOD1 (A) and SOD2 

(B) in VSM cells following transfection with miR-21inhibitor and miR-21 mimic 

(n=3), *p<0.05 miR-21 inhibitor transfected VSM cells vs PDGF stimulated VSM 

cells. ●p<0.05 miR-21 mimic transfected VSM cells vs PDGF stimulated VSM cells.  
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Although there was an increase in the expression of PI3k, Akt, 4EBP1 and mTOR 

following stimulation with PDGF, their level did not change significantly following 

transfection with miR-21 inhibitor or miR-21 mimic (Figures 4.13 – 4.16). 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.13 shows the expression of PI3K gene in VSM cells following transfection 

with miR-21inhibitor and miR-21 mimic (n=3), *p<0.05 PDGF stimulated VSM cells 

vs 0.1% FCS cultured VSM cells. 
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Figure 4.14 shows the expression of Akt gene in VSM cells following transfection 

with miR-21inhibitor and miR-21 mimic (n=3), *p<0.05 PDGF stimulated VSM cells 

vs 0.1% FCS cultured VSM cells. 
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Figure 4.15 shows the expression of 4EBP1 gene in VSM cells following transfection 

with miR-21inhibitor and miR-21 mimic (n=3), *p<0.05 PDGF stimulated VSM cells 

vs 0.1% FCS cultured VSM cells 
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Figure 4.16 shows the expression of mTOR gene in VSM cells following transfection 

with miR-21inhibitor and miR-21 mimic (n=3), *p<0.05 PDGF stimulated VSM cells 

vs 0.1% FCS cultured VSM cells. 

 

 

 

 

 

 

 

 

0

0.5

1

1.5

2

2.5

3

3.5

4

4.5

5

0.1% FCS PDGF miR21 inhibitor miR21 mimic

m
T

O
R

 G
en

e 
E

x
p

re
ss

io
n

 

* 



Chapter 4                                                    Role of mitochondria in miRNA regulation  

151 
 

Furthermore, the level of P53 in the cells transfected with miR-21 inhibitor is 100 ± 

10% higher than the PDGF stimulated cells, whereas the level of P53 in the cells 

transfected with miR-21 mimic is only 30 ± 6% higher than the PDGF stimulated 

cells (Figure 4.17).   

 

 

 

 

 

 

 

 

 

 

 

Figure 4.17 shows the expression of Tumour suppressor gene P53 in VSM cells 

following transfection with miR-21inhibitor and miR-21 mimic (n=3), *p<0.05 miR-

21 inhibitor transfected VSM cells vs PDGF stimulated VSM cells. ●p<0.05  miR-21 

mimic transfected VSM cells vs miR-21 inhibitor transfected VSM cells. 
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The level of cell cycle inhibitory gene cdkn2a in the cells transfected with miR-21 

inhibitor is 100 ± 16% higher than the PDGF stimulated cells, whereas the level of 

cdkn2a in the cells transfected with miR-21 mimic is similar to the background level 

seen in 0.1% FCS cultured cells (Figure 4.18).   

 

 

 

 

 

 

 

 

 

 

 

Figure 4.18 shows the expression of cell cycle inhibitory gene Cdkn2a in VSM cells 

following transfection with miR-21 inhibitor and miR-21 mimic (n=3), *p<0.05 miR-

21 inhibitor transfected VSM cells vs PDGF stimulated VSM cells. ●p<0.05 miR-21 

mimic transfected VSM cells vs PDGF stimulated VSM cells. 
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The expression of mitochondrial DNA synthesis gene Tfam did not change 

significantly in the PDGF stimulated cells when compared with 0.1% FCS cultured 

cells. The expression level did not change significantly when cells were transfected 

with miR-21 inhibitor or miR-21 mimic (Figure 4.19). 

 

 

 

 

 

 

 

 

 

Figure 4.19 shows the expression of mitochondrial DNA synthesis gene Tfam in VSM 

cells following miR-21 inhibitor and miR-21 mimic transfection (n=3). 
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The expression levels of both SOD1 and SOD2 did not change significantly when 

VSM cells were transfected with miR-145 inhibitor or miR-145 mimic (Figure 4.20). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.20 Shows the expression of ROS scavenging proteins SOD1 (A) and SOD2 

(B) in VSM cells following transfection with miR-145inhibitor and miR-145 mimic 

(n=3). 
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Results also showed that mTOR signalling genes including PI3K, Akt, 4EBP1 and 

mTOR could potentially be targets for miR145. The level of expression of PI3K, 

Akt, 4EBP1 and mTOR is 2.6 ± 1 fold, 0.3 ± 0.1 fold, 0.3 ± 0.1 fold and 11.7 ± 1 

fold higher in the cells transfected with miR-145 inhibitor than the expression in 

0.1% FCS cultured cells respectively (Figures 4.21 – 4.24). However, the level of 

their expression following miR-145 mimic transfection is 0.5 ± 0.2 fold lower than 

the 0.1% FCS cultured cells for Akt and 4EBP1 and almost back to base line level 

for PI3K and mTOR. 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.21 shows the expression of PI3K gene in VSM cells following transfection 

with miR-145 inhibitor and miR-145 mimic (n=3), *p<0.05 PDGF stimulated VSM 

cells and miR-145 inhibitor transfected VSM cells vs 0.1% FCS cultured VSM cells. 

●p<0.05 miR-145 mimic transfected VSM cells vs PDGF stimulated VSM cells. 
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Figure 4.22 shows the expression of Akt gene in VSM cells following transfection 

with miR-145 inhibitor and miR-145 mimic. (n=3),*p<0.05 PDGF stimulated VSM 

cells and miR-145 inhibitor transfected VSM cells vs 0.1% FCS cultured VSM cells. 

●p<0.05 miR-145 mimic transfected VSM cells vs PDGF stimulated VSM cells. 
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Figure 4.23 shows the expression of 4EBP1 gene in VSM cells following transfection 

with miR-145 inhibitor and miR-145 mimic (n=3),*p<0.05 miR-145 inhibitor 

transfected VSM cells vs 0.1% FCS cultured VSM cells. ●p<0.05 miR-145 mimic 

transfected VSM cells vs PDGF stimulated VSM cells. 
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Figure 4.24 shows the expression of mTOR gene in VSM cells following transfection 

with miR-145 inhibitor and miR-145 mimic (n=3), *p<0.05 PDGF stimulated VSM 

cells and miR-145 inhibitor transfected VSM cells vs 0.1% FCS cultured VSM cells. 

●p<0.05 miR-145 mimic transfected VSM cells vs PDGF stimulated VSM cells. 
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The expression level of the tumour suppressor gene P53 (Figure 4.25), the expression 

of the cell cycle inhibitory gene cdkn2a (Figure 4.26) and the expression level of the 

mitochondrial DNA synthesis gene Tfam (Figure 4.27) did not change significantly 

following transfection of VSM cells with miR-145 inhibitor or miR-145 mimic.  

 

 

 

 

 

 

 

 

 

 

Figure 4.25 shows the expression of tumour suppressor gene P53 in VSM cells 

following transfection with miR-145 inhibitor and miR-145 mimic (n=3). 
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Figure 4.26 shows the expression of cell cycle inhibitory gene Cdkn2a in VSM cells 

following transfection with miR-145 inhibitor and miR-145 mimic (n=3). 

 

 

 

 

 

 

 

Figure 4.27 shows the expression of mitochondrial DNA synthesis gene Tfam in VSM 

cells following miR-145 inhibitor and miR-145 mimic transfection (n=3). 
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4.19 Effect of miR-21 and miR-145 on VSM cell proliferation: 

Thymidine incorporation assay following transfection with miRNA inhibitors and 

mimics showed 4 ± 0.5 fold increases in VSM cell proliferation following 

transfection with miR-21 mimic and no significant change following transfection 

with miR-21 inhibitor (Figure 4.28).  

 

 

 

 

 

 

 

 

 

 

 

Figure 4.28 shows the proliferation of VSM cell following transfection with miR-

21inhibitor and miR-145 mimic (n=3),*p<0.05 PDGF stimulated VSM cells vs 0.1% 

FCS cultured VSM cells. ●p<0.05 miR-21 mimic transfected VSM cells vs 0.1% FCS 

cultured VSM cells. 

 

 

 

 

0

1

2

3

4

5

6

0.1% FCS 20ng PDGF miR21 inhibitor miR21 mimic

F
o
ld

 C
h
an

g
e 

* 

● 



Chapter 4                                                    Role of mitochondria in miRNA regulation  

162 
 

Results also showed that transfecting VSM cells with miR-145 inhibitor resulted in 

3.7 ± 0.5 fold increase in proliferation whereas transfection with miR-145 mimic did 

not significantly change the proliferation of VSM cells (Figure 4.29). 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.29 shows the proliferation of VSM cell following transfection with miR-145 

inhibitor and miR-145 mimic (n=3), *p<0.05 PDGF stimulated VSM cells vs 0.1% 

FCS cultured VSM cells. ●p<0.05 miR-145 inhibitor transfected VSM cells vs 0.1% 

FCS cultured VSM cells. 
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4.20 Effect of miR21 and miR145 on VSM cells migration: 

Wound healing assay results following transfection of VSM cells with miRNA 

inhibitors and mimics showed an increase in the migratory effect of VSM cells 

following transfection with miR-21 mimic (Figure 4.31). Transfection with the miR-

21 inhibitor resulted in inhibition of cell migration and scratch closure (Figure 4.30). 

The scratch area was reduced by 50 ± 2% after 24 hour in cells stimulated with 20 

ng/ml PDGF. Scratch area in cells transfected with miR-21 mimic were also reduced 

by 46 ± 4% after 24 hour following transfection. miR-21 inhibitor transfected in cells 

stimulated with 20 ng/ml PDGF resulted in no significant change in the scratch area 

24 hour following transfection (Figure 4.31). 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.30 shows the images of wound healing assay of VSM cell following 

transfection with miR-21inhibitor and miR-21 mimic. Results show that the wound 

area did not change significantly following miR-21 inhibitor transfection and 

significantly reduced with miR-21 mimic after 6 and 12 hour (n=3). 
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Figure 4.31 shows the migratory capacity of VSM cell following transfection with 

miR-21inhibitor and miR-21 mimic (n=3),*p<0.05 PDGF stimulated VSM cells vs 

0.1% FCS cultured VSM cells. ●p<0.05 miR-21 mimic transfected VSM cells vs 

0.1% FCS cultured VSM cells. 
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Results also show an increase in VSM cells migratory capacity following 

transfection with miR-145 inhibitor and a decrease following transfection with miR-

145 mimic. Scratch area was reduced by 50 ± 3% in cells transfected with miR-145 

inhibitor after 24 hour following transfection; however, there was no significant 

change in the scratch area in the cells transfected with miR-145 mimic (Figure 4.33). 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

Figure 4.32 shows the images of wound healing assay of VSM cell following 

transfection with miR-145 inhibitor and miR-145 mimic. Results show that the wound 

area significantly decreased following miR-145 inhibitor and did not change 

following miR-145 mimic transfection after 6 and 12 hour (n=3). 

0 hour 6 hour 12 hour 

miR145- 

inhibitor 

miR145- 

mimic 



Chapter 4                                                    Role of mitochondria in miRNA regulation  

166 
 

 

 

 

 

 

 

 

 

 

 

Figure 4.33 shows the migratory capacity of VSM cell following transfection with 

miR-145inhibitor and miR-145 mimic (n=3), *p<0.05 PDGF stimulated VSM cells 

vs 0.1% FCS cultured VSM cells. ●p<0.05 miR-145 inhibitor transfected VSM cells 

vs 0.1% FCS cultured VSM cells. 
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4.21 mTOR silencing transfection efficiency: 

RT-qPCR results showed that the expression of mTOR following transfection with 

mTOR siRNA was reduced to basal level in comparison to the expression level 

following 20 ng/ml PDGF stimulation. Results also showed that co-transfection of 

mTOR siRNA with miR-145 inhibitor resulted in a further decrease in the mTOR 

expression (Figure 4.34). 

 

 

Figure 4.34 shows the transfection efficacy of mTOR siRNA and transfection of VSM 

cells with mTOR siRNA + miR-145 inhibitor (n=3), *p<0.05 PDGF stimulated VSM 

cells vs 0.1% FCS cultured cells. ●p<0.05 mTOR siRNA and mTOR siRNA + miR-

145 inhibitor vs PDGF stimulated VSM cells.  
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4.22 Target validation of miR-145: 

Results of the co-transfection of mTOR with miR145 inhibitor to validate mTOR as 

a potential target for miR145 show that transfecting VSM cells with miR-145 

inhibitor alone resulted in 3.5 ± 1 fold increase in VSM cell proliferation. However, 

when mTOR was knocked down using siRNA, miR-145 inhibitor did not increase 

VSM cell proliferation (Figure 4.35).  

 

 

 

 

 

 

 

 

 

 

Figure 4.35 shows the fold change in VSM cell proliferation following transfection 

with mTOR siRNA and miR-145 inhibitor to validate potential targets of miR-145 

(n=3),*p<0.05 PDGF stimulated VSM cells vs 0.1% FCS cultured VSM cells. 

●p<0.05 miR-145 inhibitor transfected VSM cells vs 0.1 % FCS cultured VSM cells.    
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Results also show the validation of PDGF receptor as a potential target for miR145. 

Transfecting VSM cells with miR-145 inhibitor did not increase proliferation when 

PDGF receptor was blocked using 10 μM PDGF receptor inhibitorimatinib (Figure 

4.36).  

 

 

 

 

 

 

 

 

 

 

  

Figure 4.36 shows the fold change in VSM cell proliferation following transfection 

with miR-145 inhibitor and treatment with 10 μM PDGF receptor inhibitor Imatinib 

to validate potential targets of miR-145 (n=3),*p<0.05 PDGF stimulated VSM cells 

vs 0.1% FCS cultured VSM cells. ●p<0.05 miR-145 inhibitor transfected VSM cells 

vs 0.1 % FCS cultured VSM cells.    
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4.23 Discussion 

4.24 Effect of mitochondrial fission inhibition on VSM cell miRNA expression: 

The expression of miRNAs is a continuous dynamic event and changes with any 

change in the cellular or environmental function  (Zhang, 2008). miR-21 and miR-

145 are smooth muscle cells-associated, well characterised miRNAs that have been 

linked to vascular development, physiology and injury (Albinsson et al., 2010). 

During quiescence, the expression of miR-21 in vascular smooth muscle cells is 

lower than the expression following stimulation with PDGF (Figure 4.2). This 

increase in the expression indicates the important role played by miR-21 in the 

regulation of important genes involved in the initiation and progression of VSM cell 

proliferation and migration. This increase in miR-21 expression was previously 

reported to be involved in the early development of vascular occlusive disease and 

was a tropomyosin 1-dependent process (Wang et al., 2011). Similar studies also 

reported the upregulation of miR-21 following acute vascular injury leading to neo-

intimal formation (Ji et al., 2007a) and in pulmonary vasculature following exposure 

to hypoxia (Sarkar et al., 2010).  Here we have confirmed a potentially significant 

role for miR-21 as the expression of miR-21 decreased to near baseline level 

following the inhibition of mitochondria fission (Figure 4.2).  

miR-145 was downregulated and reduced by half following stimulation with PDGF 

when compared with unstimulated cells (Figure 4.3). This suggests that miR-145 

may suppresses genes responsible for VSM Cell proliferation. These observations are 

further supported as when miR-145 was inhibited, VSM cell proliferation increases 

(Figure 4.29).  This observation was also seen in other studies such as (Cordes et al., 

2009) who found that miR-145 regulates smooth muscle cells fate and plasticity 

through targeting transcription factors such as krupple like factor 4 (KLF4) 

myocardin and Elk-1 leading to the promotion of differentiation and repression of 

proliferation of VSM cells. Other groups have also found that miR-145 is the most 

abundant miRNA in normal vascular wall and that its expression was downregulated 

in vascular walls with neo-intimal lesion which supports our observation (Cheng et 

al., 2009). The expression of miR-145 was significantly increased following the 

inhibition of mitochondrial fission using MDivi-1. An increase in miR-145 
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expression was reported to be associated with the increase in caspase 3 mediated 

apoptosis in colon cancer by targeting DNA fragmentation factor 45 (Zhang et al., 

2010). This finding is in keeping with our observation whereby inhibiting 

mitochondrial fission using MDivi-1 resulted in an increase in caspase 3/7 activity 

and correlates with an increase in miR-145 expression (Figure 3.25).  

4.25 Effect of miR-21 and miR-145 in mitochondrial morphology: 

There was a clear correlation between mitochondrial network formation and miRNA 

expression level in cells (Figure 4.2). Overexpressing miR-21 which is seen to 

increase during VSM cell proliferation resulted in a distinct fragmentation of 

mitochondrial networks whereas down regulating miR-21 resulted in their formation. 

Similarly, studies have previously looked at potential targets for miR-145 including 

targets that affect VSM cell plasticity (Cordes et al., 2009). However, it is not 

understood what determines the level of miR-145 within the cell. In this present 

work, we show that overexpressing miR-145 resulted in formation of mitochondrial 

network and more elongated mitochondria whereas the down regulation of miR-145 

resulted in shorter mitochondria being formed and fragmentation of mitochondrial 

network. Although previous studies have reported that mitochondrial fission/ fusion 

are important in VSM cell proliferation, the mechanism driving this are poorly 

understood (Chalmers et al., 2012). Following this present work we are somewhat 

clearer as to mechanisms linked to mitochondrial fission/ fusion and VSM cell 

proliferation. VSM cell proliferation is determined by the mitochondrial network 

formation and inhibiting mitochondrial fission results in a reduction in miR-21 

expression and increase in miR-145 expression. This in turn affects the target genes 

such as mTOR which then result in a reduction in mTOR signalling pathway 

(Figures 3.17, 3.18, 3.19 & 3.20). The end result will be an inhibition in VSM cell 

proliferation and migration. This is novel evidence that mitochondrial fission/ fusion 

could play a vital role in the transfer of gene information through the synthesis of 

specific miRNAs.   
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4.26 Gene targets for miR-21 and miR-145 in VSM cells: 

Considering the relevance of miR-21 and miR-145 we aimed to identify the potential 

pro-mitogenic signalling pathway targets of miR-21 and miR-145. Thus following 

manipulation of miR-21/ miR-145 signalling gene expression of Akt, PI3K and 

mTOR was measured. We confirmed the transfection success by measuring the level 

of expression of these miRNAs. Results showed there was a significant decrease in 

the expression of miR-21 and miR-145 following transfection with the miRNA 

inhibitors. Results also confirmed that the level of expression of miR-21 and miR-

145 was significantly increased following the transfection with miRNA mimics. The 

expression of pro-apoptotic cell cycle inhibitory genes was modulated when the 

expression of miR-21 was either increased or decreased in the cell. The expression of 

both p53 and cdkn2a was significantly increased when the cells were transfected 

with miR-21 inhibitor. However, their expression was significantly reduced when the 

cells were transfected with miR-21 mimic. This change in the expression of these 

genes suggests a possible link between miR-21, p53 and cdkn2a. miR-21 could 

potentially target p53 and cdkn2a and thus inhibit cell cycle progression and 

consequently VSM cell proliferation. Although the expression of SOD2 did not 

change significantly following miR-21 transfection, ROS scavenging gene SOD1 

was seen to change. Overexpressing miR-21 in VSM cell resulted in a decrease in the 

expression of SOD1. Whereas miR-21 knock down resulted in an increase in SOD1 

expression. Thus SOD1 may be another target for miR-21. These results highlights 

the importance of ROS induced VSM cell proliferation through the overexpression of 

miR-21. miR-21 was previously seen to decrease the activity of superoxide 

dismutase which led to the activation of ERK pathway and increase in ROS 

production and migration in angiogenic progenitor cells (Fleissner et al., 2010). 

Previous studies have identified other targets for miR-21 including tropomyosin-1 

which is responsible for maintaining cellular phenotype of VSM  cell (Wang et al., 

2011). A number of studies published validated pro-apoptotic targets for miR-21 

including CDK2AP1 (Zheng et al., 2011). In this study they found that miR-21 

inhibited the tumour suppressor gene CDK2AP1 and stimulated proliferation and 

migration of the human immortalized keratinocyte cell line. Our finding clearly 

points at a possible mechanism of targeting SOD1 and Cdkn2a by miR-21 which 
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promotes VSM cell proliferation. Inhibiting mitochondria reduces the expression of 

miR-21 which consequently increases the expression of SOD1 and Cdkn2a and shifts 

the balance towards apoptosis and reduction in proliferation.  

 

The expression of mTOR signalling genes including PI3K, Akt, mTOR and 4EBP1 

were all modulated by the change in the expression of miR-145. The expression of 

all four genes was significantly reduced when cells were transfected with miR-145 

mimic. Their expression was, however, increased when miR-145 was knocked down. 

Thus miR-145 may be important in the genes responsible for the initiation of mTOR 

signalling cascade. Many targets have been identified previously for miR-145 

including genes involved in cellular proliferation, invasion and differentiation. 

Phenotypic regulatory VSM cell KLF4 has been found to be one of the targets for 

miR-145 (Cordes et al., 2009). Likewise, miR-145 has been reported to target the 

mTOR effector gene P70S6K1 (Wu et al., 2013). The investigators found that miR-

145 negatively regulated the expression of P70S6K1 in ovarian cancer cells leading 

to a significant reduction in cell proliferation and migration. Their results highlight 

the important role played by miR-145 in regulating mTOR signalling pathway. 

Likewise data from this work similarly supports this observation in VSM cell 

proliferation and migration.  

 

Both miR-21 and miR-145 have an important role in VSM cell proliferation and 

migration through the regulation of cell cycle progression, ROS production and 

cellular protein synthesis by mTOR signalling pathway. Therefore, the inhibition in 

proliferation and migration seen previously following the inhibition of mitochondrial 

bioactivity could be due to mitochondria regulation of miRNA synthesis as reported 

in this work (Figures 3.10 & 3.11). Mitochondria have been observed to be enriched 

in miRNA suggesting that mitochondria are one of the main miRNA destinations 

within the cell (Mercer et al., 2011). Although mitochondrial genome encodes for 

only 13 mitochondrial proteins because of its limited size, there are more than 1500 

proteins present in the mitochondria (Lopez et al., 2000). Emerging evidence has 

shown that the nuclear RNA is transported into the mitochondria (Duchene et al., 

2009). Thus it is highly plausible that inhibiting mitochondrial activity results in the 
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inhibition of miRNA synthesis. This in turn affects gene synthesis targeted by these 

miRNA which regulate VSM cell proliferation and migration. 

 

4.27 Effect of miR-21 and miR-145 on VSM cell proliferation and migration: 

To validate the functional role of miR-21 and miR-145 VSM cell proliferation and 

migration assays were undertaken following transfection with miR-21 and miR-145 

both inhibitors and mimics. Results clearly confirm that overexpressing miR-21 

resulted in a significant increase in the VSM cell proliferation more than the increase 

following PDGF stimulation alone. This suggests that overexpression of miR-21 has 

a stimulatory effect on VSM cell proliferation similar to PDGF stimulated 

proliferation. On the other hand, miR-21 knockdown resulted in a reduction in 

proliferation when compared with PDGF stimulated proliferation. This again 

supports the role of miR-21 in promoting VSM cell proliferation and the importance 

of their expression following PDGF stimulation. Similar effects were observed with 

VSM cell migration assays (Figures 4.31 & 4.33). Overexpressing miR-21 resulted 

in a faster closure of the cell gap and a higher VSM cell motility after 12 and 24 

hours in comparison to the PDGF stimulated VSM cells. Whereas miR-21 

knockdown resulted in no VSM cell movement and the area of the gap did not 

significantly change after 12 and 24 hours. Similar observations have been reported 

previously (Ji et al., 2007b). In this study the authors demonstrated that miR-21 

modulates VSM cell proliferation in a balloon injured rat carotid artery model. They 

reported that miR-21 controls VSM cell proliferation through the regulation of PTEN 

and BCL-2 genes which have been reported to be involved in apoptosis (Ji et al., 

2007b). A similar study reported that miR-21 was an important determinant of 

endothelial cell proliferation and migration (Sabatel et al., 2011). They linked miR-

21 to the expression of RhoB which is involved in the regulation of actin 

cytoskeleton.  

miR-145 knockdown however resulted in an increase in VSM cell proliferation when 

compared with PDGF stimulated VSM cells. This increase in proliferation was 

significantly reversed following overexpression of miR-145. Similarly, knocking 

down miR-145 resulted in a significant increase in VSM cell migration after 12 and 

24 hours in comparison to the rate of migration seen with PDGF stimulation. 
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Increasing the expression of miR-145, however, resulted in inhibition of VSM cell 

motility with little change in motility following stimulation with PDGF.  

miR-145 was also seen to be involved in the proliferation and migration of VSM 

cells. It was seen to be required for the maintenance of contractile phenotype by 

murine arterial smooth muscle cells through the regulation of angiotensin converting 

enzyme (Boettger et al., 2009). MiR-145 was also previously seen to be involved in 

the migration of VSM cell through the maintenance of their cytoskeletal structure. 

One group concluded that miR-145 is required for maintenance of actin stress fibres 

in SMCs. The spindle-like morphology was lost with the knockdown of miR-145 and 

the cells became migratory and proliferative (Xin et al., 2009). 

4.28 Validating mTOR and PDGFR as a target for miR-145: 

To validate mTOR and the PDGF receptor as potential targets for miR-145, we 

performed proliferation assay with mTOR knock down and co-transfected miR-145 

inhibitor (Figures 4.35 & 4.36). The increase in proliferation seen earlier with miR-

145 inhibitor was completely diminished when mTOR was knocked down. This 

finding confirms that the increase in proliferation we report with miR-145 inhibitor 

involves mTOR. This also strongly suggests mTOR as a target for miR-145 as the 

presence of high levels of miR-145 results in degradation of mTOR mRNA and 

correlates with a reduction in VSM cell proliferation.  

Another target for miR-145 we aimed to validate was the PDGF receptor. We 

inhibited the PDGF receptor with imatinib. Following transfection with miR-145 

inhibitor, proliferation of VSM cell was not increased and stayed at the same 

background level. This finding links the effect of miR-145 in targeting essential 

effector genes that result in the reduction of VSM cell proliferation. miR-145 here 

might work as a ligand that blocks PDGF receptor and therefore stops the 

downstream stimulation of other signalling proteins including mTOR. Or perhaps 

miR-145 inhibits the mTOR signalling pathway.  

These results confirm that during VSM cell proliferation and migration, reduction of 

miR-145 results in an increase in PDGF receptors and mTOR genes. The increase of 

these genes promotes VSM cell proliferation and migration. However, when 
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mitochondria are inhibited, the expression of miR-145 is increased and the 

proliferation and migration of VSM cells are consequently inhibited. 

The results obtained from this chapter highlight the importance of mitochondria in 

the expression of miRNAs involved in the initiation and progression of vascular 

diseases. The change in the expression of miR-21 and miR-145 following 

mitochondrial inhibition correlates with the reduction in proliferation and migration 

we reported in chapter 3 following the inhibition of mitochondrial bioactivity.   

The increase in the level of miR-145 following mitochondrial inhibition along with 

previous data showing reduction in mTOR effector genes following mitochondrial 

inhibition provide further evidence of the mitochondrial role in the regulation of 

mTOR signalling pathway possibly through miR-145 regulation.  

Looking at the gene targets we identified including mTOR and cell cycle regulatory 

genes and the functional analysis, we see a correlation between inhibiting 

mitochondrial bioactivity, reduction in miR-21 and increase in miR-145, alteration of 

gene expression and VSM cell modulation in proliferation and migration. miR-21 

modulates genes that are involved in the activation of the apoptotic signalling 

pathway including SOD1 and Cdkn2a. Whereas miR-145 regulates genes that are 

involved in VSM cell proliferation and migration including PI3K/Akt/mTOR. This is 

another evidence that mitochondria could potentially target mTOR signalling 

pathway through the regulation of miR-145 expression within the cell. Mitochondria 

could also target cell cycle and apoptosis through the regulation of mR-21 expression 

in VSM cell. 

Summary of the primary experimental findings reported in this chapter: 

- Inhibiting mitochondrial dynamics results in a decrease in the expression of 

miR-21 and increase in the expression of miR-145. 

- The decrease in miR-21 expression and the increase in miR-145 expression 

correlate with the decrease in VSM cell proliferation and migration. 

- miR-21 induces fragmentation of mitochondria and increases VSM cell 

proliferation and migration  
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- miR-145 promotes mitochondrial fusion and reduction in VSM cell 

proliferation and migration. 

- miR-21 could potentially target pro-apoptotic proteins including p53 and 

ROS scavenging proteins including SOD1  

- miR-145 likely targets mTOR effector genes including PI3K, Akt and mTOR 

as well as targeting PDGF receptor. 
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5.1 Introduction 

Cells of different types secrete vesicles which differ in their size and composition. 

They are classified into three main groups: apoptotic blebs, micro-vesicles and 

exosomes. 

Exosomes are extracellular organelles of endocytic origin released by different cell 

types into the extracellular space. Their size ranges between 40-100 nm in diameter 

and they perform different biological functions through mediating cell to cell 

communication (Simpson et al., 2008). They are also considered another class of 

signal mediators as they carry proteins and nucleic acids such as mRNA and miRNA 

which regulate gene expression of some signalling cascades. Exosomes can be found 

in many body fluids such as blood, saliva, cerebrospinal fluids, urine, breast milk and 

seminal fluid (Mathivanan and Simpson, 2009). Their ability to transfer proteins and 

nucleic acids from one cell to another emphasises their potential role in different 

pathological and physiological conditions (Schorey and Bhatnagar, 2008). 

Exosomes are physically characterised by their size which ranges between 30-120 

nm in diameter and the cup-like morphology seen in transmission electron 

microscope or round well delimited vesicles as seen in cryo-electron microscope 

(Conde-Vancells et al., 2008). Sucrose gradient is also used to purify exosomes 

which float at a density range 1.13-1.19 g/ml (Thery et al., 2006). Exosomes are also 

characterised based on their protein and lipid composition. They contain proteins 

involved in membrane transport and fusion such as flotillins and annexins, proteins 

involved in multivesicular body formation such as alix and tetraspanins such as CD9, 

CD63 and CD81 (Wubbolts et al., 2003). Exosomes are also rich in cholesterol, 

ceramide, glycerophospholipids and sphingolipids (Subra et al., 2007). 
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5.2 Biogenesis of exosomes: 

Exosomes originate from cellular endosomes that fuse with the membrane and form 

inwardly budding vesicles that is then released into body fluids. They originate in the 

intraluminal vesicles (ILVs) of the multivesicular bodies (MVBs) which fuse with 

the plasma membrane releasing exosomes into the extracellular space (Simons and 

Raposo, 2009). This requires contractile force to bring the opposing membranes 

together which is regulated by soluble NSF attachment protein receptor (SNARE) 

(Sudhof and Rothman, 2009). This protein then forms a complex which anchors the 

interacting proteins in the membrane (Fukuda et al., 2000). The SNARE complex 

vesicle associated membrane protein7 (VAMP7) has also been demonstrated to 

participate in exocytosis by mediating the fusion of MVBs with the plasma 

membrane (Fader et al., 2009). Endosomal sorting complex required for transport 

(ESCRT) is also essential for the formation of MVBs. It is recruited to the cytosolic 

side of the endosomal membrane to sort selected proteins to the ILVs (Katzmann et 

al., 2002). The process starts with the recruitment of Tsg101 which belongs to the 

ESCRT-I complex to form a complex that binds the ubiquitinated cargo proteins and 

activates the ESCRT-II complex (Figure 5.1). ESCRT-II complex then initiates the 

formation of ESCRT-III complex which helps in the sequestration of MVB proteins 

and recruits an enzyme to remove the ubiquitin tag from the protein cargo before 

sorting them into ILVs (Raiborg et al., 2003). ESCRT-III is then degraded by 

ATPase. 

Other proteins involved in the release of exosomes are the Rab family proteins 

including Rab27a, Rab27b and Rab35 (Ostrowski et al., 2010). These Rab family 

members have been implicated in determining the size of the MVBs, the distribution 

of the MVBs in the cytoplasm and the release of exosomes into the extracellular 

environment (Hsu et al., 2010). Tumour repressor protein p53 and its downstream 

effector TSAP6 were also found to play vital role in regulating the production of 

exosomes possibly through regulating the transcription of other genes involved in the 

production and secretion of exosomes (Yu et al., 2006).   
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Figure 5.1 schematic diagram showing the biogenesis of exosomes involving 

proteins such as Rab family and ESCRT, adapted from (Lakkaraju and Rodriguez-

Boulan, 2008). ESCRT: Endosomal sorting complex required for transport, ER: 

Endoplasmic Reticulum, Lys: Lysosomes, MVB: Multi-vesicular Body, EE: Early 

Endosome, SE: Sorting Endosome, RE: Recycling Endosome, TGN: Trans-Golgi 

Network.   

5.3 Trafficking of exosomes: 

Exosomes released by one cell might exert their biological effect through one of 

three possible mechanisms (Figure 5.2). The proteins in the exosomal 

transmembrane might directly interact with signalling receptors of the recipient cell 

after being cleaved by proteases and soluble fragments act as soluble ligands. This 
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could trigger the activation of specific signalling pathways leading to functional 

changes in the cell (Munich et al., 2012). Exosomes could also fuse to the membrane 

of the target cell and deliver the cargo into the cytosol including mRNAs, miRNAs 

and proteins. This cargo then activates or inhibits signalling pathways (Mulcahy et 

al., 2014). Furthermore, exosomes could be engulfed by the target cell where they 

will be merged with endosomes and released into other neighbouring cells. Or they 

will mature into lysosomes and undergo degradation (Tian et al., 2013).  

 

 

 

 

 

 

 

 

 

 

Figure 5.2 schematic diagrams showing the three different ways through which the 

exosomes exert their effect in the recipient cell (Cocucci et al., 2009). 

 

A number of factors have been reported to influence the uptake of exosomes by the 

recipient cells. one of these factors is the presence of proteins that are important for 

adhesion and growth on the exosomal surface including annexins (Koumangoye et 

al., 2011). Exosomal internalisation was also seen to be affected when cells and their 

derived exosomes were treated with protease k. This suggests that the proteins that 
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are important in the uptake of exosomes are present in the surface of the cell and the 

exosomes (Escrevente et al., 2011).  

Exosomes are being used as bio markers for many disease conditions because of their 

unique cargo of mRNAs, miRNAs and proteins (Hu et al., 2012). Exosomes isolated 

from diseased subjects including ovarian cancer patients contained different miRNAs 

than exosomes isolated from healthy subjects (Taylor and Taylor, 2008). The unique 

gene profile of exosomes isolated from cancer cells makes it one of the ways in 

identifying tumour development (Rabinowits et al., 2009). 

5.4 Functionality of exosomal Cargo: 

Increasing evidence demonstrates that exosomes play a vital role in regulating 

cellular bioactivities (Pant et al., 2012). Exosomes derived from cells stimulated by 

growth factors were reported to increase proliferation and chemoinvasion in lung 

adenocarcinoma cell line (Janowska-Wieczorek et al., 2005). The study found that 

these exosomes stimulated proliferation through the upregulation of expression of 

cyclin D and the phosphorylation of ERK1/2 and Akt. The metastasis was also 

induced by the expression of membrane type 1-matrix metalloproteinase. Exosomes 

have been shown to promote proliferation of gastric cancer cell line (Qu et al., 2009) 

and endothelial cell angiogenesis in epithelial ovarian cancer cells (Millimaggi et al., 

2007). Exosomes also change cellular phenotype of the recipient cells through the 

exosomal cargo of TGF-β. Exosomes isolated from cancer cell lines including 

prostate cancer, bladder cancer, colorectal cancer and breast cancer were incubated 

with primary fibroblasts and transformed them to myofibroblasts (Webber et al., 

2010). TFG-β was seen to drive SMAD-dependent signalling which contributes to 

the modulation of the stromal-extracellular matrix. Although the full mechanism is 

not understood, TFG-β was seen to trigger changes in the actin cytoskeleton and an 

increase in the structural α-SMA which contributes to the change in the phenotype. 

The content of the exosomes is the key factor that plays the major role in regulating 

the biological functions of the recipient cells. Although all different components of 

the exosomal cargo are important in regulating biological functions of the cell 

including proteins and mRNAs, miRNAs are considered the main contributor to this 
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functional regulation (Zhang et al., 2015) and their expression can be higher in 

exosomes than in their parental cells (Goldie et al., 2014). Exosomal miRNAs exert 

their effect either by negatively regulating their target genes on the recipient cell and 

changing the cellular biological functions or by acting as a ligand binding the 

receptor and activating certain signalling pathways (Fabbri et al., 2012). 

Functional mRNAs are also an important component of the exosomal cargo that can 

be translated into functional proteins in the target cell (Valadi et al., 2007). The 

inclusion of mRNAs from the parental cell into the released exosomes seems to be 

selective and not all mRNAs are included (Urbanelli et al., 2013). Mitochondrial 

DNA was also found to be carried in exosomes. This DNA is thought to be 

transferred to the mitochondria of the recipient cell where they exert their effect. This 

finding is very important as it suggests a link between mitochondrial bioactivity and 

exosomal cargo (Guescini et al., 2010). 

Exosomes were also found to play important role in the development of 

cardiovascular diseases including atherosclerosis and re-stenosis (Su et al., 2017). A 

study by Lightell et al. (2017) revealed that exosomes isolated from VSM cells from 

a diabetic mouse contained high level of miR-221 and miR-222. Both miRNAs are 

involved in the initiation and progression of atherosclerosis when compared to the 

exosomes isolated from non-diabetic mouse. When these exosomes were 

administered to ApoE
-/-

 mice, atherosclerosis lesions was reported to develop faster 

(Lightell and Woods, 2015). Exosomes isolated from cultured human VSM cell 

calcification model were also reported to be enriched in calcium-binding and 

extracellular matrix proteins (Kapustin et al., 2015). VSM cell calcification is a 

component of late atherogenesis. This was seen to be triggered by TNF-α and PDGF 

leading to increased calcification of VSM cells. Furthermore, administration of 

exosomes isolated from endothelial progenitor cells resulted in acceleration of the re-

endothelialisation process in a rat model of balloon-induced vascular injury (Fadini 

et al., 2012). This finding highlights potential positive and negative roles played by 

exosomal content in atherogenesis and vascular repair following injury. 
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5.5 Chapter Aims: 

The aims of this chapter are: 

- To isolate exosomes released by VSM cells cultured under 0.1% FCS, PDGF, 

PDGF + MDivi-1, 21 days cultured and Rho cells. 

- To measure mRNA cargo levels contained in these exosomes. 

- To measure miRNA cargo levels contained in these exosomes. 

- To identify protein cargo contained in these exosomes. 

5.6 Specific Methods 

5.7 Cell culture for exosomes isolation:  

Vascular smooth muscle cells were cultured in T75 flasks at Passage 1. The cells 

were then divided into five treatment groups as follows: 0.1% FCS, 20ng/ml PDGF, 

20ng/ml PDGF + 10μM MDivi-1, 21 days cultured in 10% FCS, and mitochondrial-

depleted cells. Six T75 flasks were used for each treatment with 10ml of culture 

media in each flask. Serum containing media was removed and cells were washed 

twice with Opti-MEM media to remove any traces of the serum. The cells were then 

incubated in Opti-MEM for 48 hours before the media was collected for 

ultracentrifugation.  

5.8 Exosome isolation:  

Media from all six T75 flasks of each treatment was divided into two 50 ml tubes. 

The tubes are spun at 2000 g for 10 minutes to remove large dead cells. The resulting 

pellet was discarded and the supernatant re-spun at 10000 g for 30 minutes at 4
o
C to 

remove large cell debris. The pellet again was discarded and the supernatant run 

through a 0.2 μm filter to exclude any microvesicles and apoptotic blebs. The flow 

was again re-spun at 100,000 g for 70 minutes at 4
o
C. The resulting pellet was 

considered to contain exosomes and potential contaminating proteins. The pellet was 

washed in 1 ml PBS and re-spun again at 100,000 g for 70 minutes at 4
o
C. The 

resulting final pellet was now considered to contain exosomes. The pellet was finally 

re-suspended in 250 μl of PBS and stored at -80
o
C.  
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Figure 5.3 shows the process of exosomes isolation using ultracentrifugation method 

 

5.9 Samples protein concentration determination:  

Protein concentration in each sample was measured using Bradford assay standard 

curve. 10μl of each sample was diluted in 790 μl of PBS and 200 μl of protein assay 

reagent to make a total volume of 1 ml in a cuvette. Absorbance of each sample was 

then read at 595nm in a spectrometer and the corresponding protein concentration 

was recorded. 

5.10 Exosome size distribution:  

25 μg/ml of the exosome sample was analysed using the zeta sizer to measure 

particles size distribution. 20 μl of the sample was added to 980 μl of PBS in zeta 

sizer cuvette and measured for particle size using Malvern zetasizer. 
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5.11 Confirmation of exosomes by western blotting:  

20μg of the total protein was loaded and run in 10%SDS-PAGE at 200V for 45 

minutes. The proteins were then transferred onto a nitrocellulose membrane at 100V 

for 60 minutes. This was followed by blocking the membranes using 5% milk. The 

membranes were incubated overnight at 4
o
C in the following primary antibodies: 

CD9 (1:2000; Life Technologies, Paisly, UK), CD63 (1:2000; Life Technologies, 

Paisly, UK) and CD81 (1:2000; Life Technologies, Paisly, UK). The following day 

the membranes were washed four times of 10 minutes each with TTBS. The 

membranes were incubated in anti-mouse secondary antibody (1:10000; sigma,UK) 

for 60 minutes at room temperature. This was followed with four washes of 10 

minutes each with TTBS. Enhanced Chemiluminescence Reagent (ECL) mixture 

was prepared in the dark room and applied to each nitrocellulose membrane for 1 

minute with agitation, lifted from the tray onto a paper towel to remove any excess 

ECL. The membranes were then placed in exposure cassettes with an X-ray film on 

top (Kodak Ls X-OMAT) for the required exposure time under dark room conditions 

and developed using X-OMAT (KODAK M35-M X-OMAT processor). 

5.12 Imaging of exosomes using confocal microscopy: 

10 μl of the exosomes suspension was taken and added to 990 μl of Hanks Balanced 

Salt Solution (HBSS). 1 mg/ml of labelling solution of wheat germ agglutinin 

conjugates was prepared and added to the exosomal mixture at a concentration of 10 

μg/ml and incubated for 30 minutes at 37
o
C. The labelled exosomes were visualised 

using confocal microscope for alexa-fluor 488.  

5.13 Exosomal RNA isolation:  

150 μg of exosomes re-suspended in 200 μl of PBS was used to isolate RNA using 

exosomal RNA and protein extraction kit (101 Bio, USA). One volume of 2 x 

denaturing solution was added to each exosome sample and mixed. The mixture was 

incubated on ice for 5 minutes. One volume of acid-phenol: chloroform was added to 

each sample. The sample was mixed by vortexing for 60 seconds. The sample was 

then centrifuged at 10000 g for 5 minutes at room temperature to separate the 

mixture into aqueous and organic phases. The upper aqueous phase was removed and 
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transferred into a fresh tube. Thereafter, 1.25 volumes of 100% ethanol was added to 

the aqueous phase and mixed thoroughly. The mixture was then passed through filter 

cartridge, centrifuged at 10000 g for 15 seconds and collected in a collection tube. 

The flow-through was discarded and the filter cartridge was washed using 700μl 

miRNA wash solution and centrifuged at 10000 g for 15 seconds. The filter cartridge 

was washed with 500 μl wash solutions 2&3 twice and centrifuged at 10000 g for 1 

minute to remove residual fluid from the filter. RNA was eluted by applying 50 μl of 

preheated (95
o
C) elution solution to the centre of the filter and centrifuged for 30 

seconds to remove the RNA. Elution step was repeated once more with another 50 μl 

of elution solution. RNA was collected in a tube and stored in -80
o
C. 

5.14 Protein content identification using mass spectrometry, tryptic digestion:  

40 μg of the sample was added to 10 μl of 0.5 mg/ml myoglobin solution with 10 μl 

of acetonitrile and mixed gently. This was followed with the addition of 10 μl of 0.1 

M Tris (2-carboxyethyl) phosphine (TCEP, Sigma, UK) in water to each sample and 

the samples were incubated for 30 minutes at room temperature. 10 μl of 0.2 M 

iodacetamide (IOA, Sigma, UK) in water was then added to each sample and the 

samples were incubated for further 30 minutes at room temperature. This was 

followed with the addition of 10 μl of 0.2 M L-Cysteine (Sigma, UK), 145 μl of 

digestion buffer (pH 7.9) and 10 μl of trypsin in 50 mM acetic acid and the samples 

were incubated overnight at 37
o
C. The samples were then diluted 1:1 with 20% 

acetonitrile after centrifugation for 10 minutes at 7000 rpm. Samples were then 

transferred to auto sampler vials for analysis. 

5.15 ESI-LCMS analysis:  

Samples were analysed using an LTQ Orbitrap classic equipped with an electrospray 

ionization source (Thermo Fisher Scientific, Hemel Hempstead, UK). 50 mL of 

filtrate samples were added to 50 mL of a solution composed of 2% ACN and 0.1% 

formic acid. Chromatographic separation of peptides was performed using a C18 

column (phenomenex x 100 x 4.6 mm 130 A). The ESI interface was operated in a 

positive ion mode with a spray voltage of 4.5 kV. The temperature of the ion transfer 

capillary was 275
o
C and the flow rates of the sheath and auxiliary gases were 50 and 

17 arbitrary units respectively. Mobile phase A consisted of (water/acetonitrile 98/2 
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vol/vol, 0.1% formic acid) and the flow rate was 300 nL/min. Runs were performed 

under a 60 min linear gradient from 10 to 45% of solvent B (water/acetonitrile 2/98 

vol/vol, 0.1% formic acid) followed by a 10 min purge step at 95% of B before a 20 

min re-equilibration step to the starting conditions.  

 

5.16 LCMS/MS analysis:  

The fragmentation mass spectra results were obtained using collision energy of 35 V. 

The full-scan mass spectrum was followed by a data dependent MS
2
 scan of the 

marker peptide m/z values.  Peptides were identified manually with the use of a 

theoretical list obtained from the bioinformatics resource portal ExPASy© website. 

Xcalibur 2.1.0 mass spectrometry software (Thermo Fisher Scientific) was used to 

quantify the results.  
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5.17 Results 

5.18 Characterisation of exosomes: 

Exosomes isolated using ultracentrifugation method were characterised by their size, 

morphology and the presence of exosomal protein markers. Results show that 

exosomes ranged in size between 37 nm – 255 nm depending on the culture 

conditions (Figures 5.4 – 5.8).  

 

Figure 5.4 Graph shows size distribution of secreted vesicles in the 0.1% FCS 

treated media (n=3). 

Figure 5.5 Graph shows size distribution of secreted vesicles in the 20ng PDGF 

stimulated cells (n=3). 
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Figure 5.6 Graph shows size distribution of secreted vesicles in the 20ng PDGF 

stimulated cells treated with mitochondrial fission inhibitor MDivi-1 (n=3). 

 

 

 

 

 

 

 

 

 

 

Figure 5.7 Graph shows size distribution of secreted vesicles in the 21 days cultured 

cells (n=3). 
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Figure 5.8 Graph shows size distribution of secreted vesicles in the mitochondrial-

incompetent Rho cells (n=3). 

 

Western blotting results also showed the presence of exosomes-specific protein 

markers CD9 and CD81 (Figure 5.9). 

 

 

 

 

 

 

Figure 5.9 shows the presence of exosome-specific tetraspanin protein markers in 

0.1%FCS, 21 days cultured cells and mitochondrial-depleted cells. (A) Confirms the 

presence of CD9 in all three treatments and (B) confirms the presence of CD81 in all 

three treatments (n=3). 

 

0.1% FCS 21 day culture Rho cells 

CD9 

CD81 
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Images obtained from confocal microscopy also confirmed the size of exosomes 

between 20 nm -120 nm (Figure 5.10). 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

Figure 5.10 Images show the size and the round shape of the exosomes isolated from 

21 day cultured VSM cells using confocal microscope x 315 magnification. 

Exosomes were stained by wheat germ agglutinin conjugate and visualised at 

wavelength 488 nm. 
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RNA concentration isolated from exosomes released by VSM cells cultured under 

different conditions varied significantly. The concentration of RNA isolated from 

0.1% FCS 70.2 ± 10.2 ng/μl was similar to the concentration isolated from Rho cells 

70.8 ± 4.7 ng/μl. However, the concentration of RNA was remarkably higher in 

exosomes isolated from 21 days cultured cells 118.7 ± 2.4 ng/μl (Table 5.1) 

 

 

 

 

Table 5.1 Table lists the mean RNA yield extracted from isolated from VSMC 

cultured in 0.1% FCS, 21 days cultured cells and mitochondrial-depleted cells 

(n=3).  

 

Protein concentration isolated from exosomes released by VSM cells cultured under 

different conditions was also different. The concentration of protein isolated from 

0.1% FCS was 120 ± 5 μg/250μl and the protein concentration in exosomes isolated 

from Rho cells was 105 ± 2.5 μg/250μl. However, the concentration of protein in 

exosomes isolated from 21 days cultured cells was 130 ± 2.5 μg/250μl (Table 5.2) 

 

Condition Size (nm) Protein (μg/250μl) 

0.1% FCS 84.6 ± 0.8 120 ± 5 

21 day cultured 66.2 ± 0.5 130 ± 2.5 

Mito-depleted (Rho) 97.4 ± 0.6 105 ± 2.5 

 

Table 5.2 Table lists the mean size of exosomes and the mean protein concentration 

extracted from exosomes isolated from VSMC cultured in 0.1% FCS, 21 days 

cultured cells and mitochondrial-depleted cells (n=3).  

 

Condition RNA Yield (ng/μl) 

0.1% FCS 70.2 ± 10.2 

21 day cultured 118.7 ± 2.4 

Mito-depleted (Rho) 70.8 ± 4.7 
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5.19 Effect of inhibiting mitochondria on exosomes mRNA cargo of VSM cells: 

RT-qPCR results show different levels of mRNA cargo in exosomes. The level 

varied greatly depending on the culture conditions. Results show that the level of 

PI3K in exosomes isolated from 20 ng/ml PDGF stimulated cells is 9 ± 4 fold higher 

than the level in exosomes isolated from 0.1% FCS cultured cells. However, the level 

of PI3K gene in exosomes following treatment with mitochondrial fission inhibitor 

MDivi-1 is reduced to 0.9 ± 0.07 fold. Results also show that the level of PI3K gene 

in exosomes isolated from 21 days cultured cells is 6.7 ± 1 fold higher than the level 

in exosomes isolated from 0.1% FCS cultured cells. Furthermore, the level of PI3K 

in exosomes isolated from Rho cells was reduced to near basal level (Figure 5.11)  

 

 

 

 

 

 

 

 

 

 

 

Figure 5.11 level of PI3K inside the exosomes was measured using QPCR for 0.1% 

FCS cultured cells, PDGF stimulated cells, PDGF + MDivi-1 treated cells, 21 days 

cultured cells and Rho cells (n=3), *p<0.05 compares PDGF stimulated VSM cells 

vs 0.1% FCS cultured VSM cells, ○p<0.05 compares 21 days cultured VSM cells vs 

0.1% FCS cultured VSM cells, ●p<0.05 compares PDGF + MDivi-1 and Rho cells 

vs PDGF stimulated cells and 21 days cultured VSM cells. 
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Results also show that the level of Akt in exosomes isolated from 20 ng/ml PDGF 

stimulated cells is 141 ± 19 fold higher than the level in exosomes isolated from 

0.1% FCS cultured cells. The level of Akt in exosomes following treatment with 

mitochondrial fission inhibitor MDivi-1 is reduced to 15 ± 7 fold increase for Akt 

compared with exosomes isolated from 0.1% FCS cultured cells. Results also show 

that the level of Akt in exosomes isolated from 21 days cultured cells is 3.4 ± 1 fold 

higher than the level in exosomes isolated from 0.1% FCS cultured cells. 

Furthermore, the level of Akt in exosomes isolated from Rho cells was reduced to 

near basal level (Figures 5.12)  

 

 

 

 

 

 

 

 

 

 

 

Figure 5.12 level of Akt inside the exosomes was measured using QPCR for 0.1% 

FCS cultured cells, PDGF stimulated cells, PDGF + MDivi-1 treated cells, 21 days 

cultured cells and Rho cells (n=3), *p<0.05 compares PDGF stimulated VSM cells 

vs 0.1% FCS cultured VSM cells, ○p<0.05 compares 21 days cultured VSM cells vs 

0.1% FCS cultured VSM cells, ●p<0.05 compares PDGF + MDivi-1 and Rho cells 

vs PDGF stimulated cells and 21 days cultured VSM cells. 
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Results show that the level of 4EBP1 in exosomes isolated from 20 ng/ml PDGF 

stimulated cells is 0.3 ± 0.05 fold higher than the level in exosomes isolated from 

0.1% FCS cultured cells. However, the level of 4EBP1 in exosomes following 

treatment with mitochondrial fission inhibitor MDivi-1 did not change significantly 

when compared with exosomes isolated from 0.1% FCS cultured cells. Results also 

show that the level of 4EBP1 in exosomes isolated from 21 days cultured cells is 5.6 

± 0.9 fold higher than the level in exosomes isolated from 0.1% FCS cultured cells. 

The level of these genes in exosomes isolated from Rho cells was reduced to near 

basal level (Figures 5.13).  

 

 

 

 

 

  

 

 

 

 

 

 

 

Figure 5.13 level of 4EBP1 inside the exosomes was measured using QPCR  for 

0.1% FCS cultured cells, PDGF stimulated cells, PDGF + MDivi-1 treated cells, 21 

days cultured cells and Rho cells (n=3), *p<0.05 compares 21 days cultured VSM 

cells vs 0.1% FCS cultured VSM cells, ●p<0.05 compares Rho cells vs 21 days 

cultured VSM cells. 
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Results also show that the level of cell cycle inhibitory gene cdkn2a is 50 ± 1% 

lower in exosomes isolated from 20 ng/ml stimulated cells and 90 ± 7% lower in 

exosomes isolated from 21 days cultured cells compared to the level in exosomes 

isolated from 0.1%FCS cultured cells. The level of expression of cdkn2a is 100 ± 

30% higher in exosomes isolated from Rho cells compared to exosomes isolated 

from 0.1%FCS cultured cells (Figure 5.14).   

  

 

 

  

 

 

 

 

 

 

 

 

 

Figure 5.14 level of Cdkn2a inside the exosomes was measured using QPCR for 

0.1% FCS cultured cells, PDGF stimulated cells, PDGF + MDivi-1 treated cells, 21 

days cultured cells and Rho cells (n=3), *p<0.05 compares 21 days cultured VSM 

cells vs 0.1% FCS cultured VSM cells, ●p<0.05 compares Rho cells vs 21 days 

cultured VSM cells. 
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5.20 Effect of mitochondrial inhibition on exosomal miRNA cargo in VSM cells: 

RT-qPCR results show different levels of miRNA cargo in exosomes. Results show 

that the level of miR-21 in exosomes isolated 21 days cultured cells is 7.8 ± 1 fold 

higher than the level in exosomes isolated from 0.1% FCS cultured cells. Their level 

in exosomes isolated from Rho cells show a significant reduction by 8 ± 0.5 fold 

(Figure 5.15).  

 

 

 

 

 

 

 

 

  

 

 

 

 

Figure 5.15 level of miR21 inside the exosomes was measured using QPCR  for 

0.1% FCS cultured cells, PDGF stimulated cells, PDGF + MDivi-1 treated cells, 21 

days cultured cells and Rho cells (n=3), *p<0.05 compares 21 days cultured VSM 

cells vs 0.1% FCS cultured VSM cells, ●p<0.05 compares Rho cells vs 21 days 

cultured VSM cells. 
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Results also show that the level of miR145 is lower by 70 ± 10% and 40 ± 10% in 

exosomes isolated from 20 ng/ml stimulated cells and 21 days cultured cells 

respectively. The level of miR-145 is 2 ± 0.5 fold and 1.5 ± 0.5 fold higher in 

exosomes isolated from MDivi-1 treated cells and Rho cells respectively (Figure 

5.16).   

 

 

 

  

 

 

 

 

 

 

 

 

Figure 5.16 level of miR145 inside the exosomes was measured using QPCR for 

0.1% FCS cultured cells, PDGF stimulated cells, PDGF + MDivi-1 treated cells, 21 

days cultured cells and Rho cells (n=3), *p<0.05 compares PDGF + MDivi-1 

treated cells vs PDGF stimulated VSM cells, ●p<0.05 compares Rho cells vs 21 days 

cultured VSM cells. 
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5.21 Effect of mitochondrial inhibition on exosomal protein content in VSM 

cells: 

Results from mass spectrometry show that there were significant differences in the 

protein cargo within exosomes isolated from VSM cells (Figure 5.17). Different 

protein have been identified in exosomes isolated from 0.1% FCS, 21 days cultured 

cells and Rho cells (Table 5.3). 
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Control, 21 days, 
3, 2% 

Mito-depl., 30, 
25% 

Mito-depl., 21 d, 
5, 4% 

21d, 39, 32% 

Control, Mito-
depl, 14, 12% 

Control, 21, 18% 

ALL, 8, 7% 

Control, 21 days Mito-depl. Mito-depl., 21 d 21d

Control, Mito-depl Control ALL

Some of the proteins identified were common in exosomes isolated from more than 

one condition. 18% of the proteins were uniquely found in exosomes isolated from 

0.1% FCS cultured cells, 32% were uniquely found in exosomes isolated from 21 

days cultured cells and 25% were uniquely found in exosomes isolated from Rho 

cells. Only 7% of the proteins identified were seen to be present in exosomes isolated 

from all three conditions (Figure 5.18). 

 

 

 

Figure 5.18 shows the percentage of protein content in each group and the ratio of 

proteins isolated from different treatments. 
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In addition to RNA, miRNA we were able to detect a high variation in the protein 

cargo within exosome isolates. There were 46 proteins measured in exosomes 

isolated from 0.1% FCS not measured in the cultured VSM cells or Rho cells. 

Likewise 55 different proteins in the 21 day cultured VSM cells and 57 in the Rho 

cells (Figure 5.19).
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5.22 Discussion 

5.23 Characterisation of exosomes: 

There is increasing evidence highlighting secreted vesicles such as microvesicles and 

exosomes as important paracrine/ endocrine factors in cell-cell communication 

(Salomon et al., 2013). Their biological role is being increasingly associated with 

regulation of biological functions such as growth, differentiation and apoptosis 

(Huang et al., 2015). Likewise, a clear association with the pathobiology of cancer 

and cardiovascular disease is established. In fact, such is the change of microvesicles 

and exosomal secretion they are now used as biomarkers, predictors of disease (Hu et 

al., 2012). In this experiment chapter, we were able to characterise VSM cell yield of 

microvesicles by size distribution, imaging and immunoblotting. Based on size 

characterisation of secreted vesicles, the size of the vesicles that was obtained from 

the ultracentrifugation method we used was between 37-120 nm. This range of size is 

the known range for exosomes (Comelli et al., 2014). Images obtained by confocal 

microscopy also confirmed that the size of the vesicles in the samples were within 

the expected range for exosomes; between 20-120 nm. The shape of the vesicles seen 

by confocal microscope resembled clathrin coated pit, a characteristic of the 

receptor-mediated endocytosis that facilitates exosomes entering cells (Kadiu et al., 

2012).  

Furthermore, western blotting for exosome markers revealed the presence of CD9 

and CD81 in the exosomes samples isolated from different conditions. These 

markers have been widely used to characterise exosomes isolated from VSM cell 

samples (Deng et al., 2015). 

Interestingly, the RNA yield isolated from exosomes was higher in exosomes 

isolated from 21 days cultured VSM cell compared to exosomes isolated from 0.1% 

FCS cultured VSM cell or Rho cells. Protein concentration also varied with the 0.1% 

FCS cultured cell and Rho cells having the lowest concentration and the 21 days 

cultured cells having higher protein concentration. This is perhaps unsurprising, 

highly bioactive proliferating VSM cells secreting large amounts of exosomes. What 

is remarkable when mitochondrial dynamics are inhibited (MDivi-1) or 

mitochondrial function inhibited (Rho cells) the yield of exosomal quantity, size and 
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RNA content is significantly reduced. Thus there is a potential link between 

mitochondrial activity and exosomal trafficking. The exact mechanism are not 

defined and this merits further investigation. 

5.24 Effect of mitochondrial inhibition on exosomal mRNA cargo in VSM cells: 

PI3K/ Akt/ mTOR signalling pathway is an important pathway that is involved in the 

initiation and progression of VSM cell proliferation and migration and the 

progression of atherosclerosis (Goncharova et al., 2002). PDGF-induced VSM cell 

proliferation and migration was seen to be mediated by PI3K/ Akt/ mTOR signalling 

pathway. Treating VSM cells with PI3K inhibitor negated the proliferative and 

migratory effect induced by PDGF. mTOR inhibitors such as rapamycin are 

currently used in drug eluting stents in the percutaneous coronary intervention 

(Feldman and Shokat, 2010). Thus, we aimed to identify if related mRNA specific to 

PI3K/ Akt/ mTOR signalling pathway were carried within exosomal cargo. PI3k 

mRNA was detected in exosomes isolated from different conditions (wildtype vs. 21 

day cultured vs. Rho 21 day cultured). PI3K activates Akt and consequently mTOR 

signalling pathway which initiates VSM cell proliferation when phosphorylated. 

When compared to unstimulated VSM cells the level of PI3K mRNA was 10 fold 

higher in exosomes isolated form 72 hour PDGF stimulated cells and 8 fold higher in 

exosomes isolated from phenotypically switched cells cultured for 21 days. This 

increase in PI3K mRNA found within exosomes reduced when the PDGF stimulated 

cells were treated with mitochondrial fission inhibitor MDivi-1. The level of PI3K 

mRNA in exosomes isolated from mitochondrial-depleted Rho cells was almost 

similar to the level in unstimulated cells. A previous study has reported that 

PI3K/Akt signalling pathway was activated following the co-culture of tumour-

derived exosomes with SGC7901 cells (Qu et al., 2009). This study also showed that 

inhibiting PI3K/Akt resulted in a reduction in exosome dependent proliferation. This 

observation taken together with the data presented here further highlights the 

importance of the PI3K signalling pathway in cell proliferation. Furthermore, PI3K 

mRNA measured within exosomes was positively correlated with both proliferative 

state and mitochondrial fission reaction.  
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Akt mRNA was also detected in all samples including exosomes isolated from 

quiescent contractile VSMCs. The level of Akt mRNA, however, contained in 

exosomes isolated from PDGF stimulated cells was 143 fold higher than that 

contained in exosomes isolated from quiescent cells. This increase was reduced to 16 

fold when the mitochondrial dynamics were inhibited using MDivi-1. Although the 

exosomes isolated from cells cultured for 21 days showed a lower increase in the 

level of Akt in comparison to the exosomes isolated from PDGF stimulated cells (4.5 

fold), the increase was still significant when compared to the exosomes isolated from 

fresh contractile cells. This increase was reduced to 2.2 fold in the exosomes isolated 

from mitochondrial-depleted Rho cells. The low level of Akt mRNA measured after 

21 days in comparison to the high level seen following 72 hours gives some insight 

into the cell-stimulated expression of Akt mRNA. Akt has been previously reported 

to be present, along with other kinases, in exosomes isolated from cancer cells (van 

der Mijn et al., 2014, He et al., 2015). It was found that the level of phosphorylation 

of Akt in the exosomes reflect their level of phosphorylation in cancer cells (van der 

Mijn et al., 2014). Mian He et al (2015) reported that hepatocellular carcinoma-

derived exosomes caused mobilisation of normal hepatocyte leading to metastasis 

(He et al., 2015). They demonstrated that this was triggered by the activation of 

PI3K/Akt signalling pathway.  We are reporting for the first time that Akt mRNA 

level of expression in the exosomes is associated with mitochondrial bioactivity and 

reflect their level of expression in their parent VSM cells.  

Another mRNA detected in the exosomes isolated from VSM cells was 4EBP1 

which is an mTOR downstream translation inhibitor. 4EBP1 interacts with the 

translation initiation factor 4E (eIF4E). Upon phosphorylation, 4EBP1 dissociates 

from eIF4E and results in mRNA translation and protein synthesis which drives 

cellular proliferation (Shveygert et al., 2010). We saw a small increase in the 4EBP1 

mRNA in exosomes isolated from cells stimulated with PDGF for 72 hours and a 

decrease in their level following mitochondrial inhibition using MDivi-1 in 

comparison to its level in exosomes isolated from contractile VSM cells. What was 

significant was the increase in 4EBP1 mRNA level in the synthetic phenotype 

following 21 days in culture to ~ 7 fold. 4EBP1 mRNA found in exosomes was 

almost abolished when the mitochondrial activity was inhibited in Rho cells. This 



Chapter 5                            Mitochondrial Regulation of Exosomal MicroRNA Cargo 

212 
 

finding could suggest that the level of 4EBP1 is increased upon long term activation 

regardless of their status whether they are in an active phosphorylated state or 

inactive non-phosphorylated state. They are then transported to the target cell and in 

the presence of other stimulants, they are phosphorylated and result in the activation 

of mTOR signalling pathway. Their higher level of expression in exosomes isolated 

from 21 day cultured cells means that target cells become more vulnerable to any 

growth stimulant that would activate the phosphorylation of higher level of 4EBP1 

than normal cells. The presence of EIF3A gene was previously reported in 

hepatocellular carcinoma-derived exosomes (He et al., 2015). The study found that 

the mRNA content of exosomes derived from hepatocellular carcinoma cells 

triggered PI3K/Akt signalling pathways and increased secretion of MMP-2 and 

MMP-9. This has led to the increase of mobility of normal hepatocytes and resulted 

in metastasis. The increase levels of PI3K, Akt and 4EBP1 in exosomes isolated 

from PDGF stimulated cells and 21 day phenotypically switched cells could be the 

trigger that promote the proliferation and migration of the recipient VSM cells. The 

transport of these genes in neighbouring VSM cell through exosomes could lead to 

the activation of PI3k/Akt/mTOR signalling pathway which induces VSM cell 

proliferation and migration. 

Varying levels of the cell cycle inhibitor gene cdkn2a was also detected in exosomes. 

This gene codes for proteins that act as tumour suppressors and initiates apoptosis 

(Bai et al., 2016). Cdkn2a is an important gene that was found to be decreased in 

level in cancer (Bai et al., 2016). Overexpressing Cdkn2a in human melanoma cells 

resulted in a suppression of proliferation and migration of these cells. The level of 

pro-apoptotic genes in exosomes were previously seen to vary in tumour cells 

(Galluzzi et al., 2012). Exosomes released by tumour cells have been shown to 

protect tumours from cell death and enhance cell proliferation signalling pathway 

(Galluzzi et al., 2012). Thus we aimed to identify if cdkn2a was present in exosomes 

isolated from VSM cells cultured under different conditions. The level of cdkn2a 

measured in exosomes isolated from PDGF stimulated cells was reduced by half and 

was almost abolished in exosomes isolated from 21 days cultured cells. However, 

exosomes isolated from mitochondrial-depleted Rho cells contained double the level 

of cdkn2a in comparison to exosomes isolated from contractile cells. Decreased level 
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of this gene in the stimulated VSM cell released exosomes could contribute in part to 

the loss of cell cycle inhibition and results in an unregulated cell cycle progression 

and proliferative state. A previous study has highlighted that exosomes isolated from 

bladder cancer cells contained higher levels of Bcl-2 and cyclin D1 compared to 

normal cells (Yang et al., 2013). In this study the authors concluded the increase of 

anti-apoptotic genes and cell cycle regulatory genes promoted a cellular proliferative 

state conducive to tumour cell growth. In our experiments, the increased level of 

cdkn2a contained in Rho cells could theoretically contribute to the inhibition of cell 

cycle progression in the recipient cells. Again this highlights the selectivity and 

functionality of the mRNAs enclosed in exosomes isolated from VSM cells (Braicu 

et al., 2015).  

When the mitochondrial activity was inhibited pharmacologically by using MDivi-1 

or non-pharmacologically by generating Rho cells, the content within the exosomes 

favours cell cycle inhibition which may go some way to explaining the reduction in 

proliferation measured. These findings infer that the mRNA content of exosomes is 

related to mitochondrial bioactivity.   

5.25 Effect of mitochondrial inhibition on exosomal miRNA cargo in VSM cells: 

A significant number of exosomal miRNAs involved in cellular proliferation have 

been identified in cancer which helped in understanding the molecular mechanism of 

cancer development including miR-21 and miR-96 (Katsuda et al., 2014, Wu et al., 

2016). To date assessment of exosomal miRNA in a model of vascular injury/ VSM 

cell proliferation has not been undertaken. Thus, we identify miRNA cargo in the 

exosomes isolated from our experimental culture conditions and assessed any 

correlation with our previous results. We also wanted to see if mitochondrial 

bioactivity has an effect on the exosomal miRNA cargo. Results highlight that both 

miR-21 and miR-145 were present in exosomes isolated from all culture conditions. 

The level of miR-21 was almost 9 fold higher in exosomes isolated from 21 days 

cultured cells when compared to its level in exosomes isolated from contractile VSM 

cells. However, the level of miR-21 in exosomes isolated from Rho cells is almost 

similar to the background level. The presence of miR-21 was previously reported to 

be higher in level in circulating exosomes of lung cancer patients compared to 
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control subjects (Rabinowits et al., 2009). The study also reported that the total level 

of miR-21 isolated from the tumour was subsequently found to be derived from 

exosomes. The increase in miR-21 we measured in exosomes isolated from PDGF 

stimulated cells and 21 days cultured phenotypically switched cells correlates, in 

terms of total miR-21, with what we measured in VSM cell lysates. The expression 

of miR-21 increased in response to stimulation with PDGF and FCS. What was 

surprising was that the level of miR-21 expression returned to near baseline levels 

when mitochondrial dynamics were inhibited with MDivi-1 or culture of Rho 

(mitochondrial incompetent) cells. These observations again clearly link 

mitochondria in miR-21 synthesis and exosomal trafficking. Upon arrival in recipient 

cells, exosomes transfer their cargo of miRNA where they exert their biological 

effect. miRNAs carried in exosomes were previously reported to be functional in the 

recipient cell (Pegtel et al., 2010). miRNAs isolated from T-cell exosomes were seen 

to inhibit the expression of their target genes in dendritic cells (Mittelbrunn et al., 

2011). However, when exosomes were inhibited by targeting sphingomyelinase-2, 

the transfer and functionality of miRNA was lost.  

Level of exosomal miR-145 was also seen to be altered by mitochondrial dynamics 

and bioactivity. Level of expression in exosomes isolated from PDGF stimulated and 

21 days cultured cells were both decreased by almost half in comparison to exosomes 

isolated from freshly isolated wild type cells. The level of miR-145 was significantly 

increased to almost 3 fold in both PDGF stimulated with MDivi-1 treatment as well 

as mitochondrial-incompetent Rho cells. This again correlates well with our previous 

observation that miR-145 expression within the cell is influenced by mitochondrial 

activity. The presence of miR-143 in exosomes isolated from pulmonary artery 

smooth muscle cells (PASMCs) has previously been reported by Deng et al (2015). 

They found that transfecting PASMCs with miR-143 resulted in an enrichment of 

miR-143 in the secreted exosomes. Functional analysis also showed that co-

incubating miR-143 enriched exosomes with PASMC cells resulted in an increase in 

cell proliferation and migration (Deng et al., 2015).  

These findings along with mRNA findings suggest that exosome-mediated transfer 

of mRNAs and miRNAs are significant mechanism of genetic exchange between 
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cells (Valadi et al., 2007). The exosomal content and level of expression of mRNA 

and miRNA is clearly regulated by mitochondrial bioactivity as described by our 

results. 

5.26 Effect of mitochondrial inhibition on exosomal protein cargo in VSM cells: 

Different exosomal protein cargo has been reported previously in VSM cells. 

Proteins involved in growth signalling pathway, extracellular matrix formation, focal 

adhesion and cell growth have been reported to be increased in expression within 

exosomes isolated from activated VSMCs when compared to quiescent cells 

(Comelli et al., 2014). 

In this aspect of the project, exosomal protein content was studied. As predicted, 

depending on culture conditions there was a broad difference in exosomal protein 

cargo. From freshly isolated (wild type/control) cells 46 proteins were detected in 

exosomes isolated from contractile cells out of which 21 proteins were only found in 

contractile cells but not the other treatments. 55 different proteins were detected in 

exosomes isolated from 21 days cultured cells out of which 39 proteins were unique 

for this condition. 57 different proteins were detected in exosomes isolated from 

mitochondrial-depleted Rho cells out of which 30 proteins were uniquely contained 

in this treatment but not the other treatments.  Only 8 proteins were seen to be 

commonly present in all the three treatments. Previous studies have identified 

differences in exosomal protein, miRNA and mRNA cargos between different 

treatment conditions. Protein cargo of exosomes isolated from melanoma tumour 

cells was found to be different than the protein content in normal melanocytes (Xiao 

et al., 2012). The proteins carried in melanoma-derived exosomes including 

HAPLN1 and annexin were associated with melanoma progression and metastasis. In 

our work, the level of proteins was seen to be different in each treatment. Isoform of 

ATP-synthase subunit F, which is a mitochondrial protein, and translation 

machinery-associated protein 7 were seen to be almost 5 fold and 11 fold 

respectively higher in 21 days in comparison to mitochondrial-depleted Rho cells. 

This is due to the increased demand for energy in hyper proliferative cells (Yoshida 

et al., 2005). Inhibiting mitochondria limits ATP supply to cells which is partly 

responsible for the reduction in proliferation seen after mitochondrial inhibition. This 
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is seen in the reduced level of ATP-synthase protein in exosomes isolated from 

mitochondrial inhibited VSM cells.  

An interesting protein associated with VSMCs phenotypic switch is Krupple like 

factor (Kawai-Kowase and Owens, 2007) which is seen to be contained in exosomes 

isolated from 21 days and almost not present in exosomes isolated from 

mitochondrial-depleted Rho cells. Krupple like factor 4 suppresses the expression of 

VSM cell specific marker genes including smooth muscle α-actin and smooth muscle 

myosin heavy chain. Our finding supports that exosomes contribute to the 

phenotypic switch of VSM cells from contractile to synthetic partly through the 

transportation of proteins that promote this shift. Proteins that promote cellular 

phenotypic switch and induce migration were also found in exosomes isolated from 

pancreatic adenocarcinoma cells (Mu et al., 2013). The study found that exosomes 

isolated from pancreatic adenocarcinoma cells contained MMP2 and MMP9 which 

promoted cellular motility and invasiveness. Exosomes modulated the extracellular 

matrix by binding to individual components of the extracellular matrix resulting in its 

degradation.  

Cytochrome c is a mitochondrial protein that is important in the initiation of the 

apoptotic signalling pathway (Scorrano, 2009). This protein was previously 

associated with inhibition of VSM cell proliferation through the activation of caspase 

3/7 and modulation of the apoptotic proteins including Bax/ Bcl-2 (Guo et al., 2007). 

In our study, cytochrome c was seen to be 3 fold higher in mitochondrial-depleted 

Rho cells compared to 21 days cultured cells. This is consistent with our previous 

western blot finding on the effect seen on cytochrome c expression following 

mitochondrial inhibition with MDivi-1 (Chapter 3). Interestingly, proteins involved 

in cell-cycle inhibition and apoptosis were found to be transported by exosomes 

isolated from mitochondrial-depleted cells including cytochrome c oxidase, cell-

cycle control protein and PI3K interacting protein. The presence of PI3K interacting 

protein in exosomes isolated from Rho cells could be responsible in part for the 

downregulation of PI3K signalling pathway. This reduction then results in inhibition 

of VSM cell proliferation (Goncharova et al., 2002). This suggests that the exosomal 

protein cargo isolated from mitochondrial-depleted Rho cells contributes to the 
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inhibition of VSM cells by working on different pathways including cell-cycle 

inhibition, promotion of apoptosis and inhibition of PI3k/ mTOR signalling pathway. 

This is in keeping with our previous findings that mitochondrial bioactivity promotes 

VSM cell through the regulation of cell-cycle inhibition/ apoptosis signalling 

pathways. This is strong evidence that exosomal cargo of proteins changes 

depending upon VSM cell culture conditions which reflects mitochondrial 

biogenesis. This in turn has a consequent effect on the recipient cells to either change 

its phenotype from contractile to synthetic and drives the growth of VSM cells or 

vice versa.  

All exosomal data support that mitochondrial bioactivity plays a major role in 

determining exosomal cargo including mRNAs, miRNAs and proteins. Mitochondria 

determine the level of expression of genes and proteins involved in the initiation and 

progression of VSM cell proliferation and migration. These proteins, mRNAs and 

miRNAs are then transported to other cells where they exert their proliferative effect 

by stimulating signalling pathways including PI3K/ mTOR and cell-cycle pathway or 

inhibiting apoptotic intrinsic signalling pathway. Inhibiting mitochondrial bioactivity 

could then result in less expression of mRNAs and proteins involved in the 

progression of cell-cycle and PI3k/ mTOR signalling pathway. It also results in 

alteration of miRNA profile which regulates apoptotic signalling cascade therefore 

reduce VSM cell proliferation. These data are in keeping with our previous results 

that inhibiting mitochondria results in an inhibition of VSM cell proliferation and 

migration through PI3K/Akt/mTOR signalling pathway by initiating apoptosis and 

inhibiting cell cycle progression. This was found to be regulated by miR-21 and 

miR-145 expression within the cell which is also found to be transported from one 

VSM cell to another via exosomes. 

The functionality of exosomal cargo has been investigated by many research groups 

mainly in cancer models. Many reports revealed evidence of cellular function 

modulations in cancer cells by secreted exosomes (Katsuda et al., 2014). We are 

demonstrating for the first time that the content of the exosomes isolated from VSM 

cell is tightly regulated by mitochondrial function. 
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Summary of the primary experimental findings reported in this chapter: 

- Mitochondrial bioactivity influences exosomal release, protein concentration 

and RNA yield in exosomes. 

- Exosomes isolated from mitochondrial incompetent Rho VSM cells contain 

high level of miR-145 which correlate with the anti-proliferative effect on 

VSM cells reported. 

- Exosomes isolated from 21-day phenotypically switched cells contain high 

level of miR-21 which correlates with VSM cell proliferation reported 

- Exosomes isolated from mitochondrial incompetent Rho VSM cells contain 

higher levels of genes that induce apoptosis and cell cycle arrest. 

- Exosomes isolated from 21-day phenotypically switched cells contain high 

levels of genes that are involved in the initiation of mTOR signalling pathway 

including PI3K, Akt and 4EBP1. 

- Proteins required for energy supply and phenotype switching of VSM cells 

including ATP Synthase and KLF4 were found in exosomes isolated from 21-

day phenotypically switched cells. 

- Proteins involved in the inhibition of PI3K including PI3K interacting protein 

were found in exosomes isolated from mitochondrial incompetent Rho VSM 

cells 
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Three different layers of the blood vessel including the intima, the media and the 

adventitia are involved in the initiation and activation of cardiovascular diseases at 

different degrees. The cells contained in these three layers adapt to different stimulus 

including growth factors and high blood pressure. This adaptation results in a change 

in the cellular phenotype and functions of the endothelium, VSM and adventitia. 

Dysfunctional layers result in an increase in the release of endothelial adhesion 

molecules, reduction in eNOS and increase in the production of adventitial ROS 

which negates the effect of the endothelial derived NO and inhibits vessel relaxation. 

Furthermore, dysfunctional VSM cells become hyper-proliferative and migratory. 

These changes in the phenotypes can result in the development of vascular 

atherogenesis and re-stenosis.   

Different pharmacological and non-pharmacological approaches have been adapted 

in an attempt to reduce the incidence of atherosclerosis development and re-stenosis 

following PCI intervention. This includes gene therapy using antisense 

oligonucleotides to achieve cytostatic effect of specific transcription factors involved 

in cell cycle progression (Kutryk et al., 2002). Drug eluting stents is the preferable 

method for treating atherosclerosis and re-stenosis following PCI. Different drugs 

have been used to coat these stents including rapamycin and paclitaxel. Despite 

advances in technology and drug development, stenting remains problematic because 

of the side effects associated with rapamycin and paclitaxel including de-

endothelialisation and thrombosis. Therefore, the aim of this study was to define 

mitochondrial role in the VSM cell proliferative and migratory phenotype and its 

relationship to atherogenesis which could provide a novel therapeutic strategy for 

atherosclerosis and re-stenosis through targeting mitochondrial bioenergetics and 

bioactivity needed for the proliferative and migratory VSM cell without affecting 

wild type normal cells.     

Different signalling pathways are involved in the initiation and progression of 

atherosclerosis and re-stenosis. Activation of MAPK, mTOR, NFκβ and AMPK have 

all been implicated in VSM cell proliferation and migration. It has been previously 

demonstrated that inhibiting these signalling pathways can lead to a reduction in the 

proliferative and migratory capacity of VSM cells that ultimately slow the 
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progression of atherosclerosis and restenosis (Omura et al., 2005). However, due to 

the unwanted effect that these inhibitors have on healthy cells, there is a need to 

study the involvement of other potential signalling pathways that could offer new 

therapeutic targets with fewer off-target effects.   

In this work, we have demonstrated that inhibiting mitochondrial fission results in an 

inhibition of VSM cell proliferation and migration in an in-vitro setting which was 

closely associated with the change in mitochondrial morphology from fragmented 

mitochondria to fused mitochondrial network. We have also demonstrated that 

inhibiting mitochondrial fission resulted in a reduction in the wall thickness of the 

blood vessel seen following balloon injury. The decrease in wall thickness and the 

maintenance of the lumen size resulting from mitochondrial division inhibition could 

potentially be another option for more targeted drug eluting stent that is safer to use 

and has better success rate. These results were also verified by generating 

mitochondrial-depleted Rho cells which showed less proliferative and migratory 

capacities when compared to VSM cells cultured for 21 days. This approach has 

helped understand the role of mitochondrial bioactivity in the process of VSM cell 

proliferation and migration since mitochondria respond to the increased demand for 

cellular energy required for proliferation and migration by changing their 

morphology and dividing into smaller fragmented mitochondria (Lackner, 2014). 

Mitochondria form their network to enable them to maintain their DNA, distribute 

ATP and calcium evenly in the cell. The same effect of inhibiting neo-intima 

formation following balloon angioplasty was seen when the aorta was cultured with 

the fission inhibitor MDivi-1 and in culture conditions with ethidium bromide, 

uridine and sodium pyruvate to inactivate ATP production. These observations 

support the hypothesis that mitochondrial fission in response to increased 

mitochondrial bioactivity is an essential step in the progression and development of 

atherosclerosis and restenosis. 

To understand the molecular mechanism behind the reduction in VSM cell 

proliferation and migration seen in response to mitochondrial inhibition, the 

expression of proteins that regulate MAPK and mTOR signalling pathways showed 

that the reduction in VSM cell proliferation and migration following mitochondrial 
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inhibition is independent of ERK1/2. However, the deactivation of mTOR effector 

proteins including Akt and 4EBP1 following mitochondrial inhibition suggests the 

mTOR signalling pathway is likely involved. This is in keeping with known mTOR 

function of regulating protein synthesis and activation of cell cycle following 

stimulation (Efeyan and Sabatini, 2010). This in turn activates mitochondrial 

bioactivity to produce more energy required for protein synthesis. Inhibiting 

mitochondrial fission using DRP1 inhibitor MDivi-1 locked the cell cycle at G2/M 

phase. Division of mitochondria during VSM cell proliferation and migration 

requires the activation of DRP1 by mitosis regulators cyclin B1/ cyclin dependent 

kinase1 (CDK1). Activation of mTOR cascade is important for the progression of the 

cell cycle and the disruption caused by mTOR deactivation following DRP1 

inhibition is the result of cyclin B1/ CDK1 dysregulation. This further supports that 

the reduction in VSM cell proliferation and migration following mitochondrial 

inhibition is due to the prevention of mitotic fission and cell cycle arrest. 

To further investigate potential mitochondrial genes involved in the phenotypic 

switch of VSM cells, we conducted gene profiling study on contractile VSM cells 

and compare it with mitochondrial genes expressed in synthetic VSM cells and 

mitochondrial-depleted Rho cells. Results indicated that there is a change in the gene 

expression of mTOR signalling, cell cycle genes, apoptotic genes, mitochondrial 

transporter genes and ROS scavenging genes. The increase in Akt gene following 

stimulation and the decrease following mitochondrial inhibition agrees with our 

previous finding of the involvement of mTOR signalling pathway. The inhibition of 

cell cycle inhibitor genes cdkn2a and TP53 in the stimulated cells and the increase in 

their expression following mitochondrial inhibition is in keeping with cell 

proliferation data presented in Chapter 3. This was also accompanied with an 

increase in the expression of apoptotic genes Bnip3 and Pmaip1 suggesting an 

activation of the apoptotic signalling pathway which we also demonstrated. Other 

genes involved in the transportation of molecules across mitochondrial membrane 

between the cytosol and mitochondria showed an increase in their expression in the 

synthetic cells and a decrease in the Rho cells including Hsp90aa1, Hspd1, Mtx2, 

sh3glb1 and slc25a16. This might explain the restriction in the movement of 

important molecules needed for the activation of proliferation cascade from the 
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mitochondria which contributes to the effect seen on proliferation following 

mitochondrial inhibition. Moreover, ROS scavenging genes SOD1 and SOD2 were 

reduced in the 21days cultured cells and increased in the Rho cells. Collectively, 

these findings strongly suggest that mitochondrial bioactivity is important for the 

synthesis of genes involved in the progression of VSM cell proliferation and 

migration. These findings also suggest that the inhibition of mitochondrial bioactivity 

contributes to the reduction in the synthesis of these genes which leads to inhibition 

of VSM cell proliferation and migration.  

We also demonstrated for the first time that inhibition of mitochondria results in a 

change in the miRNA profile of the VSM cells which is directly linked to the 

proliferation and migration process. miR-21 and miR-145 were previously reported 

to be associated with VSM cell proliferation and migration (Albinsson and Sessa, 

2011). Our gene profiling revealed that the expression of miR-21 increased following 

stimulation of VSM cell proliferation and was decreased to normal level following 

mitochondrial inhibition. Results also highlight a decrease in the expression of miR-

145 following stimulation and an increase back to normal level following 

mitochondrial inhibition. These findings link mitochondrial bioactivity with the 

expression of miRNAs involved in VSM cell proliferation and migration. And 

because miRNAs are negative regulators of gene synthesis, we investigated the 

potential targets for miR-21 and miR-145 based on the gene profiling results 

obtained earlier from the phenotypically switched VSM cells cultured for 21 days 

and compared to the gene expression from mitochondrial-depleted Rho cells. 

miRNA transfection with miR-21 and miR-145 inhibitors and mimics revealed that 

there is a decrease in the cell cycle regulatory genes cdkn2a and P53 with miR-21 

mimic and an increase in their expression following transfection with miR-21 

inhibitor. This suggests that miR-21 could potentially target cell cycle inhibitory 

genes resulting in a progression of the cell cycle and proliferation. MiR-21 was also 

found to target SOD1 which is a gene responsible for ROS scavenging and when its 

absence could lead to ROS-driven proliferation. On the other hand, transfecting the 

cells with miR-145 mimic resulted in a decrease in Akt, PI3k, 4EBP1 and mTOR and 

an increase in their expression following transfection with miR-145 inhibitor. This 
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suggests that miR-145 potentially targets mTOR signalling genes and that’s why 

when the mitochondria are inhibited we see an increase in miR-145 expression which 

correlates with the decrease in mTOR activity and the reduction in proliferation and 

migration. To further validate this finding, we silenced mTOR using siRNA and 

transfected VSM cells with miR-145 inhibitor which previously showed an increase 

in VSM cell proliferation and migration. The results showed that there is no increase 

in VSM cell proliferation and migration seen following transfection with miR-145 

inhibitor when mTOR was silenced which demonstrates for the first time that miR-

145 targets mTOR and results in inhibition of VSM cell proliferation. This is closely 

regulated by mitochondrial bioactivity and any disruption to the mitochondria results 

in a change in miRNA profile which leads to a change in the expression of certain 

genes involved in the activation of proliferative signalling pathways including 

mTOR signalling pathway. 

We also demonstrated for the first time that mitochondrial bioactivity plays a very 

important role in transporting mRNA, miRNAs and proteins involved in proliferation 

and migration through exosomes. Total RNA and protein contained in exosomes was 

also influenced by the mitochondrial bioactivity suggesting a role for mitochondria in 

exosomes biogenesis as well as RNA and protein sorting in exosomes. Both RNA 

yield and protein concentration was reduced in exosomes isolated from Rho cells in 

comparison to exosomes isolated from contractile and synthetic VSM cells. 

Inhibiting mitochondrial bioactivity resulted in a change in exosomes content of 

mRNA, miRNA and protein in comparison to the stimulated cells. This change 

correlated with the results we obtained from gene profiling experiments for both 

mRNAs and miRNAs. 

Genes involved in the activation of mTOR signalling pathway including Akt, PI3K 

and 4EBP1 were all seen to be higher in level in exosomes isolated from synthetic 

VSM cell compared to exosomes isolated from contractile VSM cells. However, 

exosomes isolated from Rho cells contained lower level of mTOR signalling genes. 

Although the exact sorting mechanism is not fully understood, it is clear that the 

active status of mitochondria contributes in the process of exosomal cargo inclusion. 

The lower level of these genes in exosomes isolated from mitochondrial-depleted 
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Rho cells is a reflection of the low level of expression of these genes seen earlier 

following mitochondrial inhibition. This could also be a result of lower number of 

exosomes being released from mitochondrial-depleted Rho cells in comparison to the 

number of exosomes released by synthetic VSM cells.  

Interestingly, the level of cell cycle inhibitor gene cdkn2a in exosomes isolated from 

mitochondrial-depleted Rho cells is higher than its level in exosomes isolated from 

synthetic VSM cells. This again reflects the level of cdkn2a expression in Rho cells 

which is higher than the level of expression seen in synthetic VSM cells.  

Similarly, the level of miRNA enclosed in exosomes was influenced by 

mitochondrial activity in the same way the expression within the cell was influenced. 

The level of miR-21 in exosomes isolated from mitochondrial-depleted Rho cells 

was lower than the level in exosomes isolated from synthetic VSM cells. This is an 

indication that not only that miR-21 act on the parent cell, but they are also 

transported to other cells through exosomes where they exert the same effect on their 

targets and initiate VSM cell proliferation cascade. The low abundance of miR-21 in 

exosomes isolated from Rho cells suggest that inactive mitochondria influence the 

transportation of miR-21 to other cells and therefore their effect in activating VSM 

cell proliferation is limited if not completely abolished.  

Conversely, the level of miR-145 is higher in exosomes isolated from mitochondrial-

depleted Rho cells compared to exosomes isolated from synthetic VSM cells. This 

ties on with our previous finding that the expression of miR-145 in stimulated VSM 

cells is lower than the expression in VSM cells with inactive mitochondria. This 

suggest that during normal mitochondrial bioactivity, mitochondria responds to the 

growth stimulants by selectively including genes in exosomes that promote VSM cell 

proliferation and selectively exclude genes that inhibit proliferation. 

The proteins transported in exosomes were also affected by mitochondrial bioactivity 

in a similar way to the effect on nucleic acids. Exosomal proteins isolated from 

mitochondrial-depleted Rho cells were slightly different than proteins enclosed in 

exosomes isolated from synthetic proliferative VSM cells. The level of proteins 

involved in supplying cells with energy including isoform of ATP-synthase subunit 
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F, which is a mitochondrial protein, and translation machinery-associated protein 7 

were higher in exosomes isolated from synthetic VSM cells than exosomes isolated 

from Rho cells. This can be explained by the need for higher energy in cells 

undergoing proliferation and the role played by mitochondria in facilitating the 

transportation of exosomes and their contents from one cell to another.  

Inhibiting mitochondria clearly affects the transportation of these proteins which then 

leads to lack of energy in other cells inhibits proliferation. Krupple like factor 4 

(KLF4) which is a protein required for VSM cells phenotypic switch measured in 

exosomes isolated from synthetic VSM cells and not present in exosomes isolated 

from mitochondrial-depleted Rho cells. This novel observation supports the need for 

mitochondrial activity and ATP production to transport and supply other cells with 

the proteins associated with transformation from a contractile to a synthetic 

phenotype via exosomes. Finally, proteins needed for the deactivation of PI3K and 

cell cycle inhibition were highly expressed in exosomes isolated from mitochondrial-

depleted Rho cells. However, by comparison their abundance in exosomes isolated 

from synthetic VSM cells was significantly less.  

In conclusion, we can clearly see the effect of bioactive mitochondria in driving 

VSM cell proliferation and migration. Figure 6.1 summarises the main finding of the 

work described in this thesis. Looking at the molecular details, mitochondrial 

bioactivity is required for the synthesis of miRNAs that can target specific genes 

involved in the proliferation and migration. Mitochondrial function is a major 

determinant of the distribution factors that change VSM cells from a contractile to a 

synthetic phenotype through selectively choosing exosomal cargo of mRNA, miRNA 

and proteins. Therefore, inhibiting mitochondria in cells of a synthetic phenotype 

could be a potential cell focused therapeutic target that is specific as a consequence 

of phenotype, mitochondrial bioenergetics, exosomal transport and consequential 

effector mechanism inhibition in recipient cells.   
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Figure 6.1 shows a schematic diagram showing summary of the main findings of the 

project 

 
 

Study Limitations and Future Work: 

Although the results show an important role for mitochondria in regulating VSM cell 

proliferation and migration following stimulation, these findings are the results of 

cell based work and whole artery culture. This does not take into account the 

response initiated by the immune system in the body which is essential in 

atherosclerosis or re-stenosis following PCI injury. Therefore, the response we 
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reported in an in-vitro setting might differ from the response in an in-vivo setting. 

Thus, there is a need to move this work to a whole animal model. In a study 

conducted to assess the efficacy of stent based delivery of succinobucol which was 

previously seen to inhibit SMC proliferation through antioxidant and anti-

inflammatory properties, results showed that succinobucol coated stents increased 

neointimal formation and inflammation compared to bare metal stents and rapamycin 

coated stents (Watt et al., 2013).   

This work is taken further by undertaking next generation sequencing (NGS) of the 

three main conditions; freshly isolated VSM cells, 21 day cultured VSM cells and 

Rho cells. The results will give a better understanding of the genotype changes 

associated with the change in VSM cell phenotype. This might offer known and 

potentially unknown therapeutic targets. Another work which is currently in the 

process is next generation sequencing (miRnome) of the exosomal miRNA content 

for exosomes isolated from freshly isolated VSM cells, 21 day cultured VSM cells 

and Rho cells. This will also offer a better insight on the effect of the exosomal 

miRNA content in the recipient VSM cells and can provide a wider picture of the 

genes targeted by these miRNAs. Both cellular NGS genotyping and exosomal NGS 

for miRNA will provide potentially novel therapeutic targets for atherosclerosis and 

re-stenosis. 

This work can also be taken in the future into animal model to deliver exosomes 

locally using infusion catheter to the stenotic region of the blood vessel. This study 

can also be taken further by using drug eluting stent in an animal model to deliver 

anti-miRNAs which will be identified from the current NGS study. 
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