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Abstract: 

Remodeling of the pulmonary arteries with proliferation and migration of 

pulmonary arterial smooth muscle cell (PASMC) is the hallmark of pulmonary 

hypertension, a proliferative disease with poor prognosis, which is exacerbated by 

hypoxic conditions. Hyperproliferation of PASMC underlies the failure of current 

therapy directed at vasodilation. Therefore, more direct anti-proliferative treatment, 

which targets the pulmonary vasculature is urgently sought. Signalling mechanisms 

that cause these cells to proliferate during hypoxia remain unclear. Recent studies 

highlight the role of mitochondrial alteration in PASMC of pulmonary 

hypertension, which is characterized by the glycolysis shift in metabolism and the 

increase in mitochondrial fragmentation that is also observed in cancer. 

 

The work presented in this thesis describes the influence of the mitochondria 

(particularly mitochondrial fission) on cell proliferation and migration of PASMCs 

during a short period of hypoxia and identifying the mitochondrial-dependent 

signalling in response to platelet-derived growth factor (PDGF) and hypoxia. Aims 

were first to determine the appropriate model of hypoxia-induced cell proliferation 

among different degrees of hypoxia. The second aim was to investigate the role of 

the mitochondria in regulating cell proliferation and migration using the established 

hypoxic cell model (3% O2). 

 

PASMCs were isolated from Sprague-Dawley rats. Cells were maintained under 

hypoxia for 24 h and compared with normoxic cultures. Cell proliferation was 

measured by [
3
H]-thymidine incorporation assay. The effect of mitochondrial 

inhibition was studied using mitochondrial dynamin-related protein-1 (DRP1) 

inhibitor Mdivi-1 (10 μM). The signalling proteins and genes were measured by 

Western blot and real-time qPCR techniques, respectively. Mitochondrial functions 

were assessed by measuring ATP level, reactive oxygen species (ROS; superoxide 

and H2O2) production, and cellular apoptosis. Mitochondrial morphology was 

examined using an epi-fluorescence microscope. 

 

During hypoxia, data show PDGF significantly enhances cell proliferation, HIF1α 

expression, and promotes mitochondrial dysfunction by decreasing mitochondrial 
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fission, ATP, ROS (H2O2 release) and cellular apoptosis, which all exhibit the 

proliferative/apoptotic-resistant phenotype of PASMCs compared to PDGF 

stimulated cells in normoxia. In comparison to hypoxic background cells (cells 

quiesced with 0.1% FCS and maintained in 3% O2), PDGF caused a reduction in 

DRP1 expression and mitochondrial fragmentation, an increase in mTORC1 

expression and a decrease in hypoxic genes (HIF1α and FIH-1).  

 

Interestingly, despite the reduced DRP1 expression and the presence of elongated 

mitochondria that were observed in the PDGF stimulated cells during hypoxia, 

inhibiting mitochondrial fission in these cells with Mdivi-1 slows cell proliferation 

and migration. It causes further reduction in HIF1α and DRP1 expression, promotes 

hyper-fused mitochondria, upregulates FIH-1 gene expression, inhibits mTORC1 

expression and recovers the mitochondrial function possibly via increasing 

mitochondrial COX-II and ATPase 6 gene expression. Taken together, these data 

suggest PDGF under hypoxic conditions increases mTORC1 which could control 

mitochondrial fission and hypoxic genes (HIF1α and FIH-1) and significantly 

stimulates cell proliferation. However, DRP1 still seems essential in regulating cell 

proliferation. 

 

Therefore, the effect of mTORC1 knockdown in PDGF stimulated cells during 

hypoxia was studied to confirm the role of mTORC1 in mediating cell proliferation. 

Knockdown of the mTORC1 gene caused a significant decrease in cell proliferation 

associated with an increase in DRP1, HIF1α and FIH-1 gene expression. Finally, 

the inhibitory mechanism of Mdivi-1 following mTORC1 knockdown was studied. 

Mdivi-1 caused further reduction in cell proliferation, an increase in HIF1α gene 

and a decrease in FIH-1 expression in cells treated with siRNA against mTORC1. 

The results also showed Mdivi-1 enhanced HIF1α and FIH-1 expression and 

decreased mTORC1 expression in hypoxic background cells. Taken together, 

Mdivi-1 inhibits PDGF induced cell proliferation during hypoxia by increasing 

FIH-1, which is responsible for HIF1α degradation, via its direct inhibitory effect 

on mTORC1. 
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Pulmonary Hypertension 

1.1 Definition and Classification 

Pulmonary hypertension is clinically defined as occurring when the mean 

pulmonary arterial pressure (mPAP) is greater than 25 mmHg at rest or higher than 

30 mmHg during exercise (Badesch et al., 2009). This is almost twice as high as the 

normal range (14-20 mmHg) of the mean PAP that is found in a normal person. In 

all randomised controlled trials the measurement of this value is the most common 

way to identify patients with pulmonary arterial hypertension (PAH) (Humbert et 

al., 2013). An increase in vascular resistance and cardiac pressure, which result 

from pulmonary arterioles narrowing, are considered primary features of pulmonary 

hypertension. The narrowing of the pulmonary artery is due to excessive 

proliferation of pulmonary artery smooth muscle cells (Rabinovitch, 2008). An 

increase in the pulmonary arterial pressure leads to right ventricular hypertrophy, 

which eventually causes right heart failure and death. 

 

The Fifth World Symposium (2013) on pulmonary hypertension categorized 

pulmonary hypertension into five clinical classifications (Table 1.1). Each category 

shares common pathophysiological features. However, the reason for classifying 

the diseases into categories was to identify the aetiological factors associated with 

pulmonary hypertension in each situation and to improve the therapeutic options. 

 

1.2 Pulmonary Arterial Hypertension (PAH) 

Group 1, pulmonary arterial hypertension (PAH), comprises a life-threating form of 

the disease, which is characterized by pulmonary vascular remodeling and a 

subsequent increase in pulmonary vascular resistance (Archer et al., 2010). The 

measurement of pulmonary wedge pressure (PWP), using an inserted pulmonary 

catheter with an inflated balloon into a small pulmonary arterial branch, is 

considered an important tool for differentiating between groups. Pulmonary arterial 

hypertension (PAH) is recognized with a pulmonary wedge pressure of < 15 mmHg 

which is classified as pre-capillary pulmonary hypertension (Simonneau et al., 

2009, Galie et al., 2009a). Right cardiac catheterisation is used to confirm the 

diagnosis of pulmonary hypertension. The most common symptoms of PAH are 
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chest pain, shortness of breath, fatigue and syncope. However, these symptoms do 

not frequently appear at an early stage and they could occur at a later stage of the 

disease. Studies have claimed that it can take up to two years to detect and diagnose 

the disease (Humbert et al., 2006, Badesch et al., 2009). This means that PAH 

diagnosis often occurs when the disease has developed and become extremely 

severe. Moreover, patients with pulmonary hypertension are also classified into 

four groups depending on the severity of their manifestations of the disease and 

their ability to carry out physical tasks using the New York Heart Association 

(NYHA) scale on heart failure (Table 1.2). Class I represents the earliest stage of 

PAH, whereas Class IV includes patients with right heart failure. The purpose of 

this classification is to identify the severity of pulmonary hypertension and the 

impact on the heart. This classification can help in predicting the patient’s life 

expectancy. For example, the survival time of patients with Class III is 2.5 years, 

whereas it decreases significantly to 6 months in patients with Class IV (D'Alonzo 

et al., 1991). The incidence of the disease in the United Kingdom and Northern 

Ireland is approximately 1.1 cases per million annually and prevalence of 6.6 cases 

per million in 2009 (Ling et al., 2012). In Scotland it accounts for about 7.1 cases 

per million annually whereas the prevalence is predicted to be 26 cases per million 

in 2005 (Peacock et al., 2007). However, the worldwide prevalence of the disease is 

difficult to estimate because of the lack of accurate diagnosis and the accessibility 

to hospitalization data is restricted in many regions (Archer et al., 2010). Moreover, 

it has been reported that females are more likely to develop PAH compared to 

males with a ratio of 4.3: 1 (Walker et al., 2006).  
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1    Pulmonary arterial hypertension 

1.1 Idiopathic 

1.2 Heritable 

1.2.1 Bone morphogenetic protein receptor type 2 (BMPR2) 

1.2.2 Activin receptor-like kinase 1 (ALK1), endoglin (ENG), SMAD 

family member 9 (SMAD9), caveolin 1 (CAV1), potassium two pore 

domain channel subfamily K member 3 (KCNK3) 

1.2.3 Unknown 

1.3 Drug and toxin-induced  

1.4 Associated with  

1.4.1 Connective tissue disease 

1.4.2 Portal hypertension 

1.4.3 HIV infection 

1.4.4 Congenital heart diseases 

1.4.5 Schistosomiasis 

1 ̓ Pulmonary veno-occlusive disease and/or pulmonary capillary hemangiomatosis  

1ˮ Persistent pulmonary hypertension of the newborn (PPHN) 

1 Pulmonary hypertension due to left heart disease 

2.1 Left ventricular systolic dysfunction 

2.2 left ventricular diastolic dysfunction 

2.3 Valvular disease 

2.4 Congenital/acquired left heart inflow/outflow tract obstruction and 

congenital cardiomyopathies 

2 Pulmonary hypertension due to lung diseases and /or hypoxia 

3.1 chronic obstructive pulmonary disease (COPD) 

3.2 Interstitial lung disease 

3.3 Other pulmonary disease with mixed restrictive and obstructive patterns 

3.4 Sleep-related breathing behaviour 

3.5 Alveolar hypoventilation disorders 

3.6 Chronic exposure to high altitudes 

3.7 Developmental lung disease 

4 Chronic thromboembolic pulmonary hypertension (CTEPH)  

5 Pulmonary hypertension with unclear multifactorial mechanisms 

5.1 Hematologic disorders: chronic haemolytic anaemia, splenectomy 

5.2 Systemic disorders: sarcoidosis, pulmonary histiocytosis 

5.3 Metabolic disorders: glycogen storage disease, Gaucher disease, thyroid 

disorders 

5.4 Others: tumoral obstruction, fibrosing mediastinitis, chronic renal failure 

 

Table 1.1 WHO classification of pulmonary hypertension. Adapted from 

(Simonneau et al., 2013). 
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Class       Description       

I                 Ordinary physical activity does not cause any symptoms/ patients  

                     without limitation of physical activity  

II                 Symptoms are associated with ordinary physical activity/ patients have  

                     mild limitation of physical activity 

III                 Symptoms with less than ordinary activity/ patients have  

                     marked limitation of physical activity  

IV                 Symptoms exist at rest and with any activity/ patients are unable to  

                     perform any physical activity without symptoms   

 

 

Table 1.2 NYHA/WHO classification of the functional status of patients with 

pulmonary hypertension. Adapted from (McLaughlin and McGoon, 2006). 

 

1.3 Structure of pulmonary vascular wall 

The pulmonary vascular wall consists of three main layers: the tunica adventitia, the 

tunica media and the tunica intima. 

 

1.3.1 Tunica Adventitia 

The outermost layer is known as the tunica adventitia, which contains adventitial 

fibroblasts, elastin and collagen (Stenmark et al., 2006a). The importance of the 

cellular components within the adventitia is to support the structural integrity of the 

vascular wall. 

 

1.3.2 Tunica Media 

The thickest layer of the pulmonary vascular wall is termed as the tunica media. It 

includes pulmonary artery smooth muscle cells (PASMCs) organized in a matrix of 

elastin fibers and collagen, which provide their strength. The main function of the 

smooth muscle cells is vessel contraction and they have a major role in maintaining 

the vascular tone and the blood pressure (Frid et al., 1997). These cells can present 
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different phenotypes including their shape, their proliferative and migratory rates 

and the expression of various marker proteins, which all depend on their functions 

(Bochaton-Piallat and Gabbiani, 2005). For example, spindle shaped smooth 

muscle cells with a low rate of proliferation and migration refer to the contractile 

(quiescent) phenotype, whereas the other smooth muscle cells with a rhomboid 

cellular shape and higher proliferative and migratory rates characterise the synthetic 

phenotype, which is present during response to injury (Figure 1.1) (Milewicz et al., 

2010). The mechanisms contributing to the phenotypic conversion of smooth 

muscle cell (SMC) include signalling pathways/mediators such as platelet-derived 

growth factor (PDGF), transforming growth factor-β (TGF-β), tumour necrosis 

factor-α (TNF-α) and angiotensin II (Rensen et al., 2007). The isolated PASMCs 

from patients with pulmonary arterial hypertension show a remarkable resistance to 

the proteins which induce apoptosis such as bone morphogenetic proteins such as 

bone morphogenetic protein 2 (BMP2) and bone morphogenetic protein 7 (BMP7), 

and exhibits more proliferative and migratory phenotypes. This suggests the 

impaired apoptosis and the increased proliferation/ migration of PASMC can 

concomitantly mediate thickening of the pulmonary artery. Consequently, this 

results in vascular lumen occlusion and increased pulmonary vascular resistance 

(Voelkel and Tuder, 1997, Savai et al., 2014).  

 

 

 

 

 

 

 



Chapter 1                                                                                     General Introduction 

7 
 

 

 

 

 

Figure 1.1 Phenotypic changes in VSMC. The right side represents a 

differentiated/contractile smooth muscle cell phenotype, which has numerous 

contractile fibres. The left side shows a dedifferentiated/synthetic cell phenotype, 

which is able to proliferate, migrate and modify the extracellular matrix to repair 

the vessel wall in response to vascular injury. Adapted from (Milewicz et al., 2010). 

 

1.3.2.1 Phenotypic changes of resident PASMCs in response to hypoxia 

Damage to the endothelial cell basement membrane is considered as one the 

histological changes in the development of pulmonary hypertension (Stenmark et 

al., 1999). This damage facilitates the access of mitogens and growth factors, either 

from the serum or from adjacent endothelial cells, to the underlying smooth muscle 

cells and matrix, thus permitting a change in PASMC behaviour and function 

(Cowan et al., 2000). Pulmonary artery endothelial cells (PAECs) can directly 

affect the phenotype of PASMCs during PAH pathogenesis. They are capable of 

secreting growth factors that stimulate PASMC proliferation, such as PDGF and 

fibroblast growth factor-2 (FGF2), or they fail to produce factors that inhibit 

PASMC proliferation, such as apelin (Crosswhite and Sun, 2014). Moreover, 

inflammatory cells contribute to SMC hypertrophy and neointimal formation in 

PAH and can also produce proteins such as MMP-2, which degrade the 

extracellular matrix and release matrix-bound growth factors, such as basic 
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fibroblast growth factor (bFGF), which promote smooth muscle cell proliferation 

(Thompson and Rabinovitch, 1996).  

 

1.3.3 Tunica Intima 

The thin inner layer of the vascular wall is the tunica intima, which includes the 

endothelial cells (ECs) arranged as a monolayer on a connective tissue matrix. 

Endothelial cells are in direct contact with the blood in the vessel and regulate the 

lumen environment. They have the ability to modulate overall vascular tone by the 

release of several vasodilators and vasoactive substances (Aaronson et al., 2002). 

All cellular components within the pulmonary vascular wall act differently in 

modulating the vascular response to injury or stress.  

 

1.4 Pathophysiology of Pulmonary Hypertension 

Abnormal changes in the pulmonary arterioles phenotype leads to pulmonary 

vascular dysfunction, an increase in cardiac pressure and eventually right heart 

failure, which are all considered pathophysiological risk factors for the 

development of pulmonary hypertension. The presence of predisposing genetic 

factors, vascular stress, and environmental or biological mediators of vascular 

injury have a strong impact on cell-signalling pathway dysregulation, which 

ultimately affects the function and the structure of the pulmonary arterioles (Figure 

1.2). For example, hypoxia promotes higher vasoconstriction and causes apparent 

defects in Ca
2+

 and K
+
 balance within the PASMC, which lead to a reduction in the 

lumen size (Wang et al., 2005, Yuan et al., 1998). Another study on cultured 

PASMCs isolated from bovine showed vasoconstriction when the cells were 

exposed to hypoxia (Murray et al., 1990). The alteration of oxygen levels is 

assumed to be controlled by PASMCs, not PAECs. This was supported by a study 

by (Marshall and Marshall, 1992), which showed hypoxia can accelerate pulmonary 

vasoconstriction in arteries denuded of their endothelium. The action of both Ca
2+ 

and K
+
 ions within the cells plays a vital role in controlling vessel haemostasis. 

High levels of the cytosolic Ca
2+

 can trigger smooth muscle cell contraction 

(Somlyo and Somlyo, 1994). PASMCs exposed to hypoxia shows a decrease in K
+ 

channel activity, which can modulate intracellular Ca
2+ 

levels resulting in hypoxic 
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pulmonary vasoconstriction (Wang et al., 2007, Platoshyn et al., 2001, Sommer et 

al., 2008).  

 

 

 

 

 

 

 

 

 

Figure 1.2 Pathogenesis of PAH. Vascular stress (e.g. injury, hypoxic exposure or 

inflammation) to the small pulmonary arteries enhances the activity of adventitial 

fibroblasts and promotes SM and EC proliferation leading to hypertrophy of the 

medial and intimal layers of the pulmonary arterial wall. Vasoconstriction, vascular 

remodeling and endothelial dysfunction participate to form plexiform lesions in 

PAH. Adapted from (Grant et al., 2013). 
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1.4.1 Hypoxic Pulmonary Vasoconstriction: 

Vasoconstriction is considered as the main initiating factor in PAH pathogenesis. 

Hypoxic pulmonary vasoconstriction (HPV) is caused by alveolar hypoxia, which 

distributes pulmonary capillary blood flow to areas with high oxygen levels. This 

process highlights the inhibitory effect of hypoxia on K
+
 channel activation, which 

potentially results in Ca
2+

 influx, which enhances Ca
2+

 release leading to PASMC 

contraction (Di Mise et al., 2017). In addition, it has been reported that reactive 

oxygen species (ROS) were involved in HPV. For example, increased ROS levels 

were observed when PASMCs were exposed to hypoxia (Marshall et al., 1996). 

Moreover, it has been reported that excessive ROS, generated from the 

mitochondria within the PASMCs, were able to enhance cytosolic Ca
2+

 levels 

leading to HPV (Rathore et al., 2006). In addition, vasodilator pathways are 

reduced, while the mitogenic activity and vasoconstrictor pathways are increased in 

PAH patients. Continuous vasoconstriction caused endothelial cell dysfunction 

together with the reduced release of vasodilator agents. Nitric oxide (NO) and 

prostacyclin which are released by endothelial cells, were decreased during the 

early stage of the disease (Maron and Loscalzo, 2013). Endothelin-1 is an important 

cellular mediator associated with hypoxic pulmonary vasoconstriction. It is well-

known as a potent vasoconstrictor (Maguire et al., 2001, Giaid, 1998). It has been 

demonstrated that stimulation with ET-1 caused higher levels of hypoxia-induced 

vasoconstriction (Sham et al., 2000). Moreover, blocking of ET-1 receptors was 

found to inhibit the hypoxic pulmonary vasoconstriction process suggesting that the 

release of ET-1 by endothelial cells is required for PASMC to respond to hypoxia 

and the subsequent vasoconstriction (Liu et al., 2001, Oparil et al., 1995). Another 

cellular mediator involved in PAH is serotonin, which plays a major role in 

vascular cells mitogenesis (Ren et al., 2011). It has been reported that mitogen-

activated protein kinase (MAPK) signalling pathway, the main proliferative 

pathway in smooth muscle cells, is activated by the expression of the serotonin 

transporter found in hypertensive arteries (Eddahibi et al., 2001). Several pathways 

have also been identified to be linked with pulmonary vascular remodeling 

including changes in potassium channel expression, changes in vascular elastases 

stimulation, and upregulation of inflammatory cytokines (Humbert et al., 2004a). 

Therefore, it is necessary to improve the understanding of signalling pathways 
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involved in PASMC proliferation and vasoconstriction, which result from the initial 

causative cellular injury such as hypoxic exposure, in order to develop a valid 

therapeutic option for PAH. 

 

1.4.2 Pulmonary Vascular Remodeling 

As mentioned above, the initiation of endothelial cell dysfunction has a vital role in 

promoting PASMC contraction and vasoconstriction. Endothelial cell apoptosis is 

initiated during the early stages of pulmonary arterial remodeling. As PAH 

progresses, endothelial cells become apoptotic-resistant and proliferation increases 

alongside their damage (Sakao et al., 2009). Moreover, endothelial cells associated 

with PAH loose vasculo-protective factors such as nitric oxide and this increases 

the underlying vascular SMC contraction/ proliferation (Lin et al., 2016). 

 

The sustained vasoconstriction and the vascular remodeling of the pulmonary 

arteries are considered the main histopathological characteristics of pulmonary 

hypertension (Maron and Loscalzo, 2013, Stacher et al., 2012). These processes 

involve intimal thickening, apoptosis-resistant PAECs, proliferation, migration and 

increased glycolytic metabolism in PASMCs and an increase in fibroblasts within 

the vessel wall (Farber and Loscalzo, 2004, Abe et al., 2010, Archer et al., 2010). 

Histopathological abnormalities of vascular remodeling in PAH patients are shown 

in Figure 1.3 compared to the normal pulmonary artery. 
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Figure 1.3 Histological changes of pulmonary arteries observed in patients 

with PAH. A) Plexiform lesion characterized by obliteration of the lumen and 

hyper-proliferation of cells in diseased artery. B) Hypertrophy/hyperplasia of the 

medial layer in a moderate PAH patient. C) Fibrosis of the adventitia in a moderate 

PAH patient. D) A characteristic pulmonary artery in a human without PAH 

(normal). Adapted from (Cool et al., 2005). 

 

 

 

Remodeling commonly occurs in small distal pulmonary arteries.  In normal 

physiology, small distal pulmonary arteries are thin-walled vessels, not 

muscularised, and their medial smooth muscle is completely diminished. These 

arteries consist of endothelial cells and pericytes (undifferentiated smooth muscle 

cells) to aid the blood-gas exchange. However, during the early stages of PAH, 

tunica intima thickening can effect pericytes to differentiate into smooth muscle 

cells (Ricard et al., 2014). A vessel with hyper-proliferation of the PASMCs is 

defined as a vessel with a double elastic laminae, while a non-muscular vessel is 
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associated with a single elastic lamina. In the pulmonary artery, PASMCs can 

migrate to the terminal arterioles (Sheikh et al., 2014). In addition to proliferation 

and migration of PASMCs, upregulation of collagen and elastin synthesis also 

contributes to PASMC phenotypic changes and the development of pulmonary 

vascular remodeling (Hongfang et al., 2006, Todorovich-Hunter et al., 1988). The 

hypertrophic remodeling of large proximal pulmonary arteries combined with 

PASMC hyperplasia and adventitial fibrosis have resulted in a severe narrowing of 

the lumen and subsequent atrophic loss of many peripheral pulmonary arteries 

within the lung (Moledina et al., 2011). The effect of the loss of blood flow regions 

within the distal pulmonary arteries is termed “vascular pruning” and was 

confirmed in PAH patients (Figure 1.4) by arteriograms (Reid, 1986). 

 

 

 

 

Figure 1.4 Pulmonary Vascular Arteriogram. Pulmonary arteriogram obtained 

from a healthy adult lung (left) and from an idiopathic PAH patient lung (right). 

The extensive loss of the peripheral pulmonary vasculature “vascular pruning” was 

observed in PAH lung. Adapted from (Reid, 1986). 

 

 

Severe PAH can be recognized by the existence of neointima formations, which 

originates from the extracellular matrix and numerous cells located between the 

tunica intima and the internal elastic laminae (Yi et al., 2000). Neointima formation 
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is associated with the absence of endothelial cell markers and higher expression of 

the contractile marker α-smooth muscle actin (Yi et al., 2000). This suggests that 

these cells are more likely to be considered as SMCs. They may have formed from 

stem cells, fibrocytes or endothelial cells (Frid et al., 2002, Davie et al., 2004). 

Pulmonary vascular remodeling also affects the proximal pulmonary arteries. In the 

final stage of PAH, plexiform lesions are frequently detected, which are caused by 

hyper-proliferation and migration of endothelial cells surrounded by 

myofibroblasts, smooth muscle cells and connective tissue matrix  (Pietra et al., 

2004). Angiogenesis markers, such as vascular endothelial growth factor (VEGF) 

and VEGF receptors are increased in proliferating endothelial cells. In addition, 

platelet and fibrin thrombi frequently exist in plexiform lesions and both 

macrophages and inflammatory cells: T cells and B cells are also believed to be 

included in the progression of these lesions (Rabinovitch, 2008). Targeting 

proliferation, migration, inflammation and angiogenesis is thought to inhibit the 

pathological remodeling process and is considered an attractive therapeutic target 

for PAH. A schematic representation of the main pathological remodeling processes 

of the pulmonary artery is presented in Figure 1.5. 
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Figure 1.5 Schematic representation of the pathological remodeling processes 

of pulmonary artery. The figure shows the different pathological changes of 

pulmonary arterial remodeling. These include: (i) Muscularization of the distal 

pulmonary arteries, (ii) Medial thickening of the proximal pulmonary arteries, (iii) 

Extensive loss of distal arteries, (iv) Neointimal formation and pulmonary lumen 

occlusion, and (v) Formation of plexiform lesions. Adapted from (Rabinovitch, 

2008). 
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1.5 Current PAH therapeutics 

The complex multifactorial nature of the disease has impeded the development of 

PAH therapies. In addition, the incomplete understanding of various molecular 

signalling pathways involved in PAH, and the delayed detection of the disease due 

to the lack of symptomatic manifestations are the main reasons provided to explain 

why a specific treatment strategy cannot easily be identified. Despite the fact that 

current PAH therapies can apparently relieve patient symptoms and reduce the 

clinical deterioration rate, PAH remains an incurable disease (Galie et al., 2009b). 

 

The main pathways approved for PAH therapy include the endothelin, nitric oxide 

and prostacyclin pathways (Figure 1.6). The life expectancy of the patient is now 

improved in comparison to the 1980’s. According to the UK and Ireland National 

Institute of Health (NIH) registry, the mortality rate has decreased from 66% in the 

1980’s to 40% in 2012 (Rich et al., 1987, Ling et al., 2012). However, these 

mortality rates remain unacceptably high and the current therapies have many 

systemic side effects. Thus, there is great rational to consider new therapeutics 

directions. 
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Figure 1.6 Major signalling pathways approved for PAH therapy  

At the top of the figure, the transverse section of the pulmonary artery is shown. 

The figure displays the mechanisms of how the drugs target three major pathways 

contributing to hyper-proliferation and contraction of PASMCs of the pulmonary 

artery in PAH patients. Pathways include endothelin-1, nitric oxide and 

prostacyclin pathways. Therapies include endothelin-receptor antagonists, nitric 

oxide and phosphodiesterase type 5 inhibitors and prostacyclin derivatives. Adapted 

from (Humbert et al., 2004b). 
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1.5.1 Calcium channel blockers 

Sustained vasoconstriction of pulmonary arteries is a major hallmark of PAH 

pathogenesis. An increase in intracellular Ca
2+

 within the PASMCs causes 

vasocontraction resulting in an increase in pulmonary vascular resistance. The 

influx of Ca
2+

 into PASMCs through channels can be targeted to suppress 

vasoconstriction, promote vasodilation and eventually reduce pulmonary vascular 

resistance. However, the use of Ca
2+

 channel blocker drugs in PAH is quite limited. 

It has been reported that these drugs are only recommended for patients who have a 

positive response following a vasodilatory test. Responders represent roughly 5-

10% of PAH patients (Sitbon et al., 2005). 

 

1.5.2 Endothelin receptor antagonist 

Endothelin-1 (ET-1) is a highly potent vasoconstrictor molecule which has an 

important role in regulating vascular tone (Yanagisawa et al., 1988). The ETA 

receptor is located on VSMCs while the ETB receptor is found on both ECs and 

VSMCs (Seo et al., 1994). According to Firth and Ratcliffe (1992), the distribution 

of endothelin-1 is five times higher in the lung in comparison to other organs. This 

suggests the majority of  endothelin-1 is synthesised within the pulmonary 

circulation (Firth and Ratcliffe, 1992).  

 

Endothelial cells within the pulmonary artery play an important role in PAH 

pathogenesis and their dysfunction is highly regulated by ET-1 (Galie et al., 2004). 

Endothelin-receptor activation stimulates the phospholipase C (PLC) signalling 

pathway in VSMCs. PLC converts phosphatidylinositol bisphosphate to inositol 

triphosphate and diacylglycerol. Inositol triphosphate increases intracellular Ca
2+ 

concentrations and participates in vasoconstriction (Bouallegue et al., 2007). The 

vasoconstrictive and proliferative characteristics driven by endothelin-1 are 

enhanced following receptor binding leading to alterations in the structure and 

function of the pulmonary arterial wall (MacLean et al., 1994, Davie et al., 2002). 

In addition, it has been reported that the severity of pulmonary hypertension is 

correlated with increasing ET-1 concentrations within the pulmonary circulation 

(Stewart et al., 1991). Targeting endothelin-1 production and action through either 

inhibiting endothelin converting enzyme-1 (ECE-1) or blocking endothelin 
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receptors may diminish ET-1 dependent processes. However, there are other 

pathways which can interact with ET-1 levels. Therefore, targeting the enzyme 

would not be a suitable therapeutic strategy. Blocking of both ETA and ETB 

receptors may be the most effective approach as targeting one receptor can be 

compensated by the activity of the other. Several studies highlight the use of dual 

receptor antagonists in PAH treatment. It has been reported that blocking both ETA 

and ETB receptors can diminish the proliferative capacity of human PASMCs and 

reduce right ventricular hypertrophy (RVH) (Davie et al., 2002). In addition, the 

use of bosentan, a dual endothelin-1 receptor antagonist, in PAH therapy has been 

shown to improve pulmonary arterial pressure (PAP), pulmonary vascular 

resistance (PVR) and the severity of the disease on the heart (Sitbon et al., 2003).  

Bosentan and macitentan are example of drugs which have a similar mode of action 

in blocking both ETA and ETB receptors and are approved by the Food and Drug 

Administration (FDA) for PAH treatment. They show improvement in the PAH 

associated clinical outcomes (Pulido et al., 2013, Rubin et al., 2002). 

 

1.5.3 Phosphodiesterase-type 5 (PDE-5) inhibitor 

Nitric oxide (NO) is a major regulator of vascular tone in the pulmonary 

vasculature (Steudel et al., 1997, Fagan et al., 1999, Jin and Loscalzo, 2010). It is 

released from endothelial cells from the conversion of L-arginine to citrulline by 

endothelial nitric oxide synthase (eNOS) (Palmer et al., 1988). Nitric oxide 

stimulates soluble guanylate cyclase to enhance the intracellular cyclic guanosine 

monophosphate (cGMP) concentration resulting in the relaxation and inhibition of 

PASMC proliferation  (Lucas et al., 2000). Nitric oxide deficiency has been 

identified in patients with pulmonary hypertension and the reduction in endothelial 

nitric oxide synthase (eNOS) levels has been associated with vasoconstriction of the 

pulmonary artery in PAH patients (Giaid and Saleh, 1995). Upregulation of cGMP 

levels results in activation of cGMP-dependent protein kinase within the PASMCs, 

which induces vasodilation (Michelakis, 2003). The key enzyme 

phosphodiesterase-type 5 is primarily expressed in PASMCs and its hyper-activity 

was observed in an animal model of pulmonary hypertension, which accelerates 

cGMP degradation in PASMCs to terminate the effect of cGMP (Corbin et al., 

2005). Phosphodiesterase-type 5 inhibitors such as sildenafil, tadalafil and 
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verdenafil are approved for the treatment of patients with PAH. Oral sildenafil 

therapy has been reported to inhibit hypoxia and monocrotaline-induced pulmonary 

hypertension in humans, mice (Zhao et al., 2001) and rats (Schermuly et al., 2004). 

 

1.5.4 Synthetic prostacyclin and its analogues 

Prostacyclin (PGI2) is released from PAECs (Gryglewski, 1980, Gryglewski et al., 

2005). Cyclooxygenase (COX) enzyme metabolises arachidonic acid to 

prostacyclin H2, which is converted into prostacyclin by prostacyclin synthase. 

Prostacyclin induces vasodilation and causes a reduction in platelet aggregation. It 

also has an inhibitory effect on PASMC proliferation through its ability to increase 

cyclic AMP levels within the cells (Moncada and Vane, 1981). Another metabolite 

produced by the arachidonic acid breakdown is thromboxane A2, which is 

metabolised by thromboxane synthase. Thromboxane A2 has the opposite action in 

comparison to prostacyclin. It is a potent pulmonary vasoconstrictor and stimulates 

platelet aggregation. An imbalance between these two vasoactive metabolites has 

been detected in PAH patients (Christman et al., 1992). Prostacyclin synthase and 

prostacyclin production are downregulated in PAH patients whereas thromboxane 

A2 is upregulated (Christman et al., 1992, Tuder et al., 1999). In animal studies, a 

knockdown of prostacyclin receptors in mice under hypoxic conditions promotes 

pulmonary arterial remodeling and causes severe pulmonary hypertension 

compared to the wild type (WT) mice (Hoshikawa et al., 2001). Another study 

showed that over-expressing prostacyclin synthase selectivity in mice has a 

protective effect against hypoxia-induced pulmonary hypertension (Geraci et al., 

1999). Since studies have shown that low levels of prostacyclin contributed to 

PAH, targeting the prostacyclin signalling provides an ideal therapeutic strategy. 

The use of a synthetic analogue of prostacyclin is selected for PAH treatment due to 

the vasodilator effect of prostacyclin and its ability to inhibit platelet aggregation. 

Epoprostenol was the first prostacyclin analogue to be used in PAH therapy 

(Mubarak, 2010). 
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1.5.5 Developing future therapeutic target: Tyrosine kinase inhibitors 

As the understanding of pulmonary hypertension pathophysiology increases, the 

use of cancer drugs is also being identified as a potential therapeutic strategy in 

PAH. This possibly highlights the abnormal proliferative feature of the cells and the 

increase in growth factor receptors or tyrosine kinase receptors in both cancer and 

pulmonary hypertension diseases. Imatinib is a tyrosine kinase inhibitor originally 

developed to target the break point cluster/Abelson (Bcr/ABL) tyrosine kinase in 

chronic myeloid leukaemia. Imatinib can also antagonize platelet-derived growth 

factor (PDGF) receptors and c-KIT signalling, both of which are involved in PAH 

development and PASMC proliferation (Hoeper et al., 2013). In two animal models 

of pulmonary hypertension, imatinib showed a reduction in right ventricle pressure 

and hypertrophy in rats injected with monocrotaline and in mice exposed to chronic 

hypoxia, which reached near normal values (Schermuly et al., 2005). In addition, 

imatinib was found to inhibit PASMC proliferation and induce an apoptotic action 

on PASMC obtained from idiopathic PAH patients (Nakamura et al., 2012). In 

order to evaluate the long-term safety and efficacy of imatinib, a 204 week 

randomized efficacy study was conducted. Results show a high discontinuation rate 

and a severe adverse effect (subdural hematoma) was observed in patients, resulting 

in the limiting of imatinib in PAH therapy (Frost et al., 2015). 

 

1.6 Hypoxia as an experimental model of pulmonary hypertension 

A number of stimuli have been used to study the changes in pulmonary 

hypertension; but the most widely used are hypoxia and monocrotaline models. For 

the purpose of this thesis, cell proliferation models and the investigation of cell 

signalling pathways are considered. Therefore, work with acute hypoxic cell 

models is the most relevant. An acute hypoxic cell model has the benefit of 

studying a battery of specific cell signalling pathways, treatment options and drug 

concentrations on readily available cells isolated from normal animals. An in vitro 

model has been used to study the contractile characteristics of the pulmonary 

arteries (Martinez-Lemus et al., 1999) or the behaviour of the isolated cultured 

cells. Another study (Du et al., 2003) also showed that cultured endothelial cells 

isolated from the pulmonary artery were associated with specific signalling, such as 

angiotensin signalling cascade. PASMC proliferation and apoptosis were also 
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studied in response to cGMP-dependent protein kinase transfection in the cultured 

cells (Chiche et al., 1998). Regarding hypoxia, the hypoxic cell model has been 

studied in mesenchymal stem cells isolated from the human umbilical cord to 

investigate hypoxia-dependent cell proliferation signalling in comparison to the 

normoxic cultured cells (Lavrentieva et al., 2010). Moreover, the effect of hypoxia 

on PASMC proliferation and apoptosis has been studied through obtaining the cells 

from the peripheral human pulmonary artery and exposing them to hypoxia 

(Howard et al., 2012). 

 

1.7 Hypoxia-inducible factor 1 (HIF-1) signalling 

Hypoxia-inducible factor 1 (HIF-1) is the main transcription factor in hypoxic 

signalling which has been identified in relation to the hypoxia-responsive element 

in the erythropoietin gene (Wang et al., 1995). The HIF-1 pathway is found in all 

cell types and recognised as a ubiquitous mediator of cellular responses to hypoxic 

stimuli. Regulation of cell function in response to hypoxia is generally mediated by 

HIF-1, which is a heterodimer protein containing two constitutively transcribed 

proteins: HIF-1α and HIF-1β (Schofield and Ratcliffe, 2004). 

 

During normal oxygen condition, HIF-1α has a very short half-life due to rapid 

degradation (Salceda and Caro, 1997). Proline residues in HIF-1α are hydroxylated 

by prolyl hydroxylase domain (PHD) and the hydroxylated HIF-1α binds to the 

Von Hippel Lindau (VHL) protein, which causes recognition through the 

ubiquitination leading to proteasomal degradation of HIF-1α (Figure 1.7). In 

addition, HIF-1α is also hydroxylated by factor-inhibiting HIF-1 (FIH-1) at the 

asparagine residue during normoxia, which inhibits its interaction with the 

transcription coactivator, P300 (Mahon et al., 2001, Coleman and Ratcliffe, 2009). 

Therefore, HIF-1α is constitutively degraded under normoxia. 

 

However, during hypoxia, the activity of PHD and FIH-1 proteins are decreased 

due to the requirement of oxygen molecules to exert their functions as the 

hydroxylation reactions cannot occur during hypoxic condition resulting in a 

reduction in HIF-1α degradation with a subsequent increase in HIF-1 protein 
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complex stability. Following stabilization, HIF reacts with hypoxia-responsive 

elements to stimulate various genes including the proliferative genes (Figure1.7).  

 

 

 

Figure 1.7 Oxygen-dependent regulation of HIF-1α  

In normoxia, HIF-1α is hydroxylated by prolyl hydroxylase domain (PHD) protein 

and factor-inhibiting HIF-1 (FIH-1). Hydroxylation of proline residues (P402 and 

P564) results in binding of von Hippel-Lindau E3 ubiquitin ligase (VHL), which 

promotes the polyubiquitination and proteasomal degradation of HIF-1α. 

Hydroxylation of an asparagine residue N803 prevents the interaction with 

transcriptional activators such as P300 or cyclic AMP response element binding 

protein CREB-binding protein (CBP). In hypoxia, the hydroxylation reactions are 

repressed. HIF-1α becomes stable and dimerizes with HIF-1β. The dimerized αβ 

heterodimer then translocates to the nucleus and the recruitment of co-activators 

(e.g. P300/CBP) occurs. The HIF heterodimer then binds to the hypoxia response 

element (HRE) of target genes to regulate transcription. Adapted from (Lin et al., 

2014).  
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1.8 Mitogen-Activated Protein Kinases (MAPK) signalling 

Extracellular signals have a strong influence on cellular activities such as 

differentiation, growth, apoptosis, mediator synthesis, and gene transcription. A 

number of extracellular stimuli (such as Ultraviolet (UV) radiation, hypoxia and 

mitogens) have been studied in MAPK signalling activation (Muthusamy and Piva, 

2013, Scott et al., 1998, Milanini et al., 1998). Extracellular stimuli activate various 

cell receptor complexes associated with subsequent activation (e.g. by 

phosphorylation) of upstream kinase proteins in the MAPK cascade. The signalling 

events result in activation of three-kinase architecture including a MAPK and two 

upstream kinases: MEK kinase and MAPKK kinase (Figure 1.8). Initially, the 

signal is amplified by the two previous kinase steps resulting in MAPK protein 

phosphorylation at tyrosine/threonine residues (Ray and Sturgill, 1987). Following 

phosphorylation, MAPK has the ability to act directly and activate substrate 

proteins in the cytoplasm (Northwood et al., 1991) or to translocate from the 

cytoplasm into the nucleus and phosphorylate certain transcription factors (Chen et 

al., 1992). Therefore, the MAPK signalling cascade acts as a critical link between 

the extracellular signals acting on cell membrane receptors and the cell nuclear 

events (Figure 1.8). 

 

The most common subgroups which belong to MAPKs are extracellular signal-

regulated kinases 1/2 (ERK1/2), c-jun amino-terminal kinases/stress-activated 

protein kinase (JNK/SAPK) and p-38 MAPK (Johnson and Lapadat, 2002). These 

distinct MAPK subfamilies have a major role in proliferation and differentiation in 

mammals (Zhang and Liu, 2002). In particular, ERK1/2, the typical MAPK, mainly 

contributes to activation of constitutive signalling dependent cell proliferation, 

which is mediated by certain growth factors whereas JNK/SAPK and p38 MAPK 

are known as important regulators of cellular responses to stress signals (e.g. UV 

radiation and hypoxia) and are involved in cell inflammation and apoptosis 

(Robinson and Cobb, 1997, Ip and Davis, 1998). 
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Figure 1.8 Mitogen-Activated Protein Kinases (MAPKs) signalling pathways. 

MAPKs participate and process several extra-cellular signals. The MAPK cascade 

contains three protein kinases: a MAPK and two upstream kinases a MAPK Kinase 

(MAPKK or MEK) and MAPKK Kinase (MAPKKK such as rho kinase). ERK: 

extracellular signal-related kinase. JNK: c-Jun-N-terminal kinase. 
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Several growth factors or ligands cause phosphorylation of receptor tyrosine 

kinases (RTK) through dimerization of two subunits of the receptor (Ihle et al., 

1994, Ahn et al., 1992). Phosphorylated tyrosine kinase receptors enhance the 

cytosolic recruitment of the adapter protein: growth factor receptor-bound protein-2 

(GRB-2), which is bound to the Ras-activator protein: Sos (son of sevenless) or 

Ras-activating guanine nucleotide exchange factor (GEF). This protein stimulates 

the membrane-bound protein (Ras) to transfer GDP for GTP to maintain the activity 

of Ras (Egan et al., 1993, Chardin et al., 1993). Thereafter, activated Ras protein 

binds to several effector proteins. For example, extracellular mitogens signalling 

through Ras-Raf-ERK1/2 is well characterized (Reuter et al., 2000). GTP-Ras 

during ERK1/2 cascade binds to A-Raf, B-Raf (the main effector of Ras) and C-Raf 

kinases (Andreadi et al., 2012, Brown and Sacks, 2008). Once Raf kinases are 

activated, they stimulate MEK and eventually lead to ERK1/2 phosphorylation 

(Shaul and Seger, 2007) (Figure 1.9). As a result, MAPK protein (ERK1/2) 

phosphorylation leads to target both cytosolic and nuclear substrates (Brown and 

Sacks, 2008).  
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Figure 1.9 The modulation of MEK1/2/ERK1/2 phosphorylation 

Growth factors such as epidermal growth factor (EGF) and PDGF induce Ras 

activation via the stimulation of the transfer of Ras-GDP to Ras-GTP, which 

eventually activates Raf kinases (MAPKKK) and the downstream kinase 

(MEK1/2). Phosphorylated MEK1/2 cause the phosphorylation of ERK1/2, which 

stimulates cytosolic and nuclear substrates. Adapted from (Brown and Sacks, 

2008). 

 

The p38 MAPK family consists of different isoforms (α, β, γ and δ) (Cuenda and 

Rousseau, 2007). They are regularly stimulated by environmental stress, heat and 

G-protein coupled receptors (Lagneux et al., 2001, Yamauchi et al., 1997). All p38 

MAPK isoforms are phosphorylated by MEK3 and MEK6 (Han and Sun, 2007). 

Signal transduction of the p38 MAPK pathway has an important role in the 

regulation of many cellular activities such as proliferation, migration, inflammation, 

angiogenesis, and cytokine production (Brown and Sacks, 2008, Pearson et al., 

2001). 
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The last main member of the MAPK family is JNK which consists of JNK1, JNK2 

and JNK3 isoforms (Derijard et al., 1994, Kallunki et al., 1994, Gupta et al., 1996). 

Extracellular or intracellular signals which cause DNA synthesis inhibition will 

activate JNK protein (Hsu et al., 2009). JNK kinases are targets of upstream kinases 

such as MEK4 and dual leucine zipper kinase (DLK) (Fukuyama et al., 2000, Peti 

and Page, 2013). Finally, JNK phosphorylation leads to translocation of JNK to the 

nucleus leading to the activation of transcription factors such as c-jun, STAT3 and 

ATF-2 (Dunn et al., 2002, Lim and Cao, 1999, Gupta et al., 1995). The JNK 

signalling cascade has an important role in the regulation of apoptosis and the 

initiation of immune cell development (Roux and Blenis, 2004, Brown and Sacks, 

2008). 

 

1.9 The mammalian target of rapamycin (mTOR) signalling pathway 

The mammalian target of rapamycin (mTOR) is an essential pathway preserved 

serine/threonine protein kinase that serves as a key regulator for cell metabolism, 

growth, proliferation and survival (Cargnello et al., 2015, Yu and Cui, 2016). The 

mTOR signalling has been found to be an important cell signalling pathway in the 

initiation, progression, and proliferation involved in cancer and cardiovascular 

diseases (Guertin and Sabatini, 2007, Humar et al., 2002). The mTOR inhibitors are 

currently being used in clinical trial studies of pulmonary hypertension. However, 

due to their various adverse effects, there is still a need for using these inhibitors 

with careful monitoring and generating more selective inhibitors that would be 

specific for the hyperproliferative phenotype of the PASMC. Therefore, this 

highlights the need to explore a novel signalling mechanism that includes mTOR 

proteins. 

 

The intracellular and extracellular signals are processed by two distinct complexes: 

mTOR complex1 (mTORC1) and mTOR complex2 (mTORC2). Each complex 

differs in its composition, its downstream target and its sensitivity to rapamycin 

(Hara et al., 2002, Sarbassov et al., 2004). mTORC1 activates biosynthesis of 

proteins, lipids and other anabolic processes to regulate cell proliferation and 

growth (Laplante and Sabatini, 2012).  
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The mammalian target of rapamycin complex 1 (mTORC1) is activated by different 

signals including growth factors, energy status, oxygen level and amino acids 

(Dibble and Cantley, 2015). Growth factors bind to the cell receptors such as 

tyrosine kinase or G-protein coupled receptors at the cell surface resulting in the 

activation of the PI3K/AKT/mTOR pathway (Figure 1.10). Phosphorylation of 

AKT inhibits the tuberous sclerosis complex (TSC1/2), which serves as a GTPase 

activating protein (GAP) complex towards Ras homolog enriched in brain (Rheb) 

(Tee et al., 2003). Therefore, inactivation of TSC1/2 complex enhances the level of 

Rheb and results in stimulation of mTORC1 (Figure 1.10). mTORC1 directly 

phosphorylates a number of substrates including eukaryotic initiation factor 4E 

(eIF4E), binding protein 1 (4EBP1) and p70 ribosomal protein S6 kinase1 (S6K1), 

which mediates the regulation of anabolic metabolism and cell proliferation 

(Richter and Sonenberg, 2005). For example, pro-inflammatory cytokines such as 

tumor necrosis factor (TNFα) can inactivate TSC1/2 by IκB kinase-β (IKKβ) 

stimulation, which subsequently leads to mTORC1 activation (Lee et al., 2008). In 

addition, the energy status and the exposure to hypoxia also can contribute to 

mTORC1 regulation. For example, hypoxia stimulates AMP kinase (AMPK), when 

the ATP levels are decreased, leading to activation of TSC1/2 and inhibition of 

mTORC1 signalling (Arsham et al., 2003). mTORC1 can also be inhibited through 

TSC1/2 activation by transcriptional regulation of DNA damage response (REDD1) 

during hypoxic conditions (DeYoung et al., 2008). 
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Figure 1.10 PI3K/AKT/mTORC1 signalling pathway 

Growth factor activates receptor tyrosine kinase (RTK) or G-protein coupled 

receptor results in phosphoinositide 3-kinase (PI3K) activation. PI3K forms 

phosphoatidylinositol-3,4,5-trisphosphate (PIP3) which binds to phosphoinositide-

dependent kinase1 (PDK1) and AKT resulting in PDK1 and AKT activation. The 

activated form of AKT represses the tuberous sclerosis complex (TSC1/2) function, 

which allows the small GTPase Ras homolog enriched in brain (Rheb) to become 

activated and stimulate mTORC1 activity. Adapted from (Dibble and Cantley, 

2015). 
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1.10 The Role of Mitochondria in Cardiovascular disease 

Mitochondria are small organelles that are best recognized for regulating energy 

metabolism within cells. They consist of two distinct cellular membranes, which are 

the outer membrane and the inner membrane. The inner membrane is the site for the 

electron transport chain enzymes and it encloses mitochondrial DNA and 

mitochondrial matrix proteins, whereas the outer membrane encircles the 

intermembrane space and the inner membrane and has pores and channels for the 

passage of various molecules and ions (Reichert and Neupert, 2002). Mitochondria 

are responsible for producing the energy-containing molecule adenosine 

triphosphate (ATP) and play a major role in cell signalling, cell proliferation and 

apoptosis (Frohman, 2010). In the pulmonary vasculature, mitochondria act also as 

oxygen sensors via reactive oxygen species (ROS) generation resulting in alteration 

of the redox state and regulation of various effectors (ion channel and kinases) 

leading to hypoxic pulmonary vasoconstriction (Weir et al., 2005). 

 

Previously, mitochondria were believed to be static organelles but recent research 

has highlighted the dynamic state of the mitochondria in which they quickly divide 

(fission) and elongate together (fusion) to keep steady-state mitochondrial 

morphology (Suen et al., 2008). The balance between fission/fusion processes is 

firmly regulated and can be affected by cell cycle kinases, oxidative stress, 

intracellular Ca
2+ 

and metabolism. These processes are mediated by specific 

proteins. Mitochondrial division (fission) is found to be mediated by dynamin-

related protein-1 (DRP1) (Cribbs and Strack, 2009), whereas mitochondrial fusion 

is mediated by the outer mitochondrial membrane GTPases: mitofusin 1 (MFN1) 

and mitofusin 2 (MFN2) and the inner mitochondrial membrane GTPase, optic 

atrophy-1 (OPA1) (Ishihara et al., 2009). 

 

The increased mitochondrial length and the presence of a sequence of invaginations 

termed cristae within the inner mitochondrial membrane can undertake changes in 

the mitochondrial structure to regulate mitochondrial function. For example, 

mitochondrial cristae remodeling and fusion have been shown to promote cell 

apoptosis through their participation in cytochrome c release from the 

intermembrane space (Zamzami and Kroemer, 2001). 
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During the apoptotic signalling pathway driven by the mitochondria, caspase 

proteases, which are required in the apoptotic pathway, are activated by the release 

of the mitochondrial cytochrome c protein (Tait and Green, 2010). The release of 

cytochrome c into the cytosol is accomplished by Bax, a pro-apoptotic member of 

the Bcl-2 family that forms pores and results in mitochondrial outer membrane 

permeabilization (MOMP) (Fulda et al., 2010). The role of Bax and Bad in 

regulating apoptosis and mitochondrial morphology has been shown to be regulated 

through their interaction with a MFN2 protein that mediates the fusion process 

(Karbowski et al., 2006). 

 

Recently, various studies have highlighted the role of mitochondria in which they 

can contribute not only to apoptotic signalling but also to other biological processes 

such as mitogenic signalling and hypoxia signalling, by being initiators and 

transducers of the cellular signalling pathway (Antico Arciuch et al., 2012, 

Chandel, 2010). They can regulate signalling through either serving as a platform in 

which the interaction of the proteins occurs or through their role in the regulation of 

intracellular signalling molecules such as Ca
2+ 

and ROS (Finkel, 2011). For 

example, it has demonstrated that the generation of ROS is triggered when cells 

lack MFN2 (Munoz et al., 2013). This was also supported by another study which 

showed the lack of mitochondrial fusion protein MFN2 within cardiomyocyte cells, 

causes an increase in ROS production and the fission of the mitochondria resulting 

finally in cell apoptosis (Tang et al., 2017). 

 

On the other hand, an inhibition of DRP1 protein and mitochondrial fission process 

shows an important intervention in preventing smooth muscle cell proliferation, 

migration and cardiovascular diseases (Ikeda et al., 2015). For example, it has been 

demonstrated that impaired function of mitochondrial fission protein, particularly 

DRP1, can protect the heart from myocardial ischamia (Ong et al., 2010). In 

addition, Marsboom and colleagues (2012) have reported that increases in 

mitochondrial DRP1 protein, mitochondrial fission and cell proliferation were 

observed in the PAH-PASMCs, in comparison to the control PASMCs, when HIF-

1α was activated (Marsboom et al., 2012).  
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This study suggested that the activation of mitochondrial fission by DRP1 could be 

mediated through the presence of HIF-1α. The same study also demonstrated that 

inhibiting the fission process through reducing DRP1 activity caused a reduction in 

PASMC proliferation. The relationship between HIF-1α, ROS generation and 

mitochondrial dynamic activity (through DRP1 up-regulation) has been suggested 

as an explanation for the increase in PASMC proliferation observed in PAH. A 

study by Dromparis et al (2010) has demonstrated the signalling mechanisms 

involved in PASMC proliferation. They have reported that the low level of 

mitochondrial ROS caused the apoptotic resistant feature of PASMCs due to the 

closure of the redox-sensitive K
+
 channels which led to an increase in intracellular 

K
+ 

and Ca
2+ 

ions resulting in activation of transcription factors such as HIF-1α and 

NFAT, enhancing proliferation and vascular contraction (Dromparis et al., 2010). 

This study highlighted the involvement of HIF-1α in regulating cell proliferation. 

However, the exact link between mitochondrial fission, particularly mitochondrial 

DRP1, hypoxia signalling and PASMC proliferation and migration requires further 

clarification and investigation. 

 

1.11 Mitochondrial dysfunction and PAH 

 

Mitochondrial dysfunction is classified into two types: primary and secondary. The 

primary class is caused by pathological events originally initiated by the 

mitochondria such as a mutation in a gene encoded by mtDNA, or mutation of the 

nuclear genes that encode mitochondrial proteins. By contrast, secondary 

mitochondrial disruption results from pathological actions originating outside the 

mitochondria (Smith et al., 2012). For example, several disorders lead to extensive 

secondary dysfunction such as ischemia/reperfusion injury, diabetes, metabolic 

syndrome and cancer (Murphy and Steenbergen, 2011, Wallace et al., 2010). Thus, 

treating and correcting both primary and secondary mitochondrial pathologies is a 

challenging area for future therapy. 

 

There are three common pathological causes of mitochondrial damage that have 

contributed to both primary and secondary mitochondrial dysfunction; excessive 

ROS generation, elevation of cytosolic Ca
2+

, and defective mitochondrial ATP 

supply (Smith et al., 2012). There is some evidence of mitochondrial dysfunctional 
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mechanisms being linked with lung remodeling in pulmonary arterial hypertension. 

Archer et al. (2010) have reported the link between the impairment of the 

mitochondrial redox state and the proliferative phenotype of PASMCs, which is 

related to the deficiency of the mitochondrial superoxide dismutase-2 (SOD2) 

enzyme (Archer et al., 2010). Further evidence is the disruption of the 

mitochondria/endoplasmic reticulum (ER) coupling which has also been identified 

as the lack of uncoupling protein 2 (Ucp2) within the mitochondria enhances ER 

stress to reduce mitochondrial Ca
2+

 levels and to weaken the activity of Ca
2+

 

dependent respiratory complexes (Dromparis et al., 2013). 

 

Moreover, excessive PASMC proliferation and remodeling of the pulmonary 

vasculature in PAH share several mitochondrial abnormalities that are also found in 

cancer. In particular, the metabolic theory originated in several cellular processes 

found in both PAH and cancer that depend on the mitochondria as the hallmark of 

metabolic control and regulation. An alternative form of metabolism was first 

explained by Warburg (1956) and is defined as the Warburg effect or aerobic 

glycolysis in which pyruvate is removed from the tricarboxylic acid cycle (TCA 

cycle) and is metabolized to lactate instead of its oxidation to produce ATP. 

Importantly, the end product of the conversion of pyruvate to lactate is NAD
+
, 

which further enhances the glycolytic activity. This glycolytic shift is utilized by 

cancer cells, regardless of whether oxygen is present or not, to sustain uncontrolled 

tumor growth (Warburg, 1956). Similarly, the hyperproliferative and glycolytic 

phenotype is also observed in the pulmonary vasculature in PAH, which contributes 

to cell proliferation, high expression of cellular growth factors, and a strong 

resistance to apoptosis (Tuder et al., 2012, Archer et al., 2010).  

 

In the setting of hypoxia and hypoxia-induced PAH, this metabolic shift is also 

named as the Pasteur effect in which cells are more dependent on the glycolytic and 

lactic acid fermentation pathways to generate ATP rather than the pyruvate-

dependent oxidative phosphorylation route (Cottrill and Chan, 2013). There are 

some known mechanisms by which mitochondrial metabolism is dysregulated in 

hypoxia-induced PAH. Recently, the HIF-1 pathway has been identified as 

connecting HIF-1 to the glycolytic shift (Semenza, 2007, Kelly et al., 2008). It has 
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been reported that the mitochondrial enzymes pyruvate dehydrogenase (PDH) and 

pyruvate dehydrogenase kinase-1, are vital enzymes that mediate the causal link 

between hypoxia and the metabolic glycolytic effect (Kim et al., 2006). PDH is the 

gate keeping enzyme that is responsible for pyruvate conversion into acetyl-CoA 

and facilitates the entry of pyruvate into the mitochondria (Kim and Dang, 2005). 

High expression of pyruvate dehydrogenase kinase-1 by HIF-1 plays an important 

role in the suppression of glucose oxidation during hypoxic conditions. This is 

identified when the deficiency of HIF-1α within fibroblast cells shows an increase 

in mitochondrial ROS generation during hypoxia, suggesting persistent glucose 

oxidation. Accordingly, transfecting these cells with an expression vector encoding 

pyruvate dehydrogenase kinase caused a reduction in ROS activity (Kolb et al., 

2011). 

 

Moreover, hypoxia-inducible factor (HIF) also enhances the glycolytic pathway in 

numerous ways such as its ability to activate lactate dehydrogenase A (LDHA), 

which mediates pyruvate metabolism into lactate (Semenza et al., 1996). It has a  

role in activating glucose transporters (Koppenol et al., 2011), and also in 

cytochrome c oxidase COX4-1 subunit degradation and COX4-2 subunit 

upregulation which collectively enhance the activity of cytochrome c oxidase 

(COX) under aerobic situations within the hypoxic cells (Fukuda et al., 2007). 

 

1.12 Mitochondrial pharmacology 

The focus of this thesis is to inhibit the mitochondria pharmacologically through the 

use of a promising compound called Mitochondrial Division-Inhibitor 1 (Mdivi-1), 

which acts on a mitochondrial specific target, the mitochondrial outer membrane 

protein dynamin-related protein-1 (DRP1), which is required for mitochondrial 

fission and fragmentation process (Westermann, 2010). Phosphorylation of DRP1 

is initiated by cyclin B1/cyclin-dependent kinase 1 (cyclin B1/CDK1) resulting in 

DRP1 activation and its translocation from the cytoplasm to the mitochondrial outer 

membrane for the fission process (Marsboom et al., 2012).  

 

Mitochondrial fragmentation may play an essential role in sustaining daughter cell 

generation in the hyperproliferative state, which finds this process as a possible 
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intervention via the activation of dynamin-related protein-1 (DRP1) protein (Chang 

and Blackstone, 2007). Cassidy-Stone and co-workers first characterized the DRP1 

inhibitor (Mdivi-1) through the screening of molecules that affect the morphology 

of the mitochondria (Cassidy-Stone et al., 2008). They have reported that Mdivi-1 

selectively targets DRP1 by binding to an allosteric binding site and stabilizing a 

conformational un-assembled DRP1 form that binds to GTP. This conformational 

change inhibits DRP1 from accumulating into spiral filaments and blocks their 

polymerisation resulting in an inhibition of mitochondrial fission (Cassidy-Stone et 

al., 2008). When DRP1 is inhibited, the process of mitochondrial fission that has 

recently been linked with cell proliferation and cell cycle progression is inhibited. 

The morphological changes to mitochondria are important in determining cellular 

functions. Correct balance of mitochondrial fission and fusion in healthy cells keeps 

mitochondria within size ranges appropriate for the maintenance of cellular 

physiology (Flippo and Strack, 2017). In contrast, disruptions in the balance of 

fission-fusion events can induce a disease phenotype (Smith and Gallo, 2017). In 

PASMCs from PAH patients, the expression of mitochondrial fission protein DRP1 

is increased and the mitochondria are fragmented (Marsboom et al., 2012). DRP1-

dependent fission of the mitochondrial networks influences important cellular 

functions including Ca
2+

 signalling, which contributes to cell proliferation 

(Szabadkai et al., 2004). 

 

Therefore, the study of the mitochondrial dynamics and the differences in 

mitochondrial morphology and its relation to cell proliferation is more likely to be 

necessary which may affect many cellular functions.  
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1.13 Aims and Hypothesis 

In this thesis, the hypothesis is that mitochondrial fission is linked to PASMC 

proliferation and migration during hypoxia. 

 

The aims of this thesis are to establish a cell-based model of where cell hypoxic-

dependent proliferation is reliable and reproducible. With this established, the aim 

is to determine the signalling mechanisms driving the increased proliferative 

response of PASMCs to hypoxia. Moreover, to investigate the potential role of 

mitochondria in cell proliferation and migration under the established hypoxic-

proliferative model using a dynamin-related protein-1 (DRP1) inhibitor, Mdivi-1. 

And finally, to identify signalling pathways involved in DRP1-dependent cell 

proliferation and migration under hypoxic conditions. 
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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) 

 Emulsifier-safe scintillation fluid (PerkinElmer, USA) 

 Mitochondrial inhibitor Mdivi-1 (Sigma, UK) 

 Anti phospho/Total ERK1/2 antibody (Cell Signalling, UK) 

 Anti phospho p38 MAPK antibody (Cell signalling Tech., USA) 

 Anti phospho JNK antibody (Cell Signalling, UK) 

 Anti GAPDH antibody (abcam, UK) 

 Anti-cytochrome c  antibody (abcam, UK) 

 Anti- phospho PDK1 (Ser241) antibody (Cell Signalling, UK) 

 Anti-cyclin D1 antibody (Santa Cruz, UK) 

 Anti α-actin (Sigma, UK) 

 3
H thymidine solution (Amersham, UK) 

 Waymouth's medium (Gibco, UK) 

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

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

 RT2 SYBR Green Mastermix (QIAGEN, USA) 
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 MicroAmp tubes (Applied Biosystems, Paisley,UK) 

 mTORC1 siRNA silencer (Life Technologies, Paisley, UK) 

 Cell culture plates (Applied Biosystems, Paisley, UK) 

 Taqman master mix (Applied Biosystem, Paisley, UK) 

 Vector-shield containing DAPI (Vector laboratories, USA) 

 Tris (2-carboxyethyl) phosphine (TCEP, Sigma, UK) 

 TrypLE™ Express (Life Technologies) 

 Penicillin and streptomycin (PEN-STREP® BioWhittaker™) 

 Hoechst 33342 (Thermo Scientific, UK) 

 Anti-mouse Fluorescein (Vector Labs) 

 Anti-rabbit Fluorescein (Vector Labs) 

 Dihydroethidium (abcam, UK) 

 Dichlorofluorescein (Sigma, UK) 

 Enhanced Chemiluminescence reagent (Thermo Fisher Scientific, UK) 

 MitoTracker® (Life Technologies, Paisley, UK) 
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Methods 

2.2 Cell harvest and cell culture 

Twelve-week-old male Sprague-Dawley rats of body weight ~300g were used. 

They were euthanized by schedule 1 CO2 asphyxiation and exsanguination. All cell 

culture procedures were conducted in class II biological safety cabinet and 

following strict aseptic condition. This project includes the study of pulmonary 

arterial smooth muscle cells (PASMCs). Therefore, the proximal pulmonary arteries 

(Figure 2.1) were harvested from adult Sprague-Dawley rats and cut into 

approximately 3 mm long rings and cleaned independently. Small rings of the 

vessels were transferred into T25 tissue culture flasks containing 5 ml of a mixture 

(50:50) of F-12 medium (Invitrogen) and Waymouth’s medium (Invitrogen) with 

10% (v/v) foetal calf serum (FCS) and 5% (v/v)  penicillin streptomycin (PEN-

STREP® BioWhittaker™). The PASMCs were cultured under standard normoxic 

conditions at 37° C in a 21% O2/5% CO2 incubator for approximately three weeks 

until confluent. The medium was changed every 48-72 hours and the cellular 

growth was monitored using a light microscope until they reached 70-80% 

confluency. 

 

 

Figure 2.1 Dissected Proximal Pulmonary Artery from a Sprague-Dawley rat  
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2.2.1 Cell count and subculture 

Rat vascular smooth muscle cell passaging was required when the cells reached the 

desired confluency (Passage 0). After 21 days of incubation, the media was 

aspirated from 25 cm
2
 cell culture flasks and the small arterial rings were discarded 

and the seeded PASMCs were transferred into new cell-culture flasks. In order to 

split the cells (Passage 0) into 75 cm
3
 cell culture flasks (Passage 1), cells were 

detached by the addition of 4 ml of TrypLE™ Express (Life Technologies). 

Afterwards, the flask was kept in a CO2 incubator for five minutes to accelerate the 

TrypLE™ Express role. Then, the solution was transferred to a conical 15 ml tube 

and the tube was centrifuged (1000 x RPM) for 10 minutes. Following the 

supernatant aspiration, 1 ml of media (containing 10% FCS) was added as a feeder 

source and mixed gently to achieve a good cell suspension for passaging. Cells 

were then allowed to grow in 75 cm
3
 cell culture flasks containing 10 ml media 

with 10% FCS to 70% confluency (Passage 1) and they were again split into six 

well plates (2 ml media with 10% FCS each well), 24 well plates (1 ml media with 

10% FCS each well) or 96 well plates (0.2 ml media with 10% FCS each well) for 

further analysis. A haemocytometer was used for cell counting with the injection of 

10 μL of the cell aliquot into the haemocytometer from both sides. The cells were 

counted in three squares at each side (a total of six squares) under the microscope at 

x40 magnification. The splitting of VSMCs was conducted when the cells were 

~70-80% confluent. It is known that cells obtained from primary sources can 

undergo loss of phenotypic characteristics after repeated passage (Anderson et al., 

1970). Therefore, in an attempt to maintain a near wild type phenotype a low-

passage number (2 – 4) was studied.  

 

2.3 Immunohistochemical (IHC) confirmation of the isolated PASMCs 

To confirm smooth muscle cells were being isolated from the rat pulmonary artery, 

immunohistochemical staining was performed. Glass cover slips were added into 

each well of a six-well plate prior to use under sterilized conditions. PASMCs were 

then seeded and grown on coverslips until they reached 70% confluence. The cells 

were then fixed in 4% paraformaldehyde for 10 minutes. To permeabilise the cells, 

0.1% (v/v) Triton X-100 was added for 10 minutes to permit the interaction of the 

antibody with the targeted protein marker within the cells. Cells were blocked with 
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1% (w/v) bovine serum albumin (BSA) in PBST (PBS with 0.1% (v/v) tween and 

22.5 mg/ml glycine) for 1 hour at room temperature. Thereafter, smooth muscle cell 

markers primary antibodies such as anti-α-actin (1:400 dilution, Sigma, UK) and 

myosin heavy chain (1:100 dilution, R&D Systems) were diluted in 0.1% (w/v) 

BSA for overnight incubation at 4 °C. Coverslips were washed three times with 

PBS before adding the secondary antibodies. Suitable fluorescent secondary 

antibodies, such as anti-mouse Fluorescein (1:150 dilution, Vector Labs) and anti-

rabbit Fluorescein (1:150 dilution, Vector Labs), were prepared in 0.1% (w/v)  BSA 

and added for 1 hour in darkness. While maintaining the coverslips in darkness, 

coverslips were washed three times with PBS. In order to visualize the cellular 

nuclei, Hoechst stain (Molecular Probes) was utilized for 1 minute followed by 

rinsing with PBS. Coverslips were mounted on to slides by a drop of DPX 

Mountant Media (Sigma, UK). The slides were stored in darkness before 

visualisation. The cells were visualized using an epifluorescence upright 

microscope (Nikon Eclipse E600 microscope with a Hamamatsu C11440-36U 

camera and Nikon Plan Apo 60x / 1.40 Oil microscope lens). A DAPI filter set 

(with excitation and emission wavelengths of 365 nm and 435-485 nm respectively) 

was used to detect the Hoechst-stained nuclei, whilst a FITC filter set (excitation 

and emission wavelengths of 470 nm and 515-555 nm respectively) was selected 

for protein visualization. 

 

2.4 Experimental set-up: cells exposure to acute hypoxia 

The hypoxic exposure was carried out by maintaining the PASMCs in a nitrogen-

supplemented, humidified, temperature-controlled incubator (Panasonic MCO-

19M), which allows control of the internal oxygen levels (0%-21%) while the CO2 

level was kept at 5%. In order to sustain a proper degree of hypoxia, a large amount 

of nitrogen was required. Thus, nitrogen cylinders were connected by an automatic 

gas cylinder change over units to provide a fresh supply of nitrogen as needed. The 

effect of acute hypoxia on cell proliferation and vascular remodeling is generally 

studied by the culture of vascular cells. Cells are usually exposed to hypoxia (0–

10% O2), for 24 hours, with measurement of cell proliferation or the signalling 

pathways that regulate cell proliferation (Welsh et al., 2001, Hou et al., 2007, 

Zhang et al., 2014). Therefore, in keeping with previous published studies PASMCs 

were exposed to hypoxia for 24 hours. 
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PASMCs were seeded at 5x10
3
 density into two 6 well culture plates. Each plate 

was labelled: one plate as a normoxic group and the second plate as a hypoxic 

group. Plates were subsequently incubated in a CO2 incubator at 37
o
C/5% CO2 until 

cells reached ~60% confluency. Then, the cell culture plate which was labelled as 

hypoxic was transferred to the hypoxic incubator whereas the normoxic plate was 

kept in the normoxic incubator. Three wells were used. The first well had the 

quiescent 0.1% FCS (background) while the other two wells had the stimulant 

(10% FCS or PDGF) with/ without Mdivi-1. Mdivi-1 was added 30 minutes prior to 

stimulation. Following the same cell culture conditions (outlined above) cells were 

processed for Western blot (section 2.5) and qRT-PCR experiments (section 2.9). In 

this project I have used 10 μM Mdivi-1 as previously published studies have 

demonstrated that 10 μM Mdivi-1 in vascular smooth muscle cells inhibits 

mitochondrial fission-fusion with a good effect (Salabei and Hill, 2013, Zhuang et 

al., 2017). As Mdivi-1 was dissolved in dimethyl sulfoxide (w/v), vehicle control 

experiments were performed (0.2% (v/v) dimethyl sulfoxide) when the effect of 

Mdivi-1 was studied. 

 

2.5 Western blot 

2.5.1 Preparation of whole cell extracts and stimulation 

PASMCs were split into two 6-well plates: a hypoxic plate and a normoxic plate. 

Cells were grown to 70% confluence in a standard CO2 incubator using 10% FCS 

media and then quiesced with 0.1% FCS for 24 h. When the cells were stimulated 

with FCS or a specific mitogen such as PDGF, the normoxic 6-well plate was 

maintained in a standard CO2 incubator with normal oxygen level (21% O2) while 

the hypoxic 6-well plate was transferred into the hypoxic incubator (Panasonic 

MCO-19M) and kept for 24 h. Following stimulation, 200 μL of pre-heated sample 

buffer (63 mM Tris-HCl (pH6.8), 2 mM Na4P2O7, 5 mM EDTA, 10% (v/v) 

glycerol, 2% (w/v) SDS, 50 mM DTT, 0.007 (w/v) bromophenol blue) was added 

into each well, and the cells were then scraped from the wells onto ice. Samples 

(the lysate) were then transferred to labelled Eppendorf tubes and stored at -20
o
C. 

The samples were boiled for 5 minutes for protein denaturation prior to use. 
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2.5.2 SDS-Polyacrylamide Gel Electrophoresis (SDS-PAGE) 

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). In addition, 0.05% (v/v) TEMED (N, N, 

N, N’, N’-tetramethylethylenediamine) was added to initiate the polymerisation 

step. The running gel solution was then dispensed via a plastic bulb pipette between 

two assembled glass plates. Isopropanol (20 μL) was layered to top/ flatten the 

running component of the gel. The gel plates were then kept at 35-40
o
C for 30 

minutes in a drying oven. Once polymerised, the excess isopropanol/ 

polyacrylamide was rinsed off with distilled water, and the loading gel was 

prepared. This contained (10% (v/v) N, N’-methylenebis-acrylamide (30:0.8), 125 

mM Tris pH 6.6, 0.1% (w/v) SDS, 0.05% (v/v) APS and 0.05% (v/v) TEMED). 

The loading gel was added over the running gel. The proper well comb was 

carefully inserted into the loading gel and left to set for 30 minutes at room 

temperature. After polymerisation, the comb was removed and the polyacrylamide 

gels were placed into an electrophoresis tank (Bio-Rad Mini-PROTEAN®-3). An 

electrophoresis buffer (25 mM Tris, 192 mM glycine, 0.1% (w/v) SDS) was added 

to the tank. The SDS-PAGE molecular weight ladder and the protein samples were 

loaded into the wells of the loading gel using a Hamilton syringe and then separated 

by electrophoresis (for 45 minutes at a voltage of 200 V). 

 

2.5.3 Electrophoretic transfer of proteins onto a nitrocellulose membrane 

The separated proteins were transferred onto a nitrocellulose membrane (GE 

Healthcare, Life Sciences) through electrophoretic blotting. The gel was carefully 

removed from the glass plates and placed to form the transfer sandwich. The 

transfer sandwich included a nitrocellulose membrane in the middle against the gel, 

two blot papers and two Nylon pads. The transfer buffer (25 mM Tris, 195 mM 

glycine, 20% (v/v) methanol) was added into a Bio-Rad Mini-Trans-Blot
TM

 tank, 

which included the immersed cassette, and a constant voltage (100 V) was applied 

for 1 hour. The tank required the ice reservoir to be cold. 
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2.5.4 Immunological detection of protein  

Following transfer, the nitrocellulose membranes were then carefully removed from 

the cassettes and the blocking of non-specific binding proteins was achieved with 

the use of 3% (w/v) BSA in Tris-Tween buffered saline solution (TTBS – 150 mM 

sodium chloride, 20 mM Tris base pH 7.4, 0.02% (w/v) Tween-20) for 1 h at room 

temperature on a slow rocking plate. The nitrocellulose membranes were then 

removed from the blocking buffer and incubated with specific antibodies overnight 

in a cold room. Table 2.1 shows the primary antibodies utilized in this study. 

 

Primary antibody Dilution Company 

Anti–phospho/Total ERK1/2 (1:7500) Cell Signalling, UK 

Anti–phospho p38 MAPK (1:1000) Cell signalling Tech., USA 

Anti-phospho JNK (1:1000) New England Biolabs, UK 

Anti-cyclin D1 (1:1000) Santa Cruz Biotechnology Inc., USA 

Anti-cytochrome C (1:5000)  Abcam, UK 

Anti-HIF-1α (1:3000) Santa Cruz Biotechnology Inc., USA 

Anti-phospho PDK1 (1:1000) Cell Signalling, UK 

Anti-GAPDH  (1:40000) Cell Signalling Tech., USA 

Actin (1:1000) Cell Signalling, UK 

 

Table 2.1 Primary antibodies for Western blot analysis 

 

Following the incubation with the primary antibodies, membranes were incubated 

with the secondary antibodies (1% (w/v) BSA + TTBS dilution) for 1 hour at room 

temperature when the washing step was completed (4 x 10 minutes with TTBS on a 

rocking plate). The nitrocellulose membranes were then washed with TTBS (3 x 10 

minutes) at room temperature on the rocking plate. Enhanced chemiluminescence 

reagent (ECL) was added 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 
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under dark room conditions and developed using X-OMAT (KODAK M35-M X-

OMAT processor).  

2.5.5 Re-probing and stripping of nitrocellulose membrane 

To re-probe the nitrocellulose membrane for measuring the total loading protein, 

the membranes were stripped by incubating the nitrocellulose membrane in 15 ml 

of stripping buffer (0.05M Tris-HCl, 2% (v/v) SDS, and 0.1M β-mercaptoethanol). 

This stage included incubation of the membrane at 60
o
C for 1 hour with shaking to 

eliminate the original antibodies from the membrane. The stripping buffer was then 

discarded and the membrane washed 3 times every 15 minutes in TTBS to remove 

the residual stripping buffer. After the last wash, the membrane was incubated with 

the appropriate primary antibody overnight with 1% (w/v) BSA in TTBS. The blots 

at this stage were then ready for the immunological detection protocol as explained 

previously.  

 

2.5.6 Scanning Densitometry:  

All film obtained from Western blotting were scanned using a GS-800 Calibrated 

Densitometer (Bio-Rad) and the exposed blots were analysed by densitometry 

through the use of Image J software. 

 

2.6 Amido black protein assay  

Following whole cell extraction and sample preparation, an Amido black protein 

assay was used in order to measure and normalize protein concentration of each 

sample and to ensure the loading protein of each test sample was equal. A series of 

1:1 dilutions in sampling buffer was prepared and the standard curve was 

performed by the use of 1 g/ml BSA stock (in H2O). The samples and each BSA 

dilution was spotted (5 μL) on a strip of cellulose acetate and then left to dry. The 

strip of cellulose was stained with Amido black stain (0.25% (v/v) Amido black, 

45% (v/v) methanol, 45% (v/v) dH2O, 10% (v/v) glacial acid) at room temperature 

for 10 minutes with shaking. The excess stain was washed by the use of Amido 

black destain buffer (45% (v/v) methanol, 45% (v/v) dH2O, 10% (v/v) glacial acid) 

until the background became closely white. The strip was then left to dry at room 
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temperature and each sample spot was placed in a 1.5 ml Eppendorf tube and 

dissolved in 500 μL dissolving solution (80 ml formic acid, 10 ml glacial acid and 1 

ml 100% (v/v) TCA). All Eppendorf sample tubes were kept in a water bath (60° C) 

for 30 minutes and 250 μL from each sample was added to a 96-well plate and was 

measured at 620 nm. Finally, the BSA standard curve was plotted and the 

concentration of the test samples was interpolated. 

 

2.7 Cell proliferation [
3
H]-thymidine incorporation assay 

DNA synthesis was used as a measure of PASMC proliferation. DNA synthesis 

was measured by the [
3
H]-thymidine incorporation assay. Cells were grown to 

around 70-80 % confluence into a T75 flask and then were seeded into pairs of 24-

well plates and incubated in a CO2 incubator (21% oxygen) until they were 60 % 

confluent. Cells were then quiesced with 0.1% foetal calf serum (FCS) overnight. 

Cells were then exposed to a suitable agonist or treatment (as described in section 

2.4) and immediately transferred from the CO2 incubator to the hypoxic incubator 

(Panasonic MCO-19M) for 24 h in comparison to the corresponding cell condition 

that was maintained in a CO2 incubator (normoxia) as a control. The hypoxic level 

in the hypoxic incubator was adjusted based on study intervention (10%, 5% and 

3% oxygen). 
3
H-thymidine aqueous solution (GE Healthcare®) was added (2 μL 

/9.25 kBq) to each well after 18 h stimulation. The assay was terminated at 24 h and 

3
H incorporated DNA synthesis was measured by scintillation counting. 

 

Finally, media in each group was disposed of and each well was washed one time 

with 1 ml cold PBS for 10 minutes and 4 times with 1 ml 10% (v/v) trichloroacetic 

acid (TCA, Sigma) for 10 minutes. Following the washing step, 250 μL 0.1% (v/v) 

sodium hydroxide/sodium lauryl sulphate (SDS) solution was added into each well. 

2 ml of Emulsifier-safe™ scintillation fluid (PerkinElmer, Boston, USA) was added 

to the scintillation vials and mixed gently with the well contents. Each vial was 

loaded into the scintillation machine in order to measure the radioactive counts. 

Counts were expressed as disintegrations per minute (DPM) and each stimulant was 

replicated in quadruplicate. 

 



Chapter 2                                                                                           General Methods 

49 
 

2.8 Cell migration assay 

Pulmonary artery smooth muscle cells (PASMCs) were seeded in 6 well plates and 

incubated with 10% FCS in the CO2 incubator. When the cells reached 90% 

confluency, they were quiesced with 0.1% FCS for 24 h. A vertical scratch was 

then created in the middle of the well using a sterile cell scraper which crosses a 

horizontal black mark that was drawn on the bottom of each well. Once the scratch 

was performed, the bottom side of the plate was cleaned to remove the black mark 

in order to start taking the scratch image at 0 h (the background control image) 

using a Motic inverted light microscope. Then, cells were stimulated with  PDGF (5 

ng/ml) and the normoxic and the hypoxic plates were incubated in a normoxic (21% 

oxygen) and hypoxic (3% oxygen) incubator, respectively for 48 h. Mitochondrial 

treatment (Mdivi-1) was added 30 minutes before stimulation. During stimulation, 

images were taken at 12 h, 24 h and 48 h. Captured images of the cells at different 

stimulation times show how cells migrate from both border sides to the scratch area 

of each well and the distance was measured and analysed using ImageJ software. 

For example, in order to investigate the ability of the cells to migrate from both 

scratch sides, as a result from PDGF stimulation, a photomicrograph of the scratch 

distance was immediately taken once the scratch was created and the cells were 

stimulated (a photomicrograph at 0 h). This time represents the total scratch 

distance (100%) as a control that was compared to the scratch distance at each 

stimulation time (Figure 4.7). PASMCs were stimulated with PDGF for 12, 24 and 

48 h. Therefore, the gap closure, the migratory effect, was checked after 12, 24 and 

48 h under normoxic and hypoxic conditions. A similar process was used when the 

effect of Mdivi-1 on cell migration was studied. 

 

2.9 Polymerase chain reaction (PCR) amplification 

2.9.1 RNA isolation for PCR  

After the incubation period, total RNA was isolated using isolate II RNA Mini Kit 

(Bioline, London, UK). The cells were trypsinized, transferred into 15 ml tubes and 

centrifuged at 1500 rpm for 10 minutes. Following centrifuging, the supernatant 

was aspirated and the cell pellet was kept in the tube. The Cell lysis step was 

initiated by adding 350 μL of lysis buffer and 3.5 μL of β-Mercaptoethanol into the 

cell pellet. The lysate was transferred into isolate II filter (violet) in a 2 ml 



Chapter 2                                                                                           General Methods 

50 
 

collection tube and centrifuged at 11000 g for 1 minute at room temperature. The 

isolate II filter was then discarded and 350 μL of 70% ethanol was added to the 

homogenized lysate and mixed by pipetting up and down 5 times. Each sample was 

then loaded into isolate II RNA Mini Column (blue) in a new 2 ml collection tube 

and centrifuged at 11000 g for 30 seconds. The silica membrane was then desalted 

by adding 350 μL membrane desalting buffer and centrifuged at 11000 g for a 

minute in order to dry the membrane. The DNase I reaction mixture was prepared 

to use in the DNA digestion step by adding 10 μL of reconstituted DNase I to 90 μL 

of reaction buffer for DNase1. The DNA digestion step was then performed by 

applying 95 μL of DNase I reaction mixture directly onto the centre of the silica 

membrane of each column and the column was then incubated for 15 minutes at 

room temperature. The silica membrane was then washed once with 200 μL wash 

buffer RW1 and centrifuged at 11000 g for 30 seconds. The membrane was then 

washed with 600 μL wash buffer RW2 and centrifuged at 11000 g for 30 seconds 

and finally with 250 μL wash buffer RW2 and centrifuged at 11000 g for two 

minutes to dry the membrane completely. The final step was eluting the RNA, 

which is accomplished by adding 60 μL RNase-free water directly onto the centre 

of the silica membrane and the column was centrifuged at 11000 g for 1 minute. 

Total RNA sample concentrations were measured using the Nano Drop 

spectrophotometer. 

 

2.9.2 cDNA preparation:  

Total RNA was reversed transcribed to complementary DNA (cDNA) using a Tetro 

cDNA synthesis kit (Bioline, London, UK) in order to quantify the mRNA 

transcripts of target genes. All RNA concentrations were normalised to be equal in 

all reactions and diluted to 12 μL with DEPC-treated water. Then, the mixture was 

prepared by adding 1 μL of oligo-dT primer mixture as the first strand synthesis 

primer, 1 μL of dNTP mixture (10 mM), 4 μL of 5x RT buffer, 1 μL of RiboSafe 

RNase inhibitor and 1 μL of Tetro Reverse Transcriptase to be completed to 20 μL. 

The samples were then mixed gently by pipetting, reactions incubated at 45
o
C for 

30 minutes and terminated by incubating at 85
o
C for 5 minutes followed by chilling 

on ice. Samples were stored at -20°C until real-time PCR experiments. 
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2.9.3 Quantitative Real-Time Polymerase Chain Reaction (qRT-PCR) 

amplification  

The real-time Q-PCR was carried out by placing the samples in sterile PCR Cycle 

plate (Applied thermoFisher). Each 10 l PCR reaction contained; 5 μL SYBR 

select Master (Applied Biosystems), 0.3 l of 1 pmol/μL of both reverse and 

forward primes, 1 μL of the cDNA template and 3.4 ml of DEPC- treated water, 

triplicate were generated for each sample. The thermal cycling and detection were 

carried out on a stepOne Plus real-time PCR system. The thermal cycle consisted of 

an initial uracil-DNA glycosylase activation of 2 minutes at 50°C (UNG 

incubation), the AmpliTaq Gold activation for 10 minutes at 95°C, followed by 1 

cycle 15 seconds at 95 °C (denature) then 1 minute at 60°C 40 cycles 

(Anneal/Extend). 

 

2.9.4 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 the 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

 

 

2.9.5 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 

http://eu.idtdna.com/Primerquest/Home/Index
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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 less or equal to 1

o
C.  

Primer lengths were selected between 18-30 bases and the primers GC content was 

between 35- 70%. 

http://eu.idtdna.com/site
http://ncbi.nlm.nih.gov/tools/primer-blast/index.cgi
http://ncbi.nlm.nih.gov/tools/primer-blast/index.cgi
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Table 2.2 Primers for real-time PCR analysis 

Genes Forward Primer Reverse Primer 

UBC GGTCAAACAGGAAGACAGACGTA CACACCCAAGAACAAGCACA 

PCNA ACCTCACCAGCATGTCCAA CATAGTCTGAAACTTTCTCTTGAT

TTG 

ERK1 GGATCCGCTAGCGAGCCCAGGGG

AACTGC 

GCGGATCCTTAGGGGGCCTCTGG

TGC 

Cyclin D1 GAGAAGTTGTGCATCTACACTG AAATGAACTTCACATCTGTGGC 

Cdkn2a GGCACCAGAGGCAGTAACCAT GACCTTCCGCGGCATCTATG 

HIF-1α GTTTACTAAAGGACAAGTCACC TTCTGTTTGTTGAAGGGAG 

HIF-2α TGCTCCCACGGCCTGTAC TTGTCACACCTATGGCATATCAC

A 

FIH-1 GCCCCTACTATGTCGCTTTC GGCCCAAACTAAACTATCTGA  

PI3K CGCCCCCTTAATCTCTTACA TGGATGTTCTCCTAACCATCTG 

mTORC1 TTGAGGTTGCTATGACCAGAGAGA

A 

TTACCAGAAAGGACACCAGCCAA

TG 

Akt CTTCGTGAACATTAACGACAGGGC

C 

AATGGCCACCCTGACTAAGGAGT

GG 

P70s6k GGAGCCTGGGAGCCCTGATGTA GAAGCCCTCTTTGATGCTGTCC 

PTEN AGACCATAACCCACCACAGC TTACACCAGTCCGTCCTTTCC 

4EBP1 TAGCCCTACCAGCGATGAGCCT GTATCAACAGAGGCACAAGGAG

GTAT 

P53 ATTTGTATCCCGAGTATCTG GGTATACTCAGAGCCGGCCT 

ATPase 6 CCTCTTTCATTACCCCCACA GAATTACGGCTCCTGCTCA 

DRP1 AGACCTCTCATTCTGCAACTG TTACCCCATTCTTCTGCTTCC 

Arg1 TTCTCAAAAGGACAGCCTCG AGCTCTTCATTGGCTTTCCC 

TFAM AGTTCATACCTTCGATTTTC TGACTTGGAGTTAGCTGC 

COX-II GGCTTACCCATTTCAACTTGGC CACCTGGTTTTAGGTCATTGGTTG 
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2.10 Fluorescence-activating cell sorting (FACS) analysis 

Cells were cultured with 10% FCS and maintained in a normal CO2 incubator until 

they reached 70% confluency. Cells were quiesced for 24 h and then washed with 

PBS. Cells were then treated with PDGF and exposed to hypoxia for 72 h prior to 

analysis. Mdivi-1 (10 μM) was added 30 minutes before PDGF stimulation. At the 

end of the stimulation period, the media was aspirated and the cells were 

trypsinized, transferred into 15 ml tubes and centrifuged at 1500 rpm for 10 

minutes. Following centrifuging, the supernatant was aspirated (avoiding pellet 

contact) and 1 ml of cold ethanol 70% (v/v) was added. Cells were then stored at -

20
o
C until the day of analysis. Cells were washed with 1 ml of cold PBS, 

centrifuged at 3000 rpm for 10 minutes and then re-suspended in 250 μL cold PBS. 

Cells then were transferred into FACS tubes and 5 μL RNase A (50 µg/ml) was 

added into the tubes and incubated at 37°C and 5% CO2 for 60 minutes. Finally, 

13.5 μL propidium iodide (50 µg/ml) was added to each sample and samples were 

vortexed before analysis. Samples were read in FACSCANTO II (BD Bioscience 

Boston, USA) flow cytometer and data were analyzed using FACS Diva software 

(FACS scan, Becton Dickinson, Oxford, UK). A total of 10000 events were 

measured per sample and gating was determined using propidium iodide stained 

populations. Cell cycle events were gated on G1, S, G2/M and sub G1and the % of 

total events in each phase was measured. 

 

2.11 Reactive oxygen species (ROS)  

To measure ROS generation by PASMCs, dihydroethidium (DHE) and 

dichlorofluorescein (DCF) fluorescent dyes were used to detect the superoxide (O2
.-

) level and intracellular hydrogen peroxide release, respectively. PASMCs were 

seeded at 2 × 10
3
 cells/well in black clear bottom 96-well plates (one labelled as a 

normoxic plate and the other was labelled as a hypoxic plate). Initially, both plates 

were cultured with 10% FCS and maintained in a normal CO2 incubator until they 

reached 70% confluency. Then, the cells were quiesced for 24 h with 0.1% FCS. 

Cells in the 96-well plate (labelled as a hypoxic plate) were then exposed to 

hypoxia (3% oxygen) for 24 h with/without PDGF (5 ng/ml) in comparison to each 

parallel condition under normoxic condition (21% oxygen). Mdivi-1 (10 μM) was 

added 30 minutes before PDGF stimulation. At the end of the 24 h stimulation, 
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dihydroethidium (DHE) or dichlorofluorescein (DCF) were added to each well and 

incubated at room temperature for 30 minutes. The fluorescence of each sample 

was then measured in a POLARstar plate reader (Omega; SciQuip, Cambridge, 

UK) which corresponds to the level of ROS released by the cells in each treatment. 

Data were obtained at excitation and emission wavelengths of 518/605 nm and 

485/520 nm for superoxide (O2
.-
) and hydrogen peroxide detection, respectively. 

 

2.12 Cellular ATP assay 

PASMCs were cultured in 96 well plates until they reached ~70% confluency. Cells 

were quiesced for 24 h (0.1% FCS) and were then stimulated with 0.1% FCS or 

10% FCS or PDGF (5 ng/ml) and exposed to different oxygen levels: normoxia 

(21% oxygen) and hypoxia (3% oxygen) for 24 h. Drugs such as Mdivi-1 and 

imatinib were added to the cells 30 minutes before stimulation. At the end of the 24 

h 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. 

 

2.13 Cell apoptosis assay 

PASMCs were cultured in 96 well plates until they reached ~70% confluency. Cells 

were quiesced for 24 h using 0.1% FCS and subsequently exposed to hypoxia and 

stimulated with/without 5 ng/ml PDGF for 24 h. The mitochondrial treatment 

(Mdivi-1) was added to the cells 30 minutes before stimulation. As a positive 

apoptotic control, one well of stimulated cells was treated with 1 μM paclitaxel. At 

the end of the 24 h 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 release within the cells. 

 



Chapter 2                                                                                           General Methods 

56 
 

2.14 Generation of Mito-depleted PASMCs 

Chronic exposure of cells to ethidium bromide leads to the selective inhibition of 

mitochondrial DNA replication and the generation of cell lines that lack 

mitochondrial DNA (termed Rho cells) (Chandel and Schumacker, 1999). Cells 

depleted of mitochondrial DNA (Rho cells) were generated by incubation in 10% 

FCS media (10 ml per T75 flask) containing ethidium bromide (50 ng/ml) for 21 

days. The media was also supplemented with 50 ng uridine and 1 mM sodium 

pyruvate. Control cells were incubated in the same media lacking ethidium bromide 

for 21 days. The efficiency of the mitochondrial loss of bioactivity was measured 

by the level of expression of mitochondrial marker genes at the end of the 21 day 

incubation. 

 

2.15 siRNA transfection of mTORC1 in PASMCs 

Small interfering RNA (siRNA) is a molecular biology method, which is utilized to 

study the role of various genes in cellular processes; it causes the switching off of 

the expression of the gene of interest. In order to examine the knockdown of 

mTORC1 in PASMCs, cells were transfected with siRNA against mTORC1 (Life 

Technologies, Paisley, UK) in comparison to non-target siRNA (NT). PASMCs 

were seeded in 6 well plates and cultured until they reached 50-60% confluence 

prior to transfection. Two Eppendorf tubes were prepared: Tube A and Tube B. 

Tube A contained the siRNA mixture, a known amount of siRNA was required to 

prepare the specific concertation of siRNA then completed the volume to 100 μL of 

Optimem media (Life Technologies, Paisley, UK). Tube B contained 5 μL of 

Lipofectamine RNAiMAX® (Invitrogen®, Paisley, UK) and 95 μL of Optimem 

media. Tube A was then added to Tube B and mixed gently. The tubes were left for 

20 minutes at room temperature to allow complex formation. Full media was 

removed from the cells and final mixture (200 μL) was added into the well to make 

it up to the total volume of 1 ml of Optimem. Cells were incubated at 37°C in a 5% 

CO2 incubator for 8 h. The transfection mixture was then replaced with normal 

media and cells then were incubated for 72 h at 37°C in a 5% CO2 incubator. Cells 

were then lysed and RNA was isolated for further PCR analysis to measure the 

expression of genes listed in Table 2.2. 
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2.16 Immuno-fluorescence staining of PCNA 

Using the protocol detailed in section 2.3, anti-PCNA primary antibody (1:1000 

dilution, abcam, UK) and the appropriate fluorescent secondary antibody anti-rabbit 

Fluorescein (1:150 dilution, Vector Labs) were used. PCNA inside the cell nuclei of 

PASMCs was visualized by epifluorescence upright microscope (Nikon Eclipse 

E600 microscope with Hamamatsu C11440-36U camera and Nikon Plan Apo 60x / 

1.40 Oil microscope lens). The FITC filter (at excitation and emission wavelengths 

of 470 nm and 515-555 nm) was selected. The intensity of PCNA positive area was 

quantified using Image J software (version 1.50d). A rectangular shape was placed 

around the nuclei (the region of interest, ROI), followed by clicking ‘M’ which 

generates the density for PCNA.  For each nuclei, measurements were normalized 

using the same ROI (Equal ROI was saved by clicking ‘T’). In each condition 

(either normoxia or hypoxia), three ROI were measured and the mean was 

calculated using excel. 

 

2.17 Identification of Mitochondrial morphology 

PASMCs were grown on coverslips until they reached 70% confluence. Cells were 

stimulated with suitable agonists and immediately incubated in a normoxic/hypoxic 

incubator for 24 hours. To mark mitochondria, cells were stained with the 

MitoTracker
®
 dye (Life Technologies, Paisley, UK) for 30 minutes in a 

normoxic/hypoxic incubator. Following incubation, media was aspirated and the 

cells were washed 2 times with PBS. Cells were fixed with 4% paraformaldehyde 

for 15 minutes at room temperature and were then washed 2 times with PBS. 

Coverslips were mounted on to slides by a drop of DPX Mountant Media (Sigma, 

UK). The mitochondria were visualized using an epifluorescence upright 

microscope. The microscopic images were then opened using Image J software 

(version 1.50d) and the mitochondrial length was quantified. A free hand line was 

traced on the individual mitochondria. Each line was measured by clicking ‘M’ 

which generates a value that directly related to the estimated mitochondrial length 

in Pixels (Figure 2.2). At least 10 mitochondrial lengths were analysed per cell and 

the mean mitochondrial length per cell was calculated using excel. 
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Figure 2.2 Demonstration of mitochondrial length quantification within a cell 

using Image J. a Tiff image of PASMCs stained with MitoTracker was opened on 

image J (the left image). A free hand line was selected to trace individual 

mitochondria manually (shown by the yellow line, the right image). At least 10 

mitochondria were measured within a cell. Corresponding lengths of mitochondria 

were generated automatically as shown in the table. 

 

2.18 Data and statistical analysis: 

Values reported are presented as mean  SEM (standard error of the mean). 

Microsoft Excel 2010 was used to generate the figures. Comparisons between 

groups were assessed with one and two way analysis of variance (ANOVA) 

followed by Tukey’s multiple comparison
 
tests, as appropriate. Significance was 

considered if p<0.05. 
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3.1 Introduction  

Vascular smooth muscle cells are the main cellular elements of the vascular medial 

layer, which regulate vasoconstriction and dilation in response to stimuli 

(Rudijanto, 2007). Hypoxia is considered one of the main reasons for vascular 

constriction, enhanced pulmonary artery smooth muscle cell (PASMC) 

proliferation, and pulmonary artery pressure increasing (Eddahibi et al., 1999). The 

involvement of hypoxia in the pulmonary vascular remodeling of many lung 

diseases is considered one of the major categories in the updated clinical 

classification of pulmonary hypertension (See Chapter1 Table 1.1). Bronchial 

inflammation is thought to be central to the cellular changes and the pathogenesis of 

many lung disorders such as asthma, COPD and idiopathic pulmonary hypertension 

(Dorfmuller et al., 2002, Savai et al., 2012). These disorders may lead to acute or 

chronic hypoxia that mediates the vasoconstriction of the pulmonary artery and 

eventually leads to hypertrophic remodeling through the induction of proliferation 

of all cells of the pulmonary artery (Kato and Staub, 1966, Stenmark et al., 2006b). 

Howell and co-workers found that the sizes of the intimal and the adventitial layer 

from rat lungs exposed to hypoxia were increased 1.5 fold and the size of the 

medial layer was enlarged six-fold in comparison to the corresponding controls in 

normoxia (Howell et al., 2003). 

 

Hypoxia has been well recognized to promote pulmonary cell proliferation and 

vascular remodeling but the exact mechanisms are not fully understood. Hypoxia is 

able to stimulate cell proliferation by inhibiting the production or the release of 

vasodilators substances such as nitric oxide  and by promoting the release of 

various growth factors/mitogens such as endothelin-1, PDGF, VEGF  and 

inflammatory mediators (e.g. interleukin IL-6), from the pulmonary vasculature 

including fibroblasts, SMCs, ECs and platelets (Zhang et al., 2003, Ying-fang et al., 

2007, Kourembanas et al., 1991, Fike and Kaplowitz, 1996, Kwasiborski et al., 

2012). In addition, over-expression of extracellular matrix proteins has been 

observed in response to hypoxia (Mandegar et al., 2004). Furthermore, hypoxia and 

HIF-1α have been shown to play an important role in promoting the proliferative 

responses of PASMCs to specific mediators. For example, it has been reported that 

hypoxia increases PASMC proliferation via its ability to enhance the mitogenic 
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responses of PASMC to growth factors such as PDGF, FGF-2 and EGF, which 

mediate PASMC proliferation by mechanisms which involve the activation of cell 

cycle regulator proteins such as cyclin A (Schultz et al., 2006). Various signal 

transduction systems have been suggested to translate the cellular stimuli that 

regulate cell growth and proliferation, such as the MAPKs (Aguado et al., 2013, 

Gan et al., 2013) or the PI3K (Gan et al., 2013, Goncharova et al., 2002) or the 

NFϏB pathway (Ying-fang et al., 2007). Activation of the MAPK pathway occurs 

continually and starts with a stimulant such as an inflammatory cytokine or growth 

factor, leading to a cascade of protein phosphorylation, which results in stimulation 

of transcription factors, which regulate cellular events such as proliferation or 

apoptosis (Todd et al., 2014). The mechanism of chronic hypoxia on SMC 

phenotypic changes was demonstrated by Stenmark and his colleagues (2006) 

through a variety of intracellular signalling mechanisms including MAPK, protein 

kinase C (PKC), PI3K, Rho kinases and increased intracellular Ca
2+

 entry, which all 

cooperatively act to regulate cell contraction, proliferation, differentiation and 

matrix protein synthesis (Stenmark et al., 2006b). However, the participation of 

hypoxia in these signalling cascades, which regulate PASMC proliferation, is not 

fully understood. 

 

3.2 The effect of Hypoxia on PASMCs in PAH 

As described in (Chapter 1, section 1.4), increased Ca
2+

 signalling caused by 

vascular stress (hypoxia) is critical to the hypoxia-induced alteration of the 

pulmonary vascular wall and cell proliferation.  It is well known that hypoxia also 

promotes intracellular reactive oxygen species (ROS) generation in PASMCs and it 

causes oxidative damage leading to impairment of cell functions (Brennan et al., 

2003, Waypa et al., 2006). For example, reactive oxygen species (ROS) play an 

important role in enhanced intracellular Ca
2+

 levels leading to PASMC contraction 

and hypoxic vasoconstriction (Rathore et al., 2006). The combined effects of 

hypoxia, oxidative stress, intracellular Ca
2+

 elevation and the loss of K
+
 channel are 

implicated in a variety of cellular events. These involve mitochondria, the 

sarcoplasmic reticulum and the nuclei of PASMC. The combined effects result in 

constriction, proliferation, migration and over-expression of vasoactive and 

inflammatory substances that promote pulmonary hypertension (Figure 3.1). 
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Numerous studies have reported that many transcription factors such as hypoxia-

inducible factor 1 alpha (HIF-1α) (Yu et al., 1999, Shimoda et al., 2000, Hu et al., 

1998), nuclear factor κ-B (NF-κB) (Kimura et al., 2009, Cummins et al., 2006) and 

extracellular signal-regulated kinase (ERK1/2) (Kyaw et al., 2002, Kawanabe et al., 

2002) have critical roles in hypoxic-dependent oxidative stress, intracellular Ca
2+

 

disruption and the loss of K
+
 channel in PASMCs leading to cell proliferation and 

the development of pulmonary hypertension (Figure 3.1). Moreover, increased 

expression of PDGF receptor, the stimulation of Rho protein and its downstream 

effector such as Rho-kinase and activation of protein kinase C have contributed to 

hypoxia-induced proliferation of PASMCs (Wang et al., 2016, Dempsey et al., 

1991). 
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Figure 3.1 Signalling mechanisms involved in hypoxia-dependent activation of 

different transcription factors in PASMCs to mediate pulmonary 

hypertension. Hypoxia elevates intracellular ROS, opens RyR2 (ryanodine 

receptor-2/Ca
2+

 release channel) and activates IP3R (inositol triphosphate 

receptor/Ca
2+

 release channel) on the sarcoplasmic reticulum (SR), stimulates 

transient receptor potential canonical channel (TRPCC) and voltage-dependent Ca
2+ 

channel (VDCC) on the plasmalemmal membrane, inhibits voltage-dependent K
+
 

channel (KVC) and elevates Ca
2+

 signalling. The elevated ROS and increased Ca
2+

 

synergistically lead to activation of different transcription factors such as hypoxia-

inducible factor-1α (HIF-1α), nuclear factor-κB (NF-κB), extra-cellular signal-

regulated kinase (ERK1/2) and other transcription factors. The activated 

transcription factors enhance the transcription of the proliferative and pro-

inflammatory genes to mediate the cellular events in pulmonary hypertension. 

Adapted from (Di Mise et al., 2017). 
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Several in vitro studies of hypoxia on PASMC proliferation have shown the 

controversy surrounding the identified effect of acute hypoxia on smooth muscle 

cell proliferation. For example, Michiels et al. and Vender showed that acute 

exposure of hypoxia has a major role in the initiation of events culminating in 

smooth muscle cell proliferation (Michiels et al., 1994, Vender, 1992). Conversely, 

Stiebellehner et al. and Eddahibi et al. demonstrated that acute hypoxia causes a 

reduction in the proliferative responses whereas another study conducted by Lanner 

and colleagues reported that there was no link between hypoxia and PASMC 

proliferation (Eddahibi et al., 1999, Stiebellehner et al., 2003, Lanner et al., 2005). 

 

The main reason for the discrepancies reported above is most likely due to the 

changes in the experimental conditions during cell preparation. For example, the 

use of specific mitogens to stimulate the cells during hypoxia could result in an 

increase in cell proliferation. Humar and colleagues demonstrated different VSMC 

proliferative responses when cells were exposed to hypoxia and stimulated with 

different pro-mitogens such as platelet-derived growth factor (PDGF), basic 

fibroblast growth factor (bFGF) and serum (Humar et al., 2002). As a result, their 

study concluded that hypoxia promotes VSM proliferation mediated by PDGF and 

bFGF but not in response to serum stimulation. Moreover, different concentrations 

of serum used in stimulating cell growth during hypoxia may also be considered. 

Studies by Lanner et al. (2005) and Stiebellehner et al. (2003) demonstrated that 

hypoxia did not induce further PASMC proliferation above basal stimulation 

mediated by 5% and 10% serum. Furthermore, changes in the oxygen level used in 

diverse experiments also can provide different responses in terms of cellular growth 

and proliferation. For example, studies have shown hypoxia increases PASMC 

proliferation at 3% oxygen level when cells were cultured in 0.1% FCS media 

(Dempsey et al., 1991) or at 5% oxygen level when cells were stimulated with 2% 

FCS (Cooper and Beasley, 1999). Therefore, using a variety of basal stimulation 

situations and different oxygen environments, the work presented in this chapter is 

to determine the baseline data to investigate the role of acute hypoxia on PASMC 

proliferation. 
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3.3 Chapter Aims 

This chapter aims to: 

 Isolate primary PASMC cultures from rat pulmonary artery. 

 Establish a reliable and reproducible experimental hypoxic cell culture 

model.  

 Investigate the impact of a range of hypoxic culture conditions on 

PASMCs.  

 Study the effect of hypoxia on cell proliferation and key signalling 

pathways. 
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3.4 Results 

3.5 Isolation of Smooth Muscle Cell, Culture and Characterisation 

Pulmonary artery smooth muscle cells (PASMCs) were derived and cultured from 

the rat pulmonary artery as described in Method Section (2.2). Identification of 

“Hill and Valley” pattern consistent with vascular smooth muscle cell morphology 

was examined by microscopy. PASMCs were grown out from the rat pulmonary 

arterial ring which was immersed and cultured in 10% serum growing media over 

21 days. Cells were photographed at approximately 20, 75 and 100% confluency 

and recognized by their morphological characteristic organization, which 

designated in “Hill and Valley” formation (Figure 3.2). 

 

In order to confirm the identity of PASMCs, cells were visualized using smooth 

muscle cell specific markers such as α-actin and myosin heavy chain by epi-

fluorescence microscope (Figure 3.3). Smooth muscle α-actin is considered as the 

main component for the cytoskeletal structure of the cell and contractile filaments, 

which are restricted to differentiated vascular smooth muscle cells. On the other 

hand, the expression of myosin heavy chain is believed to be linked only with the 

contractile function of smooth muscle cells (Rensen et al., 2007). Under epi-

fluorescence microscopic analysis, Figure 3.3A shows the expression of actin 

filaments of the cells in green colour whereas Figure 3.3B displays the intensity of 

the green stain of the cells depicting myosin heavy chain expression. The nuclei of 

the cells in both Figure 3.3A and Figure 3.3B were detected by DAPI stain. 
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A 

                                                       

Day 10 

B 

 

                                                                   Day 21 

C 

 

                                                                    Day 28 

 

Figure 3.2 Rat Pulmonary Artery Smooth Muscle cells (PASMCs) observed 

under phase contrast microscope (x10). Cells at estimated 20, 75 and 100% 

confluency on day 10, 21 and 28 are represented in picture A, B and C respectively. 

Scale bar is 10 µm in all images. 
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 A                                                                         B 

 

 
 

 

Figure 3.3 Immunofluorescence for α-actin and myosin heavy chain (MHC) in 

PASMCs. Fluorescent image A shows actin filaments (green) in PASMC after 

adding 1:400 dilutions of α-actin antibody. Fluorescent image B indicates the 

localization of myosin heavy chain (green) in PASMC. The antibody was applied at 

1:100 dilutions. Both images were taken at x60 magnification. Scale bar is 10 µm in 

both images. PASMC nucleus stained with DAPI (blue) as shown in the above 

images (n=3). 
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3.6 Effect of Foetal Calf Serum (FCS) on PASMC Proliferation 

PASMC proliferation was investigated using [
3
H]-thymidine incorporation assay 

(see Chapter 2, section 2.7) as a measurement of DNA synthesis in the cells. Figure 

3.4 shows a stepwise increase in DNA synthesis with increasing foetal calf serum 

(FCS) concentration. FCS stimulated a concentration-dependent increase in DNA 

synthesis. The highest concentration of 10% FCS gave a 14.9 ± 1.17 fold increase 

in DNA synthesis, whereas 2.5% and 5% FCS also gave stepwise increases which 

were also statistically significant (10.1 ± 1.5 fold, 12.1 ± 1.3 fold) relative to control 

(0.1% FCS). Statistical analysis also showed no significant difference in DNA 

synthesis detected in response to 0.5% FCS and 1% FCS, relative to control (0.1% 

FCS).  
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Figure 3.4 Effects of incremental serum concentrations on [
3
H]-thymidine 

incorporation in PASMCs. Cells were quiesced with 0.1% FCS for 24 h and were 

stimulated with different foetal calf serum (FCS) concentrations for 24 h. [
3
H]-

thymidine incorporation assay was performed for the evaluation of DNA synthesis 

(as an index of cell proliferation). Radioactive counts were measured in 

disintegrations per minute (DPM) and normalized to the control group (0.1% FCS). 

+p <0.05 vs. (0.1% FCS). Experiments were conducted in quadruple (24 

observations from six independent cell cultures). Each value represents the mean ± 

SEM (n=6). 
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3.7 Effect of acute hypoxia (10% O2) on PASMC proliferation 

Data show PASMCs exposed to hypoxia (10% O2) did not increase cell 

proliferation in quiescent cells (cells with 0.1% FCS) (Figure 3.5). In addition, in 

the presence of serum, proliferative effects were seen in the hypoxic group in a 

concentration-dependent manner. However, hypoxia (10% O2) did not show any 

significant difference in DNA synthesis values, as an index of cell proliferation, 

compared to normoxia (21% O2) among all serum concentrations (Figure 3.5).  
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Figure 3.5 The effect of hypoxia (10% O2) on serum-stimulated [
3
H]-thymidine 

incorporation in PASMCs. Cells were quiesced for 24 h. Then, cells were exposed 

to hypoxia (10% O2) and stimulated with different serum concentrations for 24 h. 

[
3
H]-thymidine incorporation assay was performed for DNA synthesis evaluation 

(as an index of cell proliferation). Radioactive counts were measured in 

disintegrations per minute (DPM) and normalized to the control group (quiescent 

cells). Experiments were conducted in quadruplicate (number of wells). Each value 

represents the mean ± SEM (n=4). 
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3.8 Effect of Acute Hypoxia (10% O2) on ERK1/2 phosphorylation 

In order to study the role of MAPK signalling in PASMC proliferation, it was 

initially important to perform and optimize the time course stimulation experiment 

for the activity of MAPK signalling. Using Western blot, phosphorylation of 

ERK1/2 by 10% serum was examined at different time points: 5, 15, 30 and 60 

minutes and 24 hours in PASMCs (Figure 3.6). The optimal measurement point for 

ERK phosphorylation was 15 minutes and the gradual reduction of the 

phosphorylated 42 (ERK1) and 44 kDa (ERK2) proteins was clearly observed after 

this time (Figure 3.6). 
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Figure 3.6 Time course of serum-induced ERK activation in PASMCs. Cells 

were seeded in pairs of 6 well plates. At 70-80% confluence, cells were quiesced 

with 0.1 % FCS for 24 hours. Cells were then stimulated with 10 % FCS for the 

times indicated. Blots were assessed by semi-quantitative densitometry and results 

expressed as fold stimulation relative to control (cells without 10% FCS, 0 min). 

Whole cell extracts were prepared and analysed using Western blot for p-ERK1/2 

(42-44 kDa) expression and its total (42-44 kDa). ERK1/2 phosphorylation was 

measured relative to total ERK. Each value represents the mean ± SEM. *p <0.05 

vs. cells without 10% FCS (n=3). 
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The study of hypoxic stimuli (10% O2) on ERK-1/2 MAPK phosphorylation was 

performed by exposing PASMCs to a 10% O2 environment for 24 hours and 

stimulating them with different serum concentrations for 15 minutes. A 

concentration-dependent increase in ERK1/2 phosphorylation was observed with 

increasing serum stimulation (Figure 3.7). However, hypoxia (10% O2) did not 

trigger an increase in p-ERK protein after 24 hours of exposure. Furthermore, 

despite the fact that an increase in ERK1/2 phosphorylation was clearly observed in 

parallel to increase serum concentrations, there was no difference detected in 

ERK1/2 phosphorylation in response to hypoxia (10% O2) relative to normoxic 

conditions (Figure 3.7). 
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Figure 3.7 The combined effect of incremental serum concentrations and 

hypoxia (10% O2) on ERK1/2 phosphorylation in PASMCs. Cells were seeded 

in pairs of 6 well plates. At 70-80% confluence, cells were quiesced for 24 hours. 

Then, cells were incubated at different oxygen levels; 21% oxygen (normoxia) and 

10% oxygen (hypoxia) for 24 hours and were stimulated with increasing FCS 

concentrations (0.1%, 0.5%, 1%, 2.5%, 5% and 10%) for 15 minutes. Blots were 

assessed by semi-quantitative densitometry and results expressed as % basal 

ERK1/2 phosphorylation relative to control (quiescent cells, cells with 0.1% FCS 

during normoxia). Whole cell extracts were prepared and analysed using Western 

blot for p-ERK1/2 (42-44 kDa) expression and its total (42-44 kDa), which was 

used as a loading control. Each value represents the mean ± SEM (n=3). 
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3.9 Effect of Acute Hypoxia (5% O2) on PASMC Proliferation 

The effect of hypoxia (5% O2) on PASMC proliferation was performed by 

measuring [
3
H]-thymidine incorporation in hypoxic cells with incremental serum 

concentrations in cells that had been kept at 5% oxygen level for 24 hours (Figure 

3.8). In control cells, serum at 1% and 10% caused a marked increase in [
3
H]-

thymidine incorporation (5.7 ± 1.3 fold and 17 ± 1.8 fold respectively). However, 

there was no significant effect of hypoxia (5% O2) at either serum concentration. 
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Figure 3.8 The effect of hypoxia (5% O2) on serum-stimulated [
3
H]-thymidine 

incorporation in PASMCs. Cells were quiesced for 24 h. Then, cells were exposed 

to hypoxia (5% O2) and stimulated with 1% and 10% foetal calf serum (FCS) for 24 

h. [
3
H]-thymidine incorporation assay was performed for DNA synthesis evaluation 

(as an index of cell proliferation). Radioactive counts were measured in 

disintegrations per minute (DPM) and normalized to the control group (quiescent 

cells). Experiments were conducted in quadruplicate (number of wells). Each value 

represents the mean ± SEM (n=5). 
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3.10 Effect of Acute Hypoxia (5% O2) on ERK1/2 phosphorylation 

Cells were stimulated with 1% and 10% foetal calf serum (FCS) for 15 minutes 

after 5% O2 incubation (24 hours). Figure 3.9 shows an increase in ERK1/2 

phosphorylation when stimulating the cells with 1% FCS and 10% FCS compared 

to control (0.1% FCS). However, hypoxia (5% O2) (Figure 3.9) had similar effects 

as 10% O2 (Figure 3.7), which both failed to enhance ERK1/2 protein 

phosphorylation in the absence or presence of serum in comparison to normoxia (no 

significant difference, p ˃ 0.05).   
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Figure 3.9 The effect of hypoxia (5% O2) on ERK1/2 phosphorylation in 

PASMCs. Cells were seeded in pairs of 6 well plates. At 70-80% confluence, cells 

were quiesced for 24 hours. Cells were then incubated at different oxygen levels; 

21% oxygen (normoxia) and 5% oxygen (hypoxia) for 24 hours and were 

stimulated with 1% FCS or 10% FCS for 15 minutes. Blots were assessed by semi-

quantitative densitometry and results expressed as % basal ERK1/2 

phosphorylation relative to control (quiescent cells, cells with 0.1% FCS during 

normoxia). Whole cell extracts were prepared and analysed using Western blot for 

p-ERK1/2 (42-44 kDa) expression and its total (42-44 kDa), which was used as a 

loading control. Each value represents the mean ± SEM (n=3). 
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3.11 Effect of Acute Hypoxia (3% O2) on PASMC Proliferation 

As shown previously, exposing to 10% O2 or 5% O2 had no effect in terms of 

cellular proliferation in [
3
H]-thymidine incorporation measurements. Thus, a further 

reduction in the oxygen level to 3% was examined (Figure 3.10). In resting cells, 

3% oxygen caused a small but insignificant increase in [
3
H]-thymidine 

incorporation (1.5 ± 0.3 fold). This outcome was also observed for 1% FCS (1.4 ± 

0.19 fold) and the trend become significant following 10% FCS stimulation (1.5 ± 

0.13 fold). 

 

 

 

 

 

 

 

 

 

 

 

 



Chapter 3                          The Role of Hypoxia in Regulating PASMC Proliferation 

82 
 

 

 

 

*

0

2

4

6

8

10

12

14

0.1% FCS 1% FCS 10% FCS

F
o
ld

 
c
h

a
n

g
e
 i

n
 D

N
A

 s
y
n

th
e
s
is

Normoxia (21%)

Hypoxia (3%)

 

 

Figure 3.10 The combined effect of incremental serum concentrations and 

hypoxia (3% O2) on [
3
H]-thymidine incorporation in PASMCs. Cells were 

quiesced for 24 h in 0.1% FCS. Cells were then exposed to hypoxia (3% O2) and 

stimulated with 1% and 10% foetal calf serum (FCS) for 24 h. A [
3
H]-thymidine 

incorporation assay was performed for DNA synthesis (as an index of cell 

proliferation). Radioactive counts were measured in disintegrations per minute 

(DPM) and normalized to the control group (quiescent cells). Experiments were 

conducted in quadruplicate (number of wells). Each value represents the mean ± 

SEM. *p <0.05 vs. cells cultured in normoxia (n=4). 
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3.12 The effect of Hypoxia (3% O2) on Proliferative Marker Genes  

The previous result (Figure 3.10) showed hypoxia (3% O2) caused a significant 

increase in serum-stimulated DNA synthesis. Therefore, additional experiments to 

identify whether hypoxia leads to increased cell proliferation were performed. A 

number of key genes implicated in cell proliferation such as proliferating cell 

nuclear antigen (PCNA) gene, extracellular regulated kinase 1 (ERK1) gene and 

cyclin D1 gene were examined. Data show PCNA, ERK1 and cyclin D1 genes were 

increased to 2.8 ± 0.1, 17.2 ± 2.8 and 15.9 ± 1.1 fold compared to their level in the 

normoxic control group (Figure 3.11). Also, PCNA inside the cell nuclei of 

PASMCs was microscopically investigated using an immunofluorescence staining 

technique for both the normoxic and hypoxic groups (Figure 3.12). The results 

display a notable existence of PCNA in both stimulated cells. However, the PCNA 

expression inside the nuclei of hypoxic cells was higher (1.7 ± 0.03 fold, Figure 

3.12). 
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Figure 3.11 The effect of hypoxia (3% O2) on the proliferative marker genes; 

PCNA, ERK1 and cyclin D1 expression in serum-stimulated PASMCs. Cells 

were quiesced for 24 h. 10% serum growing media was added immediately before 

oxygen incubation time; normoxia (21% oxygen) and hypoxia (3% oxygen) for 24 

h. RNA was extracted from the cells. Equal RNA concentrations were used for 

cDNA sample preparation. Genes were measured using RT-qPCR. Ubiquitin C 

(UBC) was used as the reference gene for normalization. *p <0.05 vs. normoxic 

cells (n=3). 
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Figure 3.12 The effect of hypoxia (3% O2) on PCNA expression in serum-

stimulated PASMCs. Immunofluorescence (x60) staining of proliferating cell 

nuclear antigen (PCNA) was shown in cells stimulated with 10% serum under 

normoxic incubation (21% oxygen) for 24 h as a control (image A) and in cells 

exposed to hypoxia (3% oxygen) and stimulated with 10% serum  for 24 h (image 

B). The intensity of PCNA positive area was measured using Image J and 

normalized to control cells (cells with 10% serum normoxic culture). Scale bar is 

10 µm in both images. Each value represents the mean ± SEM. *p <0.05 vs. cells 

cultured in normoxia (n=3). 
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In addition, cyclin-dependent kinase inhibitor 2A (cdkn2A), which is a cell cycle 

regulatory gene, was examined. Data show cdkn2A gene expression in hypoxic 

cells was reduced to 0.18 ± 0.1 fold compared to its level in control cells (Figure 

3.13). 
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Figure 3.13 The effect of hypoxia (3% O2) on Cdkn2a gene expression in 

serum-stimulated PASMCs. Cells were quiesced for 24 h. 10% serum growing 

media was added immediately before oxygen incubation time; normoxia (21% 

oxygen) and hypoxia (3% oxygen) for 24 h. RNA was extracted from the cells. 

Equal RNA concentrations were used for cDNA sample preparation. Cyclin-

dependent kinase inhibitor 2A (Cdkn2a) gene was measured using RT-qPCR. 

Ubiquitin C (UBC) was used as the reference gene for normalization. *p <0.05 vs. 

normoxic cells (n=3). 
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3.13 Hypoxic Marker Genes 

To confirm the stressful effect of hypoxia, hypoxia-inducible factor-1 (HIF-1) 

isoforms: HIF-1α and HIF-2α were investigated. Figure 3.14 shows a significant 

upturn in all hypoxic gene expression (HIF-1α gene; 45.6 ± 10.6 fold and HIF-2 α 

gene; 1485 ± 290 fold) in cells exposed to 3% oxygen compared to cells kept at 

21% oxygen (control). Finally, arginase-1 gene, a gene that is involved in HIF-2 

signalling pathway was also examined. HIF-2α acts to control nitric oxide 

homeostasis. This occurs through HIF-2α regulation of the arginase genes (Branco-

Price et al., 2012, Grasemann et al., 2015, Firth et al., 2010). Increased expression 

of arginase genes is found in pulmonary artery cells derived from PAH lungs and 

these cells produce lower nitric oxide levels than the non-PAH (control) cells (Xu et 

al., 2004). The expression of arginase 1 gene in pulmonary endothelium and whole 

lung samples from mice lacking HIF-2α is decreased in response to hypoxia 

(Cowburn et al., 2016). The expression of arginase 1 gene in PASMCs was 

measured under both normoxic and hypoxic conditions. Data show upregulation of 

this gene was significant in hypoxic stimulated cells (4.4 ± 0.5 fold, Figure 3.15). 
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Figure 3.14 Expression of HIF-1α and HIF-2α genes in serum-stimulated 

PASMCs during hypoxia (3% O2). Cells were quiesced for 24 h. 10% serum 

growing media was added immediately before oxygen incubation time; normoxia 

(21% oxygen) and hypoxia (3% oxygen) for 24 h. RNA was extracted from the 

cells. Equal RNA concentrations were used for cDNA sample preparation. A) HIF-

1α (hypoxia-inducible factor-1 alpha) gene and B) HIF-2α (hypoxia-inducible 

factor-2 alpha) gene were measured using RT-qPCR. Ubiquitin C (UBC) was used 

as the reference gene for normalization. *p <0.05 vs. normoxic cells (n=3). 
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Figure 3.15 The effect of hypoxia (3% O2) on arginase-1 expression in serum-

stimulated PASMCs. Cells were quiesced for 24 h. 10% serum growing media 

was added immediately before oxygen incubation time; normoxia (21% oxygen) 

and hypoxia (3% oxygen) for 24 h. RNA was extracted from the cells. Equal RNA 

concentrations were used for cDNA sample preparation. Arginase-1 gene was 

measured using RT-qPCR. Ubiquitin C (UBC) was used as the reference gene for 

normalization. *p <0.05 vs. normoxic cells (n=3). 
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3.14 Effect of Hypoxia (3% O2) on MAPK phosphorylation 

Previous data had shown there was no effect of 10% O2 or 5% O2, over a 24 h 

experimental period, with various serum stimulations for 15 minutes, on ERK1/2 

phosphorylation in rat PASMCs (Figure 3.7 and Figure 3.9). According to the data 

presented in Figure 3.10, 3% hypoxic-10% FCS had provided the ability of 

PASMCs to promote cell proliferation compared to normoxic-10% FCS 

stimulation. Therefore, in an attempt to understand the mechanism of hypoxia in 

regulating cell proliferation, Western blotting was undertaken to measure the 

protein levels of p-ERK1/2, p-p38 MAPK and p-JNK under these conditions 

(Figure 3.16, Figure 3.17 and Figure 3.18 respectively). A significant increase in 

the phosphorylation of both ERK1/2 (3.9 ± 0.58 fold) and p38 MAPK (1.8 ± 0.08 

fold) was clearly seen in hypoxic cells compared to normoxic cells (Figure 3.16, 

Figure 3.17). However, hypoxia did not show any change in JNK phosphorylation 

(Figure 3.18). 
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Figure 3.16 The effect of hypoxia (3% O2) on serum-induced ERK1/2 

phosphorylation in PASMCs. Cells were seeded in pairs of 6 well plates. At 70-

80% confluence, cells were quiesced for 24 hours. Then, cells were incubated at 

different oxygen levels; 21% oxygen (normoxia; control) and 3% oxygen (hypoxia; 

test) for 24 hours and stimulated with 10% FCS for 15 minutes. Blots were assessed 

by semi-quantitative densitometry and results expressed as fold stimulation relative 

to control (cells stimulated with 10% FCS under normoxic conditions). Whole cell 

extracts were prepared and analysed using Western blot for p-ERK1/2 (42-44 kDa) 

expression and its total (42-44 kDa), which was used as a loading control. Each 

value represents the mean ± SEM. *p <0.05 vs. normoxic cells (n=3). 
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Figure 3.17 The effect of hypoxia (3% O2) on serum stimulation of p38 MAPK 

phosphorylation in PASMCs. Cells were seeded in pairs of 6 well plates. At 70-

80% confluence, cells were quiesced for 24 hours. Then, cells were incubated at 

different oxygen levels; 21% oxygen (normoxia; control) and 3% oxygen (hypoxia; 

test) for 24 hours and were stimulated with 10% FCS for 15 minutes. Blots were 

assessed by semi-quantitative densitometry and results expressed as fold 

stimulation relative to control (cells stimulated with 10% FCS under normoxic 

conditions). Whole cell extracts were prepared and analysed using Western blot for 

p-p38 MAPK (38 kDa) expression and GAPDH (37 kDa), which was used as a 

loading control. Each value represents the mean ± SEM. *p <0.05 vs. normoxic 

cells (n=3). 
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Figure 3.18 The effect of hypoxia (3% O2) on JNK phosphorylation in 

PASMCs. Cells were seeded in pairs of 6 well plates. At 70-80% confluence, cells 

were quiesced for 24 hours. Then, cells were incubated at different oxygen levels; 

21% oxygen (normoxia; control) and 3% oxygen (hypoxia; test) for 24 hours and 

were stimulated with 10% FCS for 15 minutes. Blots were assessed by semi-

quantitative densitometry and results expressed as fold stimulation relative to 

control (cells stimulated with 10% FCS under normoxic conditions). Whole cell 

extracts were prepared and analysed using Western blot for p-JNK (54/46 kDa) 

expression and GAPDH (37 kDa), which was used as a loading control. Each value 

represents the mean ± SEM (n=3). 
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3.15 Effect of Hypoxia (3% O2) on PI3K/mTOR signalling pathway  

The involvement of PI3K/mTOR cascade in 10% FCS stimulated cells, that 

promote cell proliferation following 3% oxygen hypoxia, was examined by 

measuring PI3K and AKT genes and the downstream signalling genes such as 

mTORC1 and P70s6K genes (Figure 3.19) using RT-qPCR. Results show a slight 

increase in PI3K (2 ± 0.4 fold) gene and a significant increase of AKT, mTORC1 

and P70s6K genes (3.1 ± 0.5 fold, 3.5 ± 0.4 fold and 25.8 ± 0.49 fold, respectively) 

in hypoxic cells (Figure 3.19). 
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Figure 3.19 The effect of hypoxia (3% O2) on PI3K/AKT/mTORC1 cascade in 

serum-stimulated PASMCs. Cells were quiesced for 24 h. 10% FCS was added 

immediately before normoxia (21% oxygen) and hypoxia (3% oxygen) 24 h 

incubations. RNA was extracted from the cells. Equal RNA concentrations were 

used for cDNA sample preparation. PI3K (A), AKT (B), mTORC1 (C) and P70s6k 

(D) genes were measured using RT-qPCR. Ubiquitin C (UBC) was used as the 

reference gene for normalization. *p <0.05 vs. normoxic cells (n=3). 
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3.16 Discussion 

The subject of this chapter covers isolating and characterizing primary PASMCs 

from rat lung and to establish a proliferative cell model (PASMCs from normal rats, 

in normoxia and acute hypoxia). The study hypothesized that proliferation of 

cultured PASMCs could be increased by lowering the oxygen levels (hypoxia). 

Therefore, this chapter attempts to assess the proliferative responses of the isolated 

PASMCs to different levels of hypoxia (10%, 5% and 3% O2) under serum-

stimulated conditions. It is believed that hypoxia strongly contributes to PASMC 

proliferation and pulmonary vascular remodeling (Brock et al., 2014, Chen et al., 

2013). However, the mechanisms remain poorly understood. Subsequently, 

establishing this model will simplify the understanding of hypoxic-dependent 

proliferation signalling that is involved in the pathophysiology of the disease, 

particularly in PASMC proliferation. The specific contribution of hypoxia and 

MAPK/ mTORC1-dependent signalling related to PASMC proliferation is 

addressed in this chapter. In summary, research to find a reliable in vitro hypoxic-

proliferative model was necessary to initiate this project. 

 

3.17 The primary isolates of the pulmonary artery 

The first aim of this chapter was characterizing the primary isolates of PASMCs 

from pulmonary arteries. Using the culturing technique described, PASMCs were 

clearly seen, explanted and started to grow from a rat pulmonary artery. The 

morphological characteristic “Hill and Valley” was clearly observed (Figure 3.2). 

The highly expressed specific markers, which exist in the contractile phenotype of 

SMC, such as myosin heavy chain and α-actin (Figure 3.3) were also of assistance 

in confirming the cells as smooth muscle cells and positively distinguished them 

from other adjacent cells found in the pulmonary artery vascular bed. For example, 

confluent endothelial cells have a distinct cobblestone characteristic appearance 

which differs from the spindle shape formation of PASMCs. 
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3.18 Effects of Serum concentration on Cell Proliferation 

In this project, [
3
H] thymidine incorporation experiments were initiated to assess 

cell proliferation. [
3
H] Thymidine incorporation is considered as a gold standard 

measure of DNA synthesis and cell proliferation and it was previously tested and 

verified in our laboratory. In order to optimize the experiment in this study, the use 

of incremental serum concentrations to stimulate the cells was assessed (Figure 

3.4). The validation of [
3
H] Thymidine experiments for measuring cell growth will 

strongly help to assess cell proliferation in experiments in other chapters in this 

thesis using different stimulants (e.g. PDGF).  

 

3.19 The effect of Acute Hypoxia on PASMC Proliferation 

Controversially, there are many studies about the effect of acute hypoxia on 

cultured PASMCs in vitro. It is uncertain if hypoxia directly or indirectly stimulates 

PASMC proliferation, whether hypoxia pushes the cells to produce autocrine 

growth factors or whether hypoxia has a strong stimulatory effect on adjacent cells, 

such as endothelial cells, to secrete factors that promote cellular growth. For 

example, during acute exposure to hypoxia, endothelial cells are capable of 

releasing growth factors such as basic fibroblast growth factor (bFGF) and 

prostaglandins (PGs) that promote smooth muscle cell proliferation (Michiels et al., 

1994). On the one hand, many studies have shown that acute hypoxia is an indirect 

stimulus for PASMC proliferation (Dempsey et al., 1991, Lanner et al., 2005), or it 

indeed does harm to the cells and causes a reduction in cell proliferation (Eddahibi 

et al., 1999, Stiebellehner et al., 2003). On the other hand, other studies have 

demonstrated that acute hypoxia induces PASMC proliferation as a direct stimulant 

(Benitz et al., 1986, Preston et al., 2006). 

 

The current study shows that rat PASMCs have variable proliferative responses to 

different hypoxic degrees; 10%, 5% and 3% oxygen. In hypoxia (10% O2), the 

DNA synthesis value in hypoxic cells was unaffected in comparison to normoxic 

control cells in response to 0.1 % FCS (Figure 3.5). At 5% and 3% O2 in the 

absence of serum, the growth of PASMCs was enhanced by hypoxia (Figure 3.8 

and Figure 3.10, respectively). However, 5% and 3% O2 exposure failed to induce 

any significant increase in cell proliferation, suggesting that cells during hypoxia 
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seem to require more nutrients (growth factors) to promote significant growth 

following 24 hours incubation. This was seen in hypoxia (3% O2) as the growth 

rates of hypoxic cells stimulated with 10% FCS were significantly enhanced 

(Figure 3.10). Thus, this result, an increase in PASMC proliferation by 3% O2 level 

of hypoxia, is the foundation for the following chapter. 

 

3.20 The Effect of Hypoxia (10% and 5% O2) on ERK1/2 phosphorylation 

The mitogen-activated protein kinases (MAPKs) are a group of serine/threonine 

kinases which are strongly linked with VSMC proliferation (Gennaro et al., 2003, 

Shen et al., 2014). In particular, it has been reported that in comparison to other 

MAPK proteins; p38 MAPK and JNK, the phosphorylated form of ERK1/2 protein 

had a dominant effect on VSMC survival and proliferation in response to PDGF 

(Zhan et al., 2003). The following chapter goals are therefore to investigate the 

association between cell proliferation and acute hypoxia in cultured PASMCs and 

to examine the effect of hypoxia on the MAPK signalling pathway of these cells, 

assessment of the ERK1/2 phosphorylation at different time points was undertaken 

in PASMCs. The result highlighted the highest level of ERK1/2 phosphorylation 

was seen at 15 minutes post stimulation (Figure 3.6). This result is in line with a 

study by (Zhang et al., 1998) as they found that the MAPK proteins 

phosphorylation in PASMCs increases at 15 minutes in response to hydrogen 

peroxide stimulation. Optimization of stimulation time will facilitate the study of all 

MAPK cascades in PASMCs. For example, in this chapter, investigation of 

different levels of hypoxia (10%, 5% and 3% O2) on ERK1/2 phosphorylation was 

performed using 10% FCS in cells which were cultured for 24 hours under hypoxic 

conditions and therefore were stimulated with 10% FCS for 15 minutes. 

 

In quiescent cells (cells with 0.1% FCS), Western blot data show hypoxia (10% O2) 

did not activate ERK phosphorylation (Figure 3.7). This was correlated with the 

result of [
3
H] thymidine incorporation that supports the failure of hypoxia (10% O2) 

to be a direct inducer of cell proliferation (Figure 3.5). In hypoxia (5% O2), an 

absence of ERK phosphorylation was also observed in quiescent cells (Figure 3.9) 

whereas [
3
H] thymidine incorporation results show a slight increase in DNA 



Chapter 3                          The Role of Hypoxia in Regulating PASMC Proliferation 

99 
 

synthesis (Figure 3.8), suggesting that ERK1/2 MAPK signalling may not be 

involved in hypoxic-dependent cell proliferation. 

 

In serum-stimulated cells, Western blot data reinforced that exposure to 10% O2 

(Figure 3.7) or 5% O2 (Figure 3.9) did not mediate further increase to ERK1/2 

phosphorylation. These data were in line with [
3
H] thymidine incorporation 

findings (Figure 3.5 and Figure 3.8, respectively) which show that exposure to 10% 

O2 or 5% O2 had no effect on cell proliferation. A suggested explanation for these 

results is that the acute exposure to 10% O2 or 5% O2 had a negative effect on cell 

proliferation even when cells were stimulated with FCS which may help the 

hypoxic effect to enhance the cellular growth. It has, however, been reported by 

(Blaschke et al., 2002) that phosphorylation of ERK1/2 MAPK caused by 

extracellular hypoxic (1% O2) stimuli is evidently upregulated in quiescent VSMCs. 

In addition, the involvement of all MAPK proteins was detected in pulmonary 

arterial remodeling in response to hypoxia (Jin et al., 2000). Hence, further 

examination of MAPK signalling proteins and cell proliferation was carried out at a 

more severe hypoxic level, to clarify the effect of acute hypoxia in both the 

quiescent and the serum-stimulated PASMCs. 

  

3.21 The Effect of Hypoxia (3% O2) on PASMC Proliferation 

Increased DNA synthesis and proliferation of PASMCs was observed by reducing 

the oxygen to 3% (Figure 3.10). At 10% serum stimulation, hypoxia (3% O2) shows 

a significant increase in cell proliferation (Figure 3.10). This finding supports 

Schultz and co-workers (2006) study, which reported that hypoxia enhanced the 

proliferative responses of smooth muscle cells to mitogens in comparison to 

normoxic controls. To clarify whether there is a substantial effect of hypoxia on cell 

proliferation, several experiments were performed to investigate the proliferative 

state by measuring some proteins and genes of signalling pathways, which regulate 

cell proliferation and may be involved in the hypoxic-dependent mechanism. 

 

Data showed a significant increase in the proliferative genes such as PCNA, cyclin 

D1 and ERK1 genes (Figure 3.11). An increase of ERK1 gene in the hypoxic group 

following 10% FCS stimulation was correlated with the Western blot findings 
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which show a slight increase in its protein expression (Figure 3.16). It has been 

shown that serotonin (5-HT) and Rho-kinase (ROCK) signalling pathways 

contribute to hypoxia-induced cell proliferation and pulmonary arterial remodeling 

(Homma et al., 2007). Serotonin stimulates ERK phosphorylation and therefore, the 

activated Rho-kinase (ROCK) facilitates the translocation of the phosphorylated 

ERK into the nucleus, which leads to subsequent activation of nuclear transcription 

factor cyclin D1 which results in proliferation of PASMC (Mair et al., 2008, Liu et 

al., 2004). In addition, data showed another correlation between the PCNA gene 

expression (Figure 3.11) and the fluorescence intensity of PCNA within the 

PASMCs (Figure 3.12), which both were increased due to the proliferative effect of 

hypoxia in 10% FCS stimulated cells. These findings are consistent with a study 

that showed hypoxia activates ROS production which causes elevation of cyclin D1 

and PCNA, and subsequently increases PASMC proliferation and remodeling 

(Adesina et al., 2015). In addition, it has been demonstrated that PCNA positive 

cells exist in the medial smooth muscle layer of the pulmonary arteries following 

hypoxic exposure in comparison to normoxic controls (Mizuno et al., 2015). 

 

The result shows a significant reduction of the pro-apoptotic gene in the hypoxic 

group (cdkn2a, Figure 3.13). This finding also supports the hypoxic effect on cell 

proliferation. It has been reported that an increase in cdkn2a expression in human 

melanoma cells suppressed the proliferation and migration of these cells (Bai et al., 

2016). 

 

Data showed the exposure to hypoxia (3% O2) caused a significant increase in 

hypoxia-inducible factor-1 (HIF-1α) gene expression, which is recognised as a key 

regulator gene of the transcriptional response to hypoxia (Figure 3.14A). This result 

is consistent with the majority of previously published findings that support the 

definite relationship between the lack of oxygen in the environment (hypoxia) and 

the numerous cellular responses (e.g. cell proliferation), which resulted from the 

transcription factor HIF-1α. HIF-1α plays a major role in the pathogenesis of 

hypoxic pulmonary hypertension particularly in the regulation of PASMC 

proliferation. For example, the expression of endothelin-1 (ET-1) within the 

pulmonary vasculature is increased in hypoxic rats (Kim et al., 2015) and the 

increased expression of HIF-1α gene in the PASMCs contributes to the ET-1 effect. 
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This effect includes increased intracellular Ca
2+

, production of ROS and subsequent 

ERK1/2 phosphorylation which results in an increase in cell proliferation (Pisarcik 

et al., 2013). HIF-1α not only contributes to cell proliferation; but also to the 

inflammatory mechanisms involved in lung disorders and pulmonary hypertension 

(Xu et al., 2016). 

 

Additional qPCR findings show an increase in the HIF-2α gene expression (Figure 

3.14B) and in the arginase-1 gene expression (Figure 3.15) in cells that were 

exposed to hypoxia (3% O2). These results suggest the vital role of these genes in 

hypoxia-induced pulmonary hypertension and cell proliferation. Consistent with 

these results, a study by Elorza and co-workers demonstrated that high levels of 

HIF-2α within cancer cells activate the mTORC1 cascade, which enhances cell 

proliferation (Elorza et al., 2012). Another study by Gordan and co-workers 

reported that HIF-2α enhances cell proliferation under hypoxic conditions by 

increasing c-Myc activity (Gordan et al., 2007). Moreover, it was reported that 

upregulation of HIF-2α has strongly contributed to the development of pulmonary 

hypertension by affecting the pulmonary vascular resistance through arginase-1 

dependent mechanisms (Cowburn et al., 2016). This study showed the down-

regulation of arginase-1 in isolated lungs from mice lacking HIF-2α following 

hypoxic treatment and demonstrated that arginase-1 deletion influenced the 

development of hypoxic pulmonary hypertension. A rise in pulmonary vascular 

resistance and the development of pulmonary hypertension are caused by 

generalized alveolar hypoxia leading to a generalized construction of pulmonary 

arteries (Weir and Olschewski, 2006). Another study also highlighted the 

involvement of arginase 1 in hypoxia-induced pulmonary hypertension, which has 

been involved in decreasing airway nitric oxide and in increasing remodeling and 

collagen deposition in patients with pulmonary hypertension (Grasemann et al., 

2015). Pulmonary arterial hypertension stimulates arginase 1 activity, which 

promotes the proliferation of vascular smooth muscle cells by increasing the 

intracellular production of polyamine and L-proline, which in turn stimulate the 

proliferation of EC and VSM and collagen synthesis, favouring a thick fibrous cap 

and thus leading to neointima formation and medial thickening of the vascular wall 

(Wang et al., 2014c, Durante, 2013). 
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3.22 The Effect of Hypoxia (3% O2) on p38 MAPK phosphorylation 

Several studies have reported the critical role of p38 MAPK in hypoxic pulmonary 

hypertension pathogenesis and its importance in response to hypoxia (Das et al., 

2001, Lu at al., 2004 and Jin et al., 2000). In addition, an activation of p38 MAPK 

in the pulmonary artery was revealed in both acute and chronic hypoxia (Welsh et 

al., 2006). In the Western blot experiments conducted in this chapter (Figure 3.17), 

the data show a significant increase in p38 MAPK phosphorylation was observed in 

stimulated hypoxic cells, suggesting that the proliferative response of PASMCs due 

to 3% O2 appears to be dependent on the constitutive phosphorylation of p38 

MAPK. The link between p38 MAPK phosphorylation, HIF-1α stability and cell 

proliferation has been shown in hypoxic pulmonary fibroblasts (Pouyssegur et al., 

2003). 

 

3.23 The effect of hypoxia (3% O2) on mTOR signalling pathway 

Results show hypoxia (3% oxygen) increases the gene expression of 

AKT/mTORC1/P70s6k cascade in 10% FCS stimulated cells suggesting that 

proliferation of PASMCs was enhanced following hypoxic treatment. These 

findings are correlated with a study which found that activation of the 

AKT/mTORC1/P70s6k pathway by aldosterone increases proliferation, viability 

and apoptosis resistance of PASMCs in hypoxic rats (Aghamohammadzadeh et al., 

2016). 
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3.24 Main Findings 

The main findings of this chapter are 

 

 PASMCs exposed to 3% O2 are more likely to show a proliferative response 

compared to the cells exposed to less hypoxic levels such as 10% O2 and 

5% O2. 

 

 Acute hypoxia (3% O2) has a direct proliferative effect on PASMCs and it 

significantly enhanced the cellular growth in response to 10% FCS 

stimulation in particular. Therefore, exposure to 3% O2 as an experimental 

test model to study the cell signalling involved in PASMC proliferation-

induced pulmonary hypertension was successfully achieved. 

 

 The MAPK signalling (particularly ERK1/2 and p38 MAPK) pathway, the 

intracellular signalling pathway that regulates cell proliferation such as 

PI3K/ mTORC1 pathway and the cell cycle regulatory gene cyclin D1 

appear to contribute to the combined effect of 3% O2 and 10% serum. 
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The Role of Mitochondria in Regulating Pulmonary Artery 

Smooth Muscle Cell Proliferation and Migration 
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4.1 Introduction 

One of the main features observed in cardiovascular disease is a reverse phenotypic 

shift from the normal contractile (quiescent) state to the synthetic phenotype of 

vascular smooth muscle cells (VSMCs), which promotes cell proliferation and cell 

migration from the medial layer into the intimal region, which eventually leads to 

severe narrowing of the vessels (Rudijanto, 2007). As described in chapter 1, 

excessive proliferation and migration of the PASMCs are the major pathogenic 

components involved in the development of pulmonary vascular remodeling and 

pulmonary hypertension, which are aggravated by hypoxia (Marsboom et al., 2012, 

Schermuly et al., 2005, Luo et al., 2013). Several signalling growth 

factors/mediators are involved in the aberrant proliferation and migration of smooth 

muscle cells including platelet-derived growth factor (PDGF), basic fibroblast 

growth factor (bFGF) and epidermal growth factor (EGF) (Ushio-Fukai et al., 2001, 

Xin et al., 1994, Yu et al., 2003). PDGF is considered as one of the most potent 

mitogens in PASMCs, which mediates the conversion to the 

hyperproliferative/apoptosis-resistant phenotype (Owens et al., 2004). PDGF has 

also been shown to increase glycolysis and mitochondrial activity in these cells 

(Moncada et al., 2012) and gene expression has been recognized in response to 

hypoxia (Voelkel and Tuder, 1995). The mechanisms driving PASMC proliferation 

and migration in response to PDGF during hypoxia are important as they contribute 

to the development of pulmonary vascular remodeling (Schermuly et al., 2005). 

Therefore, identifying signalling proteins associated with the PDGF stimulated cells 

is necessary as they can provide potential therapeutic targets in pulmonary 

hypertension. Mitochondria have been suggested to have an important role in the 

development of pulmonary vascular remodeling. This is probably because of the 

reversible suppression of the mitochondria involved in the development of cancer, 

similar to the uncontrolled proliferation of PASMCs in pulmonary hypertension 

(Dromparis and Michelakis, 2013). The balance between proliferation/apoptosis is 

mediated by mitochondria and mitochondrial dysfunction could potentially result in 

either an increase in cell growth/proliferation or an increase in apoptosis (Li et al., 

1997). Due to the lack of understanding of the exact mechanisms related to 

mitochondrial-dependent cell signalling in regulating cell proliferation and 
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migration, this chapter will focus on identifying the role of mitochondria in 

PASMC proliferation and migration. 

 

4.2 Mitochondria and PASMC proliferation  

Mitochondria are motile organelles which are widely known to produce the energy-

carrying molecule adenosine triphosphate (ATP), control cell signalling pathways, 

cell growth and signal apoptosis (Wallace, 2005). Mitochondria have a strong 

impact on many cell functions including metabolism, ROS generation and 

mitochondrial dynamics, which all have been shown to be directly associated with 

hyperproliferative diseases such as pulmonary hypertension and cancer (Archer et 

al., 2008). Therefore, the study of the role of mitochondria in PASMC proliferation 

and migration could explain many unresolved questions in proliferative vascular 

remodeling. For example, several studies have reported the mitochondria/metabolic 

theory (the Warburg phenomenon in cancer cells), which is observed in PASMCs 

and this contributes to PASMC over-proliferation and resistance to apoptosis 

(Dromparis et al., 2010, Paulin and Michelakis, 2014, Sutendra and Michelakis, 

2014). In the pulmonary circulation, mitochondria from the PASMCs are 

considered as oxygen sensors and during hypoxia, they become hyperpolarized and 

generate low reactive oxygen species (ROS) levels (Weir et al., 2005). 

Mitochondria regulate vascular tone through the production of mediators such as 

H2O2 that diffuse to the cell cytoplasm and are involved in the redox state in cells. 

H2O2 is a redox signalling molecule which causes vasodilation and a reduction in 

cell proliferation (Burke-Wolin and Wolin, 1989, Michelakis et al., 2002). H2O2 

can alter cell membrane proteins such as K
+
 channels and thus indirectly regulate 

vascular tone (Paffett and Walker, 2007, Archer et al., 2004). Oxygen and redox-

sensitive K
+
 channels have been demonstrated to be the effectors in oxygen sensing 

in the pulmonary artery (Weir and Archer, 1995). H2O2 is released in smooth 

muscle cells from the electron transport chain in mitochondria (Costa et al., 2016). 

The physiological level of H2O2 is maintained in the cell by several enzymes such 

as superoxide dismutase-2 (SOD2), also known as manganese superoxide 

dismutase (MnSOD), an enzyme that converts superoxide (O2
.-
) to H2O2 (Wang et 

al., 2012). A study by Michelakis and co-workers has reported that the pulmonary 

artery and the systemic artery have different mitochondria. In the hypoxic setting, 



Chapter 4        The Role of Mitochondria in PASMC Proliferation and Migration 

107 
 

mitochondria from the pulmonary artery produce higher expression of SOD2 

enzyme and lower expression of electron transport chain components when they are 

compared with mitochondria from systemic arteries (Michelakis et al., 2002). 

Consequently, a decrease in mitochondrial ROS generation, H2O2 in particular 

(Figure 4.1), inhibits the redox-sensitive voltage-gated K
+
 channels at the cell 

membrane, causing depolarization, increasing the intracellular Ca
2+

 levels resulting 

in activation of the transcription factors nuclear factor of activated T cell (NFAT) 

and hypoxia-inducible factor-1 (HIF-1), leading to increased proliferation and 

impaired apoptosis (Yuan et al., 1998, Papandreou et al., 2006, Sutendra et al., 

2010, Dromparis et al., 2010). 

 

Moreover, smooth muscle cells in pulmonary hypertension have not only increased 

rates of glycolysis and altered redox states but also enhanced mitochondrial 

dynamics (Marsboom et al., 2012). This suggests there is an important link between 

the morphology of the mitochondria, fission and fusion mitochondrial processes 

and the proliferative phenotype of the pulmonary artery smooth muscle cell. In 

patients with PAH, isolated endothelial cells and smooth muscle cells from their 

lungs showed hyperpolarized and dysmorphic mitochondria associated with a 

glycolytic shift in the cellular metabolism (Dromparis et al., 2010).  
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Figure 4.1 The mitochondrial effect on PASMC proliferation/apoptosis 

balance in PAH. In PASMCs, mitochondria have decreased pyruvate influx, 

become hyperpolarized and decreased the activity of Krebs cycle. These changes 

alter the mitochondrial membrane potential (ΔΨm). As a result, mitochondria are 

incapable to produce ROS. Impaired mitochondrial ROS leads to the closure of the 

mitochondria transition pore (MTP), trapping cytochrome c and apoptosis-inducing 

factor (AIF) in the matrix, resulting in apoptosis resistance. It also inhibits redox-

sensitive K
+
 channels leading to accumulation of intracellular K

+
 and Ca

2+
, 

resulting in an increase in contraction and proliferation. Increasing the intracellular 

Ca
2+ 

levels leads to the activation of transcription factors (HIF and NFAT), that 

further inhibit apoptosis, promote cell proliferation and sustain the PASMC 

mitochondrial metabolic phenotype. This phenotype is repressed by activating 

pyruvate dehydrogenase (PDH) by using a pyruvate dehydrogenase kinase inhibitor 

(e.g. dichloroacetate (DCA), or by inhibiting fatty acid oxidation (FAO) which 

indirectly stimulates PDH. Restoring mitochondrial ROS (particularly the H2O2) by 

increasing the MnSOD enzyme may also have a beneficial outcome. *Represents 

potential therapeutic targets predicted by the PASMC mitochondrial metabolic 

phenotype in PAH. Adapted from (Dromparis et al., 2010).  
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4.3 Mitochondrial fission protein DRP1 as a potential therapeutic target in 

pulmonary hypertension 

Mitochondria exist in isolation (mitochondrion) or typically in networks that can 

range from very short fragmented mitochondrial networks to long elongated 

networks. As mentioned in (Chapter 1, section 1.10), these differences in network 

lengths are the results of two fundamental processes of mitochondrial movements 

within the cell known as fission and fusion. Mitochondrial movement is collectively 

termed mitochondrial dynamics (Suen et al., 2008). Mitochondrial morphology and 

dynamics are important for maintaining healthy functional mitochondria and 

regulating the bioenergetic status within the cells (Chen and Chan, 2010). 

Mitochondrial fission is necessary when the mitochondria are distributed to 

daughter cells in the case of cell division (Mishra and Chan, 2014). The major 

protein responsible for mitochondrial fission is the DRP1 protein (Cribbs and 

Strack, 2009). DRP1 is mainly cytosolic and its recruitment to the mitochondrial 

surface for fission requires other proteins such as mitochondrial fission 1 (Fis1) and 

mitochondrial fission factor (Mff) (Gandre-Babbe and van der Bliek, 2008). On the 

fission sites, DRP1 creates a constriction circle which drives organelle 

fragmentation (Carlucci et al., 2008). Disruptions in the balance of fission-fusion 

events are thought to play a role in various pathological conditions such as 

pulmonary hypertension. For example, dysfunctional mitochondria in pulmonary 

arterial remodeling, particularly in PASMCs, are due to their oxygen sensing and 

disordered dynamics (Bonnet et al., 2006). In PASMCs from PAH patients, HIF-1α 

is activated, DRP1 expression is increased and the mitochondria are extremely 

fragmented (Marsboom et al., 2012). Therefore, proteins involved in regulating the 

processes of mitochondrial fusion/fission are potential targets (Figure 4.2). 

Recently, the role of DRP1 protein, a protein responsible for mitochondrial fission, 

has begun to attract attention as a potential therapeutic target in cancer and vascular 

diseases. Brooks and co-workers have reported increased mitochondrial fission 

causes an unusual upturn in mitochondrial fragmentation, which leads to an 

increase in reactive oxygen species (ROS) production, which may increase cell 

proliferation (Brooks et al., 2009). In addition, Wang et al. (2015) have 

demonstrated that controlling mitochondrial fission may play a role in preventing 

cell migration. Moreover, Lim et al. and Marsboom et al. reported that an inhibition 
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of mitochondrial dynamics prevents mitochondrial fission and slows the 

proliferation of VSMCs and PASMCs, respectively (Lim et al., 2015, Marsboom et 

al., 2012). These results led to further studies in an attempt to understand the 

mitochondrial signalling mechanism by inhibiting the fission mediator DRP1 

protein. 

 

 

Figure 4.2 Mitochondrial fusion and fission processes and their major 

mediators. The elongated mitochondrial shape (mitochondrial interconnectivity) is 

maintained by mitochondrial fusion. This process is mediated by proteins such as 

mitofusin 1 (MFN1), mitofusin 2 (MFN2) and optic atrophy-1 (OPA1). 

Mitochondrial fragmentation is maintained by mitochondrial fission which is 

regulated by proteins such as mitochondrial fission 1 (Fis1), mitochondrial fission 

factor (Mff) and dynamin-related protein-1 (DRP1). Mdivi-1 suppresses the 

mitochondrial fission via inhibiting the DRP1 protein. Adapted from (Rosdah et al., 

2016). 

 

4.4 Chapter Aims 

 To measure the effect of inhibition of mitochondrial fission (using a DRP1 

inhibitor, Mdivi-1) on PASMC proliferation and migration under 

normoxic and hypoxic cell culture conditions. 

 To examine the bioactivity of the mitochondria following Mdivi-1 

treatment under normoxic and hypoxic cell culture conditions.  
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4.5 Results   

4.6 The combined effect of Hypoxia and PDGF on Cell Proliferation 

The proliferative response caused by acute hypoxia and PDGF was assessed by 

[
3
H]-thymidine incorporation assay in PASMCs. As previously presented in chapter 

3, when quiescent cells were exposed to hypoxia 3% for 24 h, there was an 

insignificant increase in cellular DNA synthesis. However, in the presence of serum 

(10% FCS), there was a significant increase (Figure 3.10). In this chapter, [
3
H] 

thymidine incorporation experiments were repeated using PDGF in place of serum 

as a specific mitogen to study its combined effect with hypoxia (3%) on PASMC 

proliferation. Initially, increasing PDGF concentrations were used to stimulate 

PASMC proliferation under normoxic conditions. As shown in Figure 4.3, the 

lowest PDGF concentration (5 ng/ml) significantly increases cellular DNA 

synthesis (5.2 ± 0.36 fold of basal), which was comparable to higher PDGF 

concentrations; (10 ng/ml = 5.99 ± 0.66 and 20 ng/ml = 5.25 ± 0.29 fold of basal 

control). Hence, the lowest PDGF concentration (5 ng/ml) was selected to stimulate 

pulmonary cellular growth under hypoxic (3%) conditions. 

 

Furthermore, the effect of PDGF under acute hypoxic exposure (3% oxygen) was 

also examined by [
3
H] thymidine incorporation assay (Figure 4.4). In serum-

deprived (0.1% FCS) media, hypoxia increased the rate of DNA synthesis by 1.6 ± 

0.4 fold. Following PDGF stimulation, data show that PDGF increased cell 

proliferation by 4.5 ± 0.5 fold under normoxic conditions. However, exposure of 

cells to hypoxia significantly enhanced cell growth by 1.59 ± 0.15 fold in 

comparison to normoxic stimulated cells (Figure 4.4). 

 

 

 

 

 



Chapter 4        The Role of Mitochondria in PASMC Proliferation and Migration 

112 
 

 

 

 

 

 

*

*

*

0

1

2

3

4

5

6

7

8

0.1% FCS PDGF (5 ng/ml) PDGF (10 ng/ml) PDGF (20 ng/ml)

F
o

ld
 c

h
a

n
g

e 
in

 D
N

A
 s

y
n

th
es

is

 

 

Figure 4.3 The effect of PDGF on pulmonary artery smooth muscle cell 

proliferation. Cells were quiesced for 24 h in the normoxic incubator. Cells were 

then stimulated with increasing platelet-derived growth factor (PDGF) 

concentrations (5, 10 and 20 ng/ml) for 24 h. DNA synthesis was evaluated by 

[
3
H]-thymidine incorporation assay. Radioactive counts were measured in 

disintegrations per minute (DPM) and normalized to DNA synthesis in the control 

group (quiescent cells, 0.1% FCS). *p <0.05 vs. quiescent cells. Experiments were 

conducted in quadruplicate (number of wells). Each value represents the mean ± 

SEM (n=3). 
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Figure 4.4 The effect of hypoxia on PDGF induced cell proliferation. Cells were 

quiesced for 24 h under normoxic conditions. Cells were then incubated at different 

oxygen levels: normoxia (21% oxygen) and hypoxia (3% oxygen) for 24 h. PDGF 

(5 ng/ml) was added immediately before hypoxic exposure. DNA synthesis was 

evaluated by [
3
H]-thymidine incorporation assay. Radioactive counts were 

measured in disintegrations per minute (DPM) and normalized to DNA synthesis in 

the control group (quiescent cells, 0.1% FCS). *p <0.05 vs. cells cultured in 

normoxia. +p <0.05 vs. quiescent cells. Experiments were conducted in 

quadruplicate (number of wells). Each value represents the mean ± SEM (n=3). 
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4.7 Effect of Mdivi-1 on Hypoxic-PDGF induced cell Proliferation 

In order to assess the effect of Mdivi-1 on PASMC proliferation under both 

normoxic (21% oxygen) and hypoxic (3% oxygen) cell culture conditions, DNA 

synthesis was measured using [
3
H]-thymidine incorporation assay. Inhibiting 

mitochondrial fission using 10 μM Mdivi-1 in PDGF stimulated cells resulted in a 

27 ± 2.88 % reduction and a 67.5 ± 2.9 % reduction in DNA synthesis under both 

normoxic and hypoxic conditions, respectively (Figure 4.5). A significant 

difference in DNA synthesis was detected among Mdivi-1 treatments in hypoxia 

versus normoxia. Blocking PDGF receptors with 10 μM imatinib was used as a 

negative control, which reduced the stimulation to near basal levels (Figure 4.5). 
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Figure 4.5 The effect of Mdivi-1 on PDGF induced PASMC proliferation. Cells 

were quiesced for 24 h under normoxic conditions. Cells were then stimulated with 

PDGF (5 ng/ml) and incubated at different oxygen levels: normoxia (21% oxygen) 

and hypoxia (3% oxygen) for 24 h. Mdivi-1 (10 μM) or imatinib (10 μM) were 

added 30 minutes before stimulation. [
3
H]-thymidine incorporation assay was 

performed for DNA synthesis evaluation. Radioactive counts were measured in 

disintegrations per minute (DPM) and normalized to DNA synthesis in the PDGF 

stimulated group. +p <0.05 vs. quiescent cells. *p <0.05 vs. cultured cells in 

normoxia. �p <0.05 vs. PDGF stimulated cells. Experiments were conducted in 

quadruplicate (number of wells). Each value represents the mean ± SEM (n=5).  

 



Chapter 4        The Role of Mitochondria in PASMC Proliferation and Migration 

116 
 

4.8 Effect of Mdivi-1 on Hypoxic-FCS induced cell Proliferation 

As previously reported in chapter 3, at 10% FCS (Figure 3.10), hypoxia (3% O2) 

significantly stimulated PASMC proliferation. Therefore, the effect of the DRP1 

inhibitor (Mdivi-1) was examined in 10% serum under both normoxic and hypoxic 

conditions (Figure 4.6). Data show that Mdivi-1 treatment caused a significant 

reduction in DNA synthesis in response to 10% FCS stimulation (23.1 ± 5.9 %) and 

the combined stimulatory effects of 10% FCS and hypoxia (3% O2) (31.4 ± 4.8 %). 
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Figure 4.6 The effect of Mdivi-1 on 10% FCS induced PASMC proliferation. 

Cells were quiesced for 24 h under normoxic conditions. Cells were then stimulated 

with 10% FCS and incubated at different oxygen levels: normoxia (21% oxygen) 

and hypoxia (3% oxygen) for 24 h. Mdivi-1 (10 μM) was added 30 minutes before 

stimulation. [
3
H]-thymidine incorporation assay was performed for DNA synthesis 

evaluation. Experiments were conducted in quadruplicate (number of wells). In 

each oxygen condition, radioactive counts were measured in disintegrations per 

minute (DPM) and normalized to DNA synthesis in the 10% FCS stimulated cells 

without Mdivi-1 (control). Results expressed as % stimulation relative to the 

control (100%). *p<0.05 compared to the corresponding stimulant. Each value 

represents the mean ± SEM (n=4). 
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4.9 Effect of Hypoxia on PDGF induced PASMC Migration 

Results show PDGF induces PASMC migration in a time-dependent manner in 

both oxygen incubation levels. PDGF during hypoxia appears to induce more 

cellular migration but there was no statistical difference in the reduction of scratch 

distance, or in the PDGF migratory effect, between the control (normoxic) group 

and the test (hypoxic) group with increasing incubation times (Figure 4.7).  
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Figure 4.7 The effect of hypoxia on PDGF stimulated PASMC migration. (A) 
Microscopic images using x 2 magnification of the scratch migration assay at 0 h, 

12 h, 24 h and 48 h. The migratory effect of PDGF (5 ng/ml) was observed at 

normoxia (21% oxygen) and hypoxia (3% oxygen) of different incubation times: 12 

h, 24 h and 48 h compared to 0 h (control, 100%). (B) Quantitative data of PASMC 

migration. Each value represents the mean ± SEM (n=5). 
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4.10 The effect of Mdivi-1 on PDGF induced PASMC Migration 

Migration scratch assay experiments were also conducted to assess the influence of 

mitochondrial fission on PDGF induced PASMC migration. The slowing of the gap 

closure and inhibition of cell migration by Mdivi-1 was observed in both stimulated 

normoxic (Figure 4.8) and hypoxic (Figure 4.9) groups over increasing incubation 

times. 

 

Under normoxic conditions, in comparison to 0 time (control, total scratch distance 

100%), the scratch area was reduced by 26.8 ± 4% in PDGF stimulated cells and 

only reduced by 10.48 ± 2.7% after Mdivi-1 treatment at 12 h. This failed to reach 

statistical significance (Figure 4.8). However, Mdivi-1 significantly inhibited 

closure of the scratch area at 24 and 48 h. In the absence of Mdivi-1, the scratch 

area was reduced by 33.3 ± 6.59% and 54.6 ± 4.5%, respectively. In the presence of 

Mdivi-1, the scratch area at 24 and 48 h was reduced by 15.9 ± 2% and 21.3 ± 

3.6%, respectively (Figure 4.8).  
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Figure 4.8 The effect of Mdivi-1 on PDGF induced PASMC migration. (A) 

Microscopic images using x 2 magnification of the scratch migration assay at 0 h, 

12 h, 24 h and 48 h. The migratory effect of PDGF was observed with increasing 

incubation times: 12 h, 24 h and 48 h compared to 0 h (control). Mdivi-1 (10 μM) 

was added 30 minutes before stimulation. (B) Quantitative data of PASMC 

migration. Each value represents the mean ± SEM (n=5). *p<0.05 compared to 

compared to PDGF alone. 
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Under hypoxic conditions, PDGF without Mdivi-1 reduced the scratch area by 48.4 

± 7.1% at 24 h. However, following addition of Mdivi-1, a significant inhibition of 

gap closure was observed as the scratch area was only reduced by 23.5 ± 2.8% 

(Figure 4.9). 
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Figure 4.9 The effect of Mdivi-1 on PDGF induced PASMC migration during 

hypoxia. (A) Microscopic images of hypoxic cells using x 2 magnification of the 

scratch migration assay at 0 h, 12 h, 24 h and 48 h. The migratory effect of PDGF 

was observed with increasing hypoxic (3% oxygen) incubation times: 12 h, 24 h 

and 48 h compared to 0 h (control). Mdivi-1 (10 μM) was added 30 minutes before 

stimulation. (B) Quantitative data of PASMC migration. Each value represents the 

mean ± SEM (n=5). *p<0.05 compared to PDGF alone. 
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4.11 Effect of Mdivi-1 on cell cycle progression 

 

In order to assess the effect of the combined effect of PDGF and hypoxia on cell 

cycle progression and to determine the cell cycle phase at which the mitochondrial 

drug (Mdivi-1) works, the percentage of PASMCs in each phase was evaluated by 

FACs analysis following PDGF incubation of the cells with Mdivi-1 treatment 

under both normoxic and hypoxic conditions for 72 h (Figure 4.10A). 

 

In the G2 phase, the results in Figure 4.10B showed the percentage of PDGF 

stimulated cells in response to hypoxia was increased to (80.7 ± 2.5%) compared 

with the normoxic control (65 ± 1.4%). The effect of Mdivi-1 showed different 

responses in both PDGF normoxic and hypoxic incubations (Figure 4.10B). In 

normoxia, the percentage of cells following Mdivi-1 treatment was increased to 

(80.6 ± 2.75%) compared with the control (65 ± 1.4%). However, during hypoxia, 

data showed the percentage of cells following Mdivi-1 treatment was decreased to 

(69.5 ± 1.49%) compared with the hypoxic PDGF control (80.7 ± 2.5%). In the G1 

phase, the results in Figure 4.10A showed the percentage of cells in the presence of 

Mdivi-1 was increased to (25.8 ± 1.4%) compared with the hypoxic PDGF control 

(18 ± 2.5%) but there was no significant change detected.  
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Figure 4.10 The effect of Mdivi-1 on cell cycle progression in PDGF stimulated 

cells. Figure shows distributions of cells in different phases of the cell cycle (A) and 

in G2 phase (B) under both normoxic (21% O2) and hypoxic (3% O2) conditions 

following Mdivi-1 treatment. PASMCs were stimulated with PDGF (5 ng/ml) and 

treated with Mdivi-1 (10 μM) and incubated in each oxygen condition for 72 h. 

Total DNA content was determined by the assessment of flow cytometry using 

propidium iodide (PI). Each value represents the mean ± SEM (n=3). *p <0.05 vs. 

PDGF cultured cells in normoxia. 
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4.12 The effect of Mdivi-1 on cyclin D1 protein expression 

To measure the effect of inhibiting mitochondrial fission on cell cycle proteins such 

as cyclin D1, cyclin D1 was measured by Western blot after stimulating the cells 

with PDGF following Mdivi-1 treatment under normoxic (control) and hypoxic 

(test) conditions for 24 h. 

 

Results show there was no difference in cyclin D1 protein expression between the 

quiescent cells and the PDGF stimulated cells (Figure 4.11). In PDGF stimulated 

cells, Mdivi-1 caused a slight increase in the protein expression by 1.4 ± 0.3 fold. 

During hypoxia, quiescent cells exposed to hypoxia for 24 h showed a slight 

upregulation of the protein expression by 1.4 ± 0.4 fold. PDGF during hypoxia 

failed to increase cyclin D1 protein level, compared to hypoxic cells without PDGF 

stimulation. However, an upregulation of the protein by 1.6 ± 0.4 fold was observed 

by the PDGF effect in hypoxia versus normoxia (Figure 4.11). Moreover, an 

inhibition of the mitochondrial fission during hypoxia using 10 μM Mdivi-1 caused 

a significant reduction by 53.2% ± 1.9% in the stimulated cells (Figure 4.11). 
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Figure 4.11 The effect of Mdivi-1 on cyclin D1 protein expression in PDGF 

stimulation during hypoxia. PASMCs were seeded in pairs of 6 well plates. At 

70-80% confluence, cells were quiesced for 24 h. Cells were stimulated with PDGF 

(5 ng/ml) and incubated at different oxygen levels; 21% oxygen (normoxia) and 3% 

oxygen (hypoxia) for 24 hours. Mdivi-1 (10 μM) was added 30 minutes before 

PDGF stimulation. Whole cell extracts were prepared and analyzed using Western 

blot for the expression of the cyclin D1 protein (36 kDa) and total actin (42 kDa), 

which was used as a loading control. Each value represents the mean ± SEM (n=3). 

�p <0.05 vs. PDGF stimulated cells. 
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4.13 The effect of Mdivi-1 on cell regulatory gene expression 

Genes involved in the cell cycle such as the proliferative gene (cyclin D1) and the 

tumour suppressor gene (P53) were investigated in PDGF stimulated cells 

following mitochondrial inhibition under normoxic (control) and hypoxic (test) 

conditions by RT-qPCR technique. 

 

Data show PDGF caused a significant reduction in cyclin D1 gene expression by 

67.7 ± 5.5%, whereas the inhibition of the mitochondria by Mdivi-1 caused a 

significant increase in the gene expression by 9.8 ± 3 fold (Figure 4.13). Moreover, 

hypoxia alone induced cyclin D1 expression by 4.46 ± 0.4 fold versus normoxia 

(Figure 4.13). In addition, PDGF during hypoxia showed an upturn of the 

expression by 2.6 ± 0.2 fold, compared to cyclin D1 expression in hypoxic 

background cells (cells quiesced with 0.1% FCS and maintained in 3% O2). A 

significant difference in gene expression between hypoxia versus normoxia in the 

PDGF stimulated cells was detected. The gene expression was increased by 39.1 ± 

7.1 fold vs. PDGF effect during normoxia. Mdivi-1 inhibited cyclin D1 gene 

expression by 66.4 ± 8.49% in the hypoxic cells (Figure 4.12) and by 99.8 ± 0.05% 

in the PDGF stimulated cells during hypoxia (Figure 4.13). 
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Figure 4.12 The effect of Mdivi-1 on cyclin D1 gene expression in hypoxic cells. 

Cells were quiesced for 24 h and were then exposed to hypoxia (3% oxygen) for 24 

h. Mdivi-1 (10 μM) was added 30 minutes before hypoxic exposure. RNA was 

extracted from cells. Equal RNA concentrations were used for cDNA sample 

preparation. Cyclin D1 gene was measured using RT-qPCR.  Ubiquitin C (UBC) 

was used as the reference gene for normalization. Each value represents the mean ± 

SEM (n=3). *p <0.05 vs. vehicle control cells. 
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Figure 4.13 The effect of Mdivi-1 on cyclin D1 gene expression in PDGF 

stimulated cells during hypoxia. Cells were quiesced for 24 h and were then 

stimulated with PDGF (5 ng/ml) and exposed to different oxygen levels: normoxia 

(21% oxygen) and hypoxia (3% oxygen) for 24 h. Mdivi-1 (10 μM) was added 30 

minutes before PDGF stimulation. RNA was extracted from cells. Equal RNA 

concentrations were used for cDNA sample preparation. The expression of cyclin 

D1 gene was measured using RT-qPCR. Ubiquitin C (UBC) was used as the 

reference gene for normalization. Each value represents the mean ± SEM (n=3). +p 

<0.05 vs. quiescent cells. *p <0.05 vs. cultured cells in normoxia. �p <0.05 vs. 

PDGF stimulated cells. 
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Data showed that under normoxic conditions, PDGF upregulated the expression of 

the P53 gene by 159.8 ± 9.5 fold. However, an inhibition of mitochondrial fission 

by Mdivi-1 showed a reduction of the gene expression by 65 ± 4% (Figure 4.14). 

 

In hypoxia, the expression of the P53 gene was reduced by 26.3 ± 3.6% compared 

to the normoxic quiescent cells (Figure 4.14). Data also show PDGF enhanced the 

expression by 37.8 ± 3.9 fold compared to hypoxic background cells (cells quiesced 

with 0.1% FCS and maintained in 3% O2). In comparison to PDGF effect in 

normoxia, the expression of the gene was reduced by 82.6 ± 1.3%. Interestingly, 

results show Mdivi-1 intervention during hypoxia increased the expression by 4.58 

± 0.3 fold in the PDGF stimulated cells (Figure 4.14). 
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Figure 4.14 The effect of Mdivi-1 on P53 gene expression in PDGF stimulated 

cells during hypoxia. Cells were quiesced for 24 h and were then stimulated with 

PDGF (5 ng/ml) and exposed to different oxygen levels: normoxia (21% oxygen) 

and hypoxia (3% oxygen) for 24 h. Mdivi-1 (10 μM) was added 30 minutes before 

PDGF stimulation. RNA was extracted from cells. Equal RNA concentrations were 

used for cDNA sample preparation. The expression of P53 gene was measured 

using RT-qPCR. Ubiquitin C (UBC) was used as the reference gene for 

normalization. Each value represents the mean ± SEM (n=3). +p <0.05 vs. 

quiescent cells. *p <0.05 vs. cultured cells in normoxia. �p <0.05 vs. PDGF 

stimulated cells.  
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4.14 Mitochondrial functions: 

The bioactivity of the mitochondria was examined by measuring ROS activity and 

ATP turnover in PASMCs. Superoxide (O2
.-
) levels in PASMCs were measured in 

cells maintained in normoxia and in cells exposed to hypoxia in response to PDGF, 

and to PDGF following mitochondrial inhibition by Mdivi-1. 

 

4.14.1 Effect of Mdivi-1 on Reactive Oxygen Species (ROS) 

Reactive oxygen species (ROS) experiments were performed by the use of 

dihydroethidium (DHE) compound to measure the superoxide (O2
.-
) level. This 

compound was tested on PASMCs as it significantly enhanced superoxide (O2
.-
) 

detection compared to the cells without DHE (Figure 4.15). Moreover, ROS 

stimulant (angiotensin II) was used as a positive control to confirm the angiotensin 

II-dependent superoxide effect versus quiescent cells (Figure 4.15). During 

normoxia, superoxide (O2
.-
) levels were enhanced by 1.6 ± 0.11 fold in response to 

PDGF and inhibited by 17.9 ± 4.5% following Mdivi-1 treatment in PDGF 

stimulated cells (Figure 4.16). 

 

Data show the generation of superoxide during hypoxia was upregulated by 1.27 ± 

0.04 fold compared to the normoxic background cells (Figure 4.16). PDGF during 

hypoxia increases superoxide (O2
.-
) production by 1.3 ± 0.08 fold. Moreover, 

superoxide levels resulted from PDGF during hypoxia did not differ significantly 

compared to the effect of PDGF during normoxia. Data showed superoxide 

generated by the combined effects of PDGF and hypoxia was repressed by 21 ± 

5.9% following Mdivi-1 treatment (Figure 4.16).  
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Figure 4.15 Reactive oxygen species (ROS) production (superoxide) in 

pulmonary artery smooth muscle cells. Superoxide (O2
.-
) levels were detected by 

dihydroethidium (DHE). PASMCs were quiesced with 0.1% FCS for 24 h and were 

stimulated with angiotensin II (100 nM) for 1 h (n=3). *p <0.05 vs. quiescent cells 

with DHE. RFU (relative fluorescent units). 
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Figure 4.16 The effect of Mdivi-1 on ROS production (superoxide) in PDGF 

stimulated cells during hypoxia. Superoxide levels were detected by 

dihydroethidium (DHE) compound. PASMCs were incubated at different oxygen 

levels; 21% oxygen and 3% oxygen for 24 h. Then, cells were stimulated with 

PDGF (5 ng/ml) for 1 h. Mitochondrial inhibitor Mdivi-1 (10 μM) was added 30 

minutes before stimulation (n=4). *p <0.05 vs. quiescent cells. RFU (relative 

fluorescent units). 
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To further evaluate the redox state in PASMCs, hydrogen peroxide (H2O2) levels 

were measured in normoxic and hypoxic cells under the effect of PDGF stimulation 

and Mdivi-1 treatment. Dichlorofluorescein termed 2’, 7’-dichlorofluorescein 

diacetate (DCFH-DA), a cell permeable molecule, is used to detect the intracellular 

H2O2 (Carter et al., 1994). DCFH-DA is cleaved by intracellular esterases to 2’, 7’-

dichlorofluorescin (DCFH) and is rapidly oxidized by intracellular ROS (H2O2) to 

the highly fluorescent 2’, 7’-dichlorofluorescein (DCF) (Dikalov et al., 2007). 

Results in Figure 4.17A showed a significant increase in H2O2 levels when DCF 

was added in the quiescent cells (cells with 0.1% FCS). In addition, hydrogen 

peroxide was added in PASMCs as a positive control to check the stimulatory 

response of hydrogen peroxide (Figure 4.17B). 

H2O2 levels were significantly reduced in hypoxic cells versus normoxic cells. 

Hypoxia caused a reduction of H2O2 levels by 45.8 ± 4.48% and by 37.9 ± 6.6% in 

the 0.1% FCS background cells and in PDGF stimulated cells, respectively (Figure 

4.18). In addition, PDGF stimulation showed no effect in either normoxic or 

hypoxic conditions (Figure 4.18). Furthermore, an inhibition of mitochondrial 

fission by Mdivi-1 exhibited no role in H2O2 release in the PDGF stimulated cells in 

both oxygen conditions (Figure 4.18). 
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Figure 4.17 H2O2 levels in pulmonary artery smooth muscle cells. Cells were 

quiesced with 0.1% FCS for 24 h. (A) shows 2’, 7’-dichlorofluorescein (DCF) 

caused an increase in the fluorescent intensity (measure of intracellular H2O2 

release). *p <0.05 vs. quiescent cells without DCF. (B) shows H2O2 levels, that 

were detected by DCF, after cell stimulation with 2 mM hydrogen peroxide for 1 h. 

*p <0.05 vs. quiescent cells (n=3). RFU (relative fluorescent units). 
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Figure 4.18 The effect of Mdivi-1 on H2O2 levels in PDGF stimulated cells 

during hypoxia. H2O2 was detected by 2’, 7’-dichlorofluorescein (DCF). PASMCs 

were incubated at different oxygen levels; 21% oxygen (normoxia) and 3% oxygen 

(hypoxia) for 24 h. Then, cells were stimulated with PDGF (5 ng/ml) for 1 h. The 

mitochondrial inhibitor Mdivi-1 (10 μM) was added 30 min before stimulation 

(n=3). *p <0.05 vs. cells cultured in normal oxygen level (21% oxygen). RFU 

(relative fluorescent units). 

 

 



Chapter 4        The Role of Mitochondria in PASMC Proliferation and Migration 

140 
 

4.14.2 Effect of Mdivi-1 on ATP production 

Data display a general decrease in ATP production associated with hypoxic cells 

(Figure 4.19). For example, the production of ATP was significantly decreased by 

57.8 ± 4.2% in the 0.1% FCS cultured hypoxic cells and by 41.2 ± 2.6% in the 

PDGF stimulated hypoxic cells in comparison to the 0.1% FCS normoxic cells and 

the PDGF stimulated cells in normoxia, respectively (Figure 4.19). 

 

In normoxia, results show PDGF enhanced ATP level by 1.7 ± 0.07 fold compared 

to quiescent cells. Similarly, in hypoxia, PDGF increased ATP production by 2.5 ± 

0.1 fold versus quiescent hypoxic cells (Figure 4.19). Results also show a 

significant reduction in ATP level when PDGF receptors were blocked by imatinib. 

For example, ATP levels were reduced by 67.9 ± 0.7% and by 56.8 ± 1.5% 

following imatinib treatment in comparison to the PDGF stimulated cells in 

normoxia and in hypoxia, respectively (Figure 4.19). 

 

Moreover, ATP levels were decreased following Mdivi-1 under both normoxic and 

hypoxic conditions (Figure 4.19). In normoxia, ATP levels were significantly 

reduced by 46.2 ± 3.6% and by 34.6 ± 7.4% following Mdivi-1 treatment in the 

quiescent cells and in the PDGF stimulated cells, respectively. During hypoxia, 

interestingly, Mdivi-1 insignificantly decreased ATP levels by 33 ± 8.3% in the 

absence of PDGF and by 23.3 ± 5.3% in the presence of PDGF (Figure 4.19). 
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Figure 4.19 The effect of Mdivi-1 on mitochondrial ATP production in PDGF 

stimulated cells during hypoxia. ATP levels were detected by mitochondrial 

ToxGlo reagent. PASMCs were quiesced with 0.1% FCS for 24 h and were then 

stimulated with PDGF (5 ng/ml) and exposed to different oxygen levels: normoxia 

(21% O2) and hypoxia (3% O2) for 24 h. The DRP1 inhibitor, Mdivi-1 (10 μM) and 

the positive control imatinib (10 μM) were added 30 minutes before stimulation. 

ATP levels were measured in quiescent cells, PDGF stimulated cells and Mdivi-1 

treated cells with/without PDGF stimulation under both normoxic and hypoxic cell 

culture conditions (n=3). +p <0.05 vs. quiescent cells. *p <0.05 vs. cultured cells in 

normoxia. �p <0.05 vs. PDGF stimulated cells. RLU (relative light units). 
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4.14.3 The effect of Mdivi-1 on mitochondrial ATPase 6 gene expression 

To further assess mitochondrial ATP production, a key regulator gene for 

mitochondrial oxidative phosphorylation (ATPase 6; ATPase subunit 6) was 

examined in normoxia and hypoxia following PDGF stimulation and Mdivi-1 

treatment (Figure 4.20). 

 

In the quiescent cells (cells with 0.1% FCS), the expression of ATPase 6 gene was 

significantly reduced by 38.9 ± 5.3% following hypoxic exposure. In addition, PCR 

data showed that PDGF during normoxia increased ATPase 6 gene expression by 

12.6 ± 0.9 fold and Mdivi-1 caused a reduction in the gene expression by 36.29 ± 

10% (Figure 4.20). However, during hypoxia, PDGF had the opposite effect as the 

expression of ATPase 6 gene was not increased (Figure 4.20). It was significantly 

decreased by 99 ± 0.6% compared to hypoxic quiescent cells. Also, Mdivi-1 had a 

different effect on ATPase 6 gene expression. Following addition of Mdivi-1, a 

significant difference in ATPase 6 gene expression between hypoxia versus 

normoxia was detected. Mdivi-1 increased the expression by 7.9 ± 1.6 fold 

compared to its effect in normoxia (Figure 4.20).  
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Figure 4.20 The effect of Mdivi-1 on mitochondrial ATPase 6 gene expression 

in PDGF stimulated cells during hypoxia. Cells were quiesced for 24 h and were 

then stimulated with PDGF (5 ng/ml) and exposed to different oxygen levels: 

normoxia (21% oxygen) and hypoxia (3% oxygen) for 24 h. Mdivi-1 (10 μM) was 

added 30 minutes before PDGF stimulation. RNA was extracted from cells. Equal 

RNA concentrations were used for cDNA sample preparation. The expression of 

ATPase 6 gene was measured using RT-qPCR. Ubiquitin C (UBC) was used as the 

reference gene for normalization. Each value represents the mean ± SEM (n=3). +p 

<0.05 vs. quiescent cells. *p <0.05 vs. cultured cells in normoxia. �p <0.05 vs. 

PDGF stimulated cells.  
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4.14.4 Effect of Mdivi-1 on cytochrome c protein expression 

The initiation of the apoptotic pathway through the expression of cytochrome c 

protein was studied by Western blot. Data showed the expression of cytochrome c 

increased by 3.1 ± 1.6 fold following PDGF stimulation when compared with 

control cells (cells with 0.1% FCS). This increase failed to reach statistical 

significance. Mitochondrial inhibition by Mdivi-1 treatment showed no effect in the 

expression of the protein in the PDGF stimulated cells (Figure 4.21). 

 

In 3% oxygen, data showed hypoxia increased the expression of cytochrome c 

protein by 10.5 ± 0.6 fold compared to the cells kept under normoxic conditions 

(Figure 4.21). In addition, the combined effect of hypoxia and PDGF increased the 

expression by 1.2 ± 0.1 fold compared to hypoxic background cells (cells quiesced 

with 0.1% FCS and maintained in 3% O2). Hence, a remarkable difference in 

cytochrome c protein was clearly observed in hypoxia (10.3 ± 6 fold) versus 

normoxia following PDGF stimulation (Figure 4.21). Moreover, Mdivi-1 treatment 

during hypoxia had a similar effect in normoxia as no difference in protein 

expression was observed in the hypoxic PDGF stimulated cells (Figure 4.21). 
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Figure 4.21 The effect Mdivi-1 on cytochrome c protein expression in PDGF 

stimulation during hypoxia. PASMCs were seeded in pairs of 6 well plates. At 

70-80% confluence, cells were quiesced for 24 h. Cells were stimulated with PDGF 

(5 ng/ml) and incubated at different oxygen levels; 21% oxygen (normoxia) and 3% 

oxygen (hypoxia) for 24 hour. Mdivi-1 (10 μM) was added 30 minutes before 

PDGF stimulation. Whole cell extracts were prepared and analyzed using Western 

blot for the expression of cytochrome c (15 kDa) and GAPDH (37 kDa) which was 

used as a loading control. Each value represents the mean ± SEM. *p <0.05 vs. 

cultured cells in normoxia (n=3). 
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4.14.5 Effect of Mdivi-1 on Cellular Apoptosis (Caspase 3/7 release) 

Cellular apoptosis was assessed by measuring the release of caspase 3/7 in 

PASMCs in response to PDGF following Mdivi-1 treatment under both normoxic 

and hypoxic conditions. Data showed hypoxia significantly reduced caspase 3/7 

release by 33.6 ± 1.5% in quiescent cells (cells with 0.1% FCS). PDGF reduced the 

release of caspase 3/7 by 69 ± 1.1% in the normoxic conditions and by 64.6 ± 2.4% 

in the hypoxic conditions. In addition, the reduction of caspase 3/7 release was 

significant in hypoxia versus normoxia (24.2 ± 5.5%) in PDGF stimulated cells 

(Figure 4.22). 

 

In quiescent cells (0.1% FCS), the release of caspase 3/7 was reduced by 58.9 ± 

1.5% following Mdivi-1 treatment. However, the release of caspase 3/7 was not 

changed significantly during hypoxia following Mdivi-1 treatment as a slight 

decrease in caspase 3/7 release (23.9 ± 14.4%) was observed (Figure 4.22). 

 

In PDGF stimulated cells, Mdivi-1 caused a significant decrease in caspase 3/7 

release by 46.9 ± 3.8% in normoxia whereas it caused a small but insignificant 

decrease in caspase 3/7 release (17.9 ± 7.8%) in hypoxia. Paclitaxel was added to 

the PDGF stimulated cells under normoxic and hypoxic conditions as a positive 

control which shows a significant increase in caspase 3/7 release in both groups 

(Figure 4.22). 
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Figure 4.22 The effect of Mdivi-1 on apoptotic activity in PDGF stimulated 

cells during hypoxia. The release of caspase 3/7 within the cells was detected by 

ApoTox-Glo reagent. PASMCs were quiesced with 0.1% FCS for 24 h and were 

then stimulated with PDGF (5 ng/ml) and exposed to different oxygen levels: 

normoxia (21% O2) and hypoxia (3% O2) for 24 h. The DRP1 inhibitor, Mdivi-1 

(10 μM) and the positive control Paclitaxel (1 μM) were added 30 minutes before 

stimulation. Caspase 3/7 release was measured in quiescent cells (cells with 0.1% 

FCS), PDGF stimulated cells and Mdivi-1 treated cells in the absence or presence 

of PDGF under both normoxic and hypoxic cell culture conditions (n=3). +p <0.05 

vs. quiescent cells. *p <0.05 vs. cultured cells in normoxia. �p <0.05 vs. PDGF 

stimulated cells.  
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4.15 The effect of Mdivi-1 on mitochondrial marker gene expression 

The involvement of mitochondrial dysfunction associated with hypoxic PASMCs 

and the influence of the mitochondrial fission inhibitor on the mitochondrial status 

within the PASMCs was assessed by measuring mitochondrial marker genes such 

as dynamin-related protein-1 (DRP1) gene, mitochondrial transcription factor A 

(TFAM) and mitochondrial cytochrome c oxidase II in the normoxic (control) cells 

and in the hypoxic (test) cells in response to PDGF stimulation and Mdivi-1 

treatment. Gene expression was measured in the background cells (cells with 0.1% 

FCS), PDGF stimulated cells and in PDGF stimulated cells treated with Mdivi-1 

under both normoxic and hypoxic condition. 

 

4.15.1 The effect of Mdivi-1 on DRP1 gene expression 

In normoxia, Figure 4.23 showed PDGF dependent DRP1 response was clearly 

observed as PDGF significantly increased the expression of DRP1 gene by 33.9 ± 

4.7 fold. In addition, treating the stimulated cells with the DRP1 inhibitor (Mdivi-1) 

showed an inhibition of the expression by 60.1 ± 3.9%. In comparison to normoxic 

quiescent cells, hypoxia (3% O2) significantly increased the expression of the DRP1 

gene by 46.1 ± 4.7 fold (Figure 4.23). DRP1 gene expression was significantly 

reduced by 46.5 ± 8.5% in response to PDGF during hypoxia. Furthermore, the 

PDGF-DRP1 effect was also reduced during hypoxia in comparison with its effect 

in normoxia (26.5 ± 10.3%) but no statistical difference was detected. Mdivi-1 

during hypoxia reduced DRP1 gene expression by 51.2 ± 6.7% in the PDGF 

stimulated cells (Figure 4.23). 
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Figure 4.23 The effect of Mdivi-1 on DRP1 gene expression in PDGF 

stimulated cells during hypoxia. Cells were quiesced for 24 h and were then 

stimulated with PDGF (5 ng/ml) and exposed to different oxygen levels: normoxia 

(21% oxygen) and hypoxia (3% oxygen) for 24 h. Mdivi-1 (10 μM) was added 30 

minutes before PDGF stimulation. RNA was extracted from cells. Equal RNA 

concentrations were used for cDNA sample preparation.  The expression of DRP1 

gene was measured using RT-qPCR. Ubiquitin C (UBC) was used as the reference 

gene for normalization. Each value represents the mean ± SEM (n=3). +p <0.05 vs. 

quiescent cells. *p <0.05 vs. cultured cells in normoxia. �p <0.05 vs. PDGF 

stimulated cells. 
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4.15.2 The effect of Mdivi-1 on TFAM gene expression 

A mitochondrial biogenesis marker gene which is called mitochondrial transcription 

factor A (TFAM) was examined using RT-qPCR. Data showed in PASMCs 

maintained at normoxic incubation, the expression of TFAM gene was significantly 

enhanced by 418287.5 ± 160362.2 fold following PDGF stimulation while Mdivi-1 

treatment caused a significant reduction of the gene expression by 98.5 ± 0.47% in 

the PDGF stimulated cells (Figure 4.24A). 

 

In hypoxia, the expression of TFAM was significantly higher (24390.3 ± 4908.5 

fold) in comparison with its expression in the normoxic quiescent cells (Figure 

4.25A). However, it was reduced following PDGF stimulation by 72.9 ± 12.6% 

(Figure 4.24B). In comparison to the PDGF effect in normoxia, TFAM gene 

expression was significantly decreased by 97.9 ± 0.8% during hypoxia (Figure 

4.25B). The DRP1 inhibitor (Mdivi-1) showed no effect on TFAM gene expression 

in the PDGF stimulated cells during hypoxia (Figure 4.24B). 
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Figure 4.24 The effect of Mdivi-1 on TFAM gene expression in PDGF 

stimulated cells. Cells were quiesced for 24 h and were then stimulated with PDGF 

(5 ng/ml) and exposed to different oxygen levels: A) Normoxia (21% oxygen) and 

B) Hypoxia (3% oxygen) for 24 h. Mdivi-1 (10 μM) was added 30 minutes before 

PDGF stimulation. RNA was extracted from cells. Equal RNA concentrations were 

used for cDNA sample preparation. The expression of mitochondrial transcription 

factor A (TFAM) gene was measured using RT-qPCR. Ubiquitin C (UBC) was 

used as the reference gene for normalization. Each value represents the mean ± 

SEM (n=3). *p <0.05 vs. quiescent cells in normoxia. �p <0.05 vs. PDGF 

stimulated cells. +p <0.05 vs. quiescent cells in hypoxia. 
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Figure 4.25 Data extracted from Figure 4.24 A and B to highlight the effect of 

hypoxia on mitochondrial TFAM gene expression in (A) quiescent cells and in 

(B) PDGF stimulated cells. Cells were quiesced for 24 h and were exposed to 

hypoxia (3% oxygen) for 24 h. PDGF (5 ng/ml) was added before hypoxic 

exposure. RNA was extracted from cells. Equal RNA concentrations were used for 

cDNA sample preparation. The expression of mitochondrial transcription factor A 

(TFAM) gene was measured using RT-qPCR. Ubiquitin C (UBC) was used as the 

reference gene for normalization. Each value represents the mean ± SEM (n=3). *p 

<0.05 vs. cultured cells in normoxia.  
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4.15.3 The effect of Mdivi-1 on COX-II gene expression 

Another mitochondrial marker gene is cytochrome c oxidase subunit 2 (COX-II), 

which is the second subunit of the mitochondrial respiratory chain component 

(complex IV). It was also investigated following Mdivi-1 treatment. 

 

Mdivi-1 increased COX-II gene expression by 6.5 ± 1.1 fold in the hypoxic cells 

with 0.1% FCS (Figure 4.26). Figure 4.27 shows the expression of cytochrome c 

oxidase II (COX-II) gene was upregulated by 8.6 ± 0.8 fold in response to PDGF. 

In addition, the expression of the COX-II gene was inhibited by 54.6 ± 6% 

following Mdivi-1 treatment. However, COX-II expression was increased by 3.2 ± 

0.5 fold after 24 h hypoxic exposure. PDGF during hypoxia showed a different 

effect on COX-II expression as the gene expression following PDGF stimulation 

was slightly reduced in comparison with its expression in hypoxic background 

cells. Therefore, in comparison to the PDGF normoxic effect, the expression of the 

COX-II gene during hypoxia in the PDGF stimulated cells was significantly 

decreased by 65.7 ± 2.4%. Moreover, data showed an inhibition of DRP1 by Mdivi-

1 during hypoxia increased COX-II gene expression by 2.3 ± 0.1 fold in the PDGF 

stimulated cells (Figure 4.27). 
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Figure 4.26 The effect of Mdivi-1 on mitochondrial COX-II gene expression in 

quiescent hypoxic cells. Cells were quiesced for 24 h and were then exposed to 

hypoxia (3% oxygen) for 24 h. Mdivi-1 (10 μM) was added 30 minutes before 

hypoxic exposure. RNA was extracted from cells. Equal RNA concentrations were 

used for cDNA sample preparation. Cytochrome c oxidase II (COX-II) gene was 

measured using RT-qPCR.  Ubiquitin C (UBC) was used as the reference gene for 

normalization. Each value represents the mean ± SEM (n=3). *p <0.05 vs. vehicle 

control cells. 
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Figure 4.27 The effect of Mdivi-1 on mitochondrial COX-II gene expression in 

PDGF stimulated cells during hypoxia. Cells were quiesced for 24 h and were 

then stimulated with PDGF (5 ng/ml) and exposed to different oxygen levels: 

normoxia (21% oxygen) and hypoxia (3% oxygen) for 24 h. Mdivi-1 (10 μM) was 

added 30 minutes before PDGF stimulation. RNA was extracted from cells. Equal 

RNA concentrations were used for cDNA sample preparation. The expression of 

cytochrome c oxidase II (COX-II) gene was measured using RT-qPCR. Ubiquitin C 

(UBC) was used as the reference gene for normalization. Each value represents the 

mean ± SEM (n=3). +p <0.05 vs. quiescent cells. *p <0.05 vs. cultured cells in 

normoxia. �p <0.05 vs. PDGF stimulated cells. 
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4.16 The effect of Mdivi-1 on Mitochondrial Morphology  

The mitochondrial morphology, density and localization within the PASMCs were 

identified by the use of MitoTracker dye. The distribution of the mitochondria in 

the cytoplasm was visualized following 24 h incubations by epi-fluorescence 

microscope in response to different oxygen experimental conditions.  

In normoxia, the mitochondria were elongated and fused (135 ± 8.2 Pixels, Figure 

4.29) following 24 h nutrient starvation (background cells, Figure 4.28A). 

However, stimulation of the cells with 5 ng/ml PDGF caused a substantial shift in 

the mitochondrial dynamics to the fission state (Figure 4.28B) as the mitochondria 

were fragmented around the nuclei and became shorter in size (8 ± 0.9 Pixels, 

Figure 4.29). Treating the stimulated cells with mitochondrial fission inhibitor 

(Mdivi-1) had a strong effect on the mitochondrial morphology as elongated 

mitochondria were observed (Figure 4.28C). The length of the mitochondria in the 

treated cells was 25.9 ± 2.9 Pixels (Figure 4.29). 

Hypoxia caused a significant decrease in the mitochondrial length as it was 

decreased to 12.1 ± 0.8 Pixels compared with the quiescent cells under normoxia 

(135 ± 8.2 Pixels, Figure 4.29). A microscopic image in Figure 4.28D shows 

fragmented mitochondria that were observed in quiescent cells (cells with 0.1% 

FCS) following hypoxic exposure (3% O2).  The combined effect of PDGF and 

hypoxia caused an elongation of the mitochondria (Figure 4.28E) as the 

mitochondrial length was increased to 81.7 ± 6.1 Pixels compared with the hypoxic 

quiescent cells (12.1 ± 0.8 Pixels). This effect increased the mitochondrial length by 

10.8 ± 1.7 fold versus the PDGF effect during normoxia (Figure 4.29). Moreover, 

the length of the mitochondria in the hypoxic PDGF stimulated cells was increased 

to 117.15 ± 9.7 Pixels following Mdivi-1 treatment (Figure 4.29) and the 

mitochondrial network formation was clearly observed (Figure 4.28F). 
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                  Normoxia (21% O2)                                                   Hypoxia (3% O2) 

  

Figure 4.28 Representative images show mitochondrial morphology in the 

quiescent cells and after stimulating the cells with PDGF following Mdivi-1 

treatment during normoxia and hypoxia. PASMCs were quiesced with 0.1% 

FCS for 24 h and were immediately stimulated with PDGF (5 ng/ml) and exposed 

to different oxygen levels: normoxia (21% O2) and hypoxia (3% O2) for 24 h. 

Mdivi-1 (10 μM) was added 30 minutes before stimulation. Cells were stained with 

MitoTracker red fluorescence for 30 minutes and were imaged by epi-fluorescence 

microscope (x60 magnification, scale bar is 10 µm in all images). Mitochondria are 

represented by the red arrows in all images. Under normoxic conditions (1
st
 

column), elongated mitochondria were observed in the quiescent cells (control, 

image A) while they were fragmented following PDGF stimulation (image B). In 

the presence of Mdivi-1, the mitochondria were elongated in the PDGF stimulated 

cells (image C). Under hypoxic conditions (2
nd

 column), fragmented mitochondria 

were observed in quiescent cells (cells with 0.1% FCS, image D) while the 

mitochondria were longer after PDGF stimulation (image E). Mdivi-1 induced 

mitochondrial network formation (fusion) in the PDGF stimulated cells (image F). 

A 

B 

C F 

E 
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Figure 4.29 The mitochondrial length in the quiescent cells, PDGF stimulated 

cells and stimulated cells following Mdivi-1 treatment during normoxia and 

hypoxia. Cells were quiesced for 24 h and were then immediately stimulated with 

PDGF (5 ng/ml) and exposed to different oxygen levels: normoxia (21% oxygen) 

and hypoxia (3% oxygen) for 24 h. Mdivi-1 (10 μM) was added 30 minutes before 

PDGF stimulation. PASMCs were stained with MitoTracker red fluorescence for 

30 minutes and were imaged using an epi-fluorescence microscope (x60 

magnification). Image J was used for mitochondrial length measurements. Each 

value represents the mean ± SEM (n=3). +p <0.05 vs. quiescent cells. *p <0.05 vs. 

cultured cells in normoxia. �p <0.05 vs. PDGF stimulated cells. 
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4.17 The effect of Mdivi-1 on mitochondrial morphology and localization in 

FCS stimulated cells during hypoxia 

The mitochondrial morphology within the PASMCs was also examined in response 

to 10% serum stimulation during hypoxia following Mdivi-1 treatment.  

 

Figure 4.30A shows 10% serum caused mitochondrial fragmentation with a shorter 

size. However, during hypoxia, the mitochondria were elongated following 10% 

serum stimulation (Figure 4.30C). The mitochondrial length was increased to 85.1 

± 12.1 Pixels in comparison to serum stimulation in normoxia (19.4 ± 2.9 Pixels, 

Figure 4.31). 

 

During normoxia, data showed that 10 μM Mdivi-1 caused a significant increase in 

the mitochondrial length in the stimulated cells (5.5 ± 1.1 fold, Figure 4.31). 

Similarly, during hypoxia, it enhanced the mitochondrial length of the serum-

stimulated cells by 1.4 ± 0.3 fold (Figure 4.31). Images obtained using epi-

fluorescence microscopy and the mitochondrial dye MitoTracker show 

mitochondrial length in serum-stimulated cells was longer following the addition of 

Mdivi-1 under both normoxic (Figure 4.30B) and hypoxic (Figure 4.30D) 

conditions. 

 

 

 

 

 

 

 

 

 

 

 



Chapter 4        The Role of Mitochondria in PASMC Proliferation and Migration 

160 
 

 

           Normoxia (21% O2)                                                   Hypoxia (3% O2) 

  

 

Figure 4.30 Representative images show mitochondrial morphology in 10% 

serum stimulated cells and stimulated cells with Mdivi-1 during normoxia and 

hypoxia. PASMCs were quiesced for 24 h and were immediately stimulated with 

10% FCS and exposed to different oxygen levels: normoxia (21% O2) and hypoxia 

(3% O2) for 24 h. Mdivi-1 (10 μM) was added 30 minutes before 10% FCS 

stimulation. Cells were stained with MitoTracker red fluorescence for 30 minutes 

and were imaged by epi-fluorescence microscope (x60 magnification, scale bar is 

10 µm in all images). Mitochondria are represented by the red arrows in all images. 

Under normoxic conditions (1
st
 column), mitochondria were fragmented following 

10% FCS stimulation (image A) and became shorter in size compared to the 

quiescent cells (control, Figure 4.28A). The mitochondria were longer following the 

addition of Mdivi-1 (image B). Under hypoxic conditions (2
nd

 column), 10% FCS 

caused an elongation of the mitochondria (image C) in comparison to control cells 

(cells quiesced with 0.1% FCS and maintained in 3% O2, Figure 4.28D). Mdivi-1 

caused an increase in the mitochondrial network formation (fusion) in the 10% FCS 

stimulated cells (image D). 

A C 

B D 
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Figure 4.31 The mitochondrial length in the quiescent cells, 10% serum 

stimulated cells and stimulated cells with Mdivi-1 treatment during normoxia 

and hypoxia. Cells were quiesced for 24 h and were immediately stimulated with 

10% FCS and exposed to different oxygen levels: normoxia (21% oxygen) and 

hypoxia (3% oxygen) for 24 h. Mdivi-1 (10 μM) was added 30 minutes before 

serum stimulation. PASMCs were stained with MitoTracker red fluorescence for 30 

minutes and were imaged using epi-fluorescence microscope (x60 magnification). 

Image J was used for mitochondrial length measurements. Each value represents 

the mean ± SEM (n=3). +p <0.05 vs. quiescent cells. *p <0.05 vs. cultured cells in 

normoxia. �p <0.05 vs. 10%FCS stimulated cells. 
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4.18 Generation of Mitochondrial-depleted cells (Rho cells) 

As described in Methods Section 2.14, Rho cells were generated by culturing the 

PASMCs with ethidium bromide for 21 days in order to inhibit the mitochondria 

non-pharmacologically. Cells treated with ethidium bromide result in the depletion 

of their mitochondrial DNA, which causes morphological and functional changes in 

mitochondria, including a loss in the assembly of oxidative phosphorylation 

(OXPHOS) subunits, and impaired mitochondrial respiration (DiMauro and Schon, 

2003, Grimwood and Wagner, 1976). Lacking functional electron transport chain, 

Rho cells cannot normally regulate the redox state and their mitochondria generate 

fewer ROS (Chandel and Schumacker, 1999). In addition, dysfunction of the 

OXPHOS complexes leads to depolarisation of the mitochondrial membrane 

potential (ΔΨm) (Green et al., 2011). PCR was performed to measure the 

expression of mitochondrial marker genes (COX-II and TFAM gene) and to assess 

the mitochondrial function at the end of 21 day incubation. Results showed the 

expression of COX-II gene was almost repressed in the rho cells. Moreover, TFAM 

gene expression was reduced to the half in the rho cells versus its normal gene 

expression in cultured cells without ethidium bromide (Figure 4.32).  
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Figure 4.32 The loss of mitochondrial marker genes in the mitochondrial-

depleted Rho cells. Rho cells were generated by culturing the cells with 10% FCS 

media containing 50 ng/ml ethidium bromide, 50 ng uridine and 1 mM sodium 

pyruvate for 21 days at normal incubation. Control cells were cultured with 10% 

FCS media for 21 days at normal incubation. RNA was extracted from cells and 

cDNA sample were prepared. Mitochondrial marker genes; cytochrome c oxidase II 

(COX-II) and mitochondrial transcription factor A (TFAM) were measured in 

cultured cells and rho cells at the end of the 21 day incubation by RT-qPCR. 

Ubiquitin C (UBC) was used as the reference gene for normalization (n=3). *p 

<0.05 vs. cultured cells without ethidium bromide. 
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4.19 The effect of PDGF on Mito-depleted Rho cell Proliferation 

The [
3
H]-thymidine incorporation assay was used to investigate the effect of PDGF 

on the cellular proliferation (DNA synthesis) during normoxia and hypoxia in mito-

depleted Rho cells and the 21 days cultured cells. Cells were quiesced with 0.1% 

FCS for 24 h and were then stimulated with PDGF for 24 h in both oxygen 

conditions (normoxia and hypoxia).  

During normoxia, Figure 4.33 shows Rho cells incubated with 0.1% FCS had a 

significant reduction in DNA synthesis (43.8 ± 11.3% versus cells with 0.1% FCS, 

control). PDGF increased DNA synthesis by 1.8 ± 0.13 fold. However, in the mito-

depleted Rho cells, PDGF showed no effect. 

Data also showed that hypoxia increased the DNA synthesis level by 1.6 ± 0.26 

fold compared to the normoxic cells with 0.1% serum (control). However, this 

effect failed to induce DNA synthesis in the hypoxic Rho cells as the DNA 

synthesis values caused by hypoxia returned to the basal DNA synthesis level 

(Figure 4.33). Moreover, PDGF during hypoxia increased DNA synthesis by 1.65 ± 

0.08 fold compared to the hypoxic cells and by 1.46 ± 0.13 fold compared to the 

PDGF stimulated cells in normoxia. In the hypoxic Rho cells, DNA synthesis 

values caused by PDGF were not decreased and were slightly higher in comparison 

to the values in the hypoxic Rho cells without PDGF (1.26 ± 0.21 fold). However, 

the proliferative response resulting from the combined effects of hypoxia and 

PDGF was significantly decreased by 60 ± 1.5% in the hypoxic Rho cells (Figure 

4.33). 
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Figure 4.33 The effect of PDGF stimulation on the proliferative response of 

mito-depleted Rho cells under normoxic and hypoxic conditions. Cells were 

cultured for 21 days (control group) in parallel with Mito-depleted Rho cells (test 

group). After mito-depleted Rho cells generation, both cell groups were quiesced 

for 24 h and were stimulated with PDGF (5 ng/ml) and incubated at different 

oxygen levels; 21% oxygen (normoxia) and 3% oxygen (hypoxia) for 24 hours. 

Incorporation of [
3
H]-thymidine assay was used for DNA synthesis evaluation. 

Radioactive counts were measured in disintegrations per minute (DPM) and 

normalized to DNA synthesis in the control group (quiescent cells, 0.1% FCS). 

Experiments were conducted in quadruplicate (number of wells). Each value 

represents the mean ± SEM (n=3). *p<0.05 vs. PDGF stimulated cells. �p <0.05 vs. 

normal cells cultured with 0.1% FCS (control). 
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4.20 Discussion 

The work presented in chapter 3 has characterized a feature of the hypoxic PASMC 

behaviour. In particular, cells have been shown to proliferate when they are 

exposed to hypoxia (3% O2). In this study, a cell based model (PASMCs isolated 

from rat pulmonary arteries and cultured in hypoxia, as identified in Chapter 3) was 

established. Platelet-derived growth factor (PDGF) was selected to stimulate the 

cells instead of serum. Techniques to evaluate cell proliferation and migration were 

carried out and the effects of mitochondrial inhibition on PASMC proliferation and 

migration during normoxia (21% oxygen) and hypoxia (3% oxygen) were 

determined. The mitochondrial function in response to the mitochondrial DRP1 

inhibitor (Mdivi-1) was also examined. The main findings of this chapter are that 

inhibiting the mitochondrial fission protein DRP1 with Mdivi-1 in PASMCs leads 

to a decrease in cell proliferation and migration and causes an increase in 

mitochondrial network formation under both normoxic and hypoxic conditions. 

Mdivi-1 decreased proliferation as measured by decreased incorporation of [
3
H]-

thymidine and its action was confirmed by measuring gene expression of DRP1. 

During normoxia, Mdivi-1 produced a shift in cell cycle towards a G2/M phase 

arrest. This shift in the cell cycle appears to be through inhibiting the expression of 

P53 gene and upregulating the expression of cyclin D1 gene. The reduction in cell 

proliferation and migration in the presence of Mdivi-1 was correlated with a 

decrease in the mitochondrial function (ATP levels). It was also correlated with a 

reduction in the expression level of mitochondrial marker genes including COX-II, 

TFAM and ATPase 6. Conversely, during hypoxia, Mdivi-1 produced a shift in cell 

cycle towards a G1 phase arrest. This shift in the cell cycle seems to be through 

upregulating the expression of P53 gene and inhibiting the expression of cyclin D1 

gene. The inhibitory effect of Mdivi-1 on cell proliferation and migration was 

associated with the reversal of the mitochondrial function through upregulating the 

mitochondrial COX-II, ATPase 6 and P53 gene expression. 

 

4.21 The study of PDGF signalling in pulmonary hypertension 

It is well-known that FCS contains various growth factors, such as insulin-like 

growth factor-1 (IGF-1), EGF, PDGF and fibroblast growth factor (FGF), which 

promote multiple effects. These effects include Ca
2+

 mobilization, inositol-
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phosphate formation and cAMP/cGMP formation which caused by growth factors 

signalling (Van Langendonckt et al., 1997, Rubin et al., 1980, Sagirkaya et al., 

2007). The initial signal, which resulted from the ligand-receptor complex can 

transform into more widespread and general effectors that leads to the initiation of 

multiple intracellular changes required for DNA replication and cell division 

(Dulbecco and Elkington, 1975). Therefore, in order to overcome the intracellular 

interactions due to the effects of various growth factors in FCS and to be more 

specific, PDGF was used to stimulate the cells instead of FCS. 

 

Several lines of evidence have extensively shown the involvement of PDGF 

signalling in the pulmonary vasculature, remodeling and in pulmonary hypertension 

pathobiology (Yang et al., 2009, Barst, 2005). It has been shown that PDGF 

influences the mitochondrial morphology, energetics, ROS generation and causes 

mitochondrial shortening/fission through increasing the DRP1 level, which 

eventually increases smooth muscle cell migration and intimal hypertrophy (Wang 

et al., 2015b). The PDGF dependent DRP1/mitochondrial fission effect has also 

been shown to play an important role in chronic hypoxic PASMC proliferation 

(Marsboom et al., 2012).  Blocking PDGF signalling by a receptor kinase inhibitor 

(imatinib) was shown to regress pulmonary vascular remodeling and to improve the 

survival of animal models of pulmonary hypertension (Schermuly et al., 2005). 

These studies underline the importance of mitochondrial fission and metabolism in 

the PDGF pathway involved in pulmonary hypertension pathobiology. However, 

some side effects associated with imatinib therapy such as cardiotoxicity have been 

reported. Thus, extensive pharmacological research is needed to find a more 

specific mitochondrial target in the PDGF transduction pathway. A PDGF induced 

model of a highly proliferative cell phenotype associated with mitochondrial 

fragmentation has been previously demonstrated in VSMC (Salabei and Hill, 2013, 

Perez et al., 2010). Therefore, using PDGF during normoxia in our study as a 

positive control group will provide a better understanding of the series of biological 

and mitochondrial changes in terms of PASMC proliferation and migration in 

response to acute hypoxia (test group). Hence, knowing the main intracellular 

signal transduction pathways of PDGF during normoxia will clarify the impact of 

mitochondrial signalling on the PDGF-hypoxic interaction during cell proliferation 

and migration. This was accomplished by determining the exact mechanism of 
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dynamin-related protein-1 (DRP1) during both normoxic and hypoxic conditions 

using the mitochondrial fission inhibitor (Mdivi-1) as a promising approach to 

attenuate pulmonary vascular remodeling, specifically PASMC proliferation and 

migration. 

 

In order to study signalling pathways that contribute to the proliferation of vascular 

smooth muscle cells, previously published studies have used 10 ng/ml 

concentration of PDGF to stimulate these cells (Yang et al., 2015, Li et al., 2017, 

Zhan et al., 2003). Therefore, in this study, three different concentrations of PDGF; 

5 ng/ml, 10 ng/ml and 20 ng/ml were initially tested on the PASMCs (Figure 4.3). 

The low concentration (5 ng/ml) was selected because it approximately showed a 

similar proliferative response in DNA synthesis compared to other concentrations 

(10 ng/ml and 20 ng/ml). As there is no concentration-dependent effect on PASMC 

proliferation among PDGF concentrations (Figure 4.3), lower concentrations of 

PDGF (such as 1 ng/ml) should be considered. However, it has been reported in a 

previous study that 1 ng/ml and 10 ng/ml concentrations of PDGF have the same 

responses in PASMC proliferation (DNA synthesis values) during both normoxia 

and hypoxia (Goncharova et al., 2012).  

 

4.22 Effect of mitochondrial inhibition on PASMC proliferation 

To inhibit the mitochondrial-fission process pharmacologically and to investigate 

the effects of inducing mitochondrial fusion (reducing DRP1 levels) on PASMC 

proliferation and migration during hypoxia, the mitochondrial division inhibitor-1 

(Mdivi-1), which is a DRP1 inhibitor molecule, was used. 

 

In the current study, [
3
H]-thymidine incorporation assay (Figure 4.4) shows PDGF 

stimulated PASMCs have a higher proliferative capacity when they are exposed to 

hypoxia, which is in line with the previous chapters’ findings when 10% serum was 

used to stimulate the cells during hypoxia (Figure 3.10). This finding has been 

confirmed by other investigators. Schultz and colleagues (2006) found that 

moderate hypoxia (5% oxygen) enhanced PASMC proliferation in response to 

several growth factors such as PDGF, FGF and EGF in comparison to their 

normoxic control (21% oxygen). Another study by ten Freyhaus and co-workers 
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(2011) found PASMCs proliferated faster in response to hypoxia (1% oxygen) 

when the cells were stimulated with PDGF. 

 

Results show following mitochondrial-fission inhibition, both the PDGF-dependent 

proliferation (Figure 4.5) and the FCS-dependent proliferation (Figure 4.6) of cells 

during both normoxic and hypoxic conditions were significantly decreased. It is 

noticeable that the inhibitory effects of Mdivi-1 in the cells with PDGF (Figure 4.5) 

during hypoxia were considerably higher than the Mdivi-1 inhibitory effects during 

normoxia, suggesting that the existence of the mitochondrial fission process, 

particularly mitochondrial DRP1, is highly required in PDGF induced-PASMC 

proliferation during hypoxia in particular. To identify the exact mechanism of 

Mdivi-1 under hypoxia, signalling pathways involved in regulating PASMC 

proliferation (such as MAPKs) will be investigated in the next chapter. 

 

4.23 Mitochondrial DRP1 role in cell proliferation during normoxia 

The measures of cell proliferation in response to addition of PDGF are dependent 

on mitochondrial activity/fission. There was a correlation of mitochondrial gene 

expression and cell proliferation. PCR results showed that mitochondrial fission 

gene DRP1 and other mitochondrial genes including TFAM, COX-II and ATPase 6 

gene were upregulated in the PDGF stimulated cells and downregulated when the 

mitochondria were inhibited by the mitochondrial fission inhibitor Mdivi-1 (Figure 

4.23, Figure 4.24A, Figure 4.27, Figure 4.20). As expected, the results in Figure 

4.23 did confirm that Mdivi-1 has a role in the inhibition of mitochondrial DRP1 

gene. Mdivi-1 has previously been reported to be a selective inhibitor of the 

mitochondrial DRP1 and this effect leads to inhibition of the mitochondrial fission 

(Cassidy-Stone et al., 2008, Tanaka and Youle, 2008). Similarly, it has been 

reported that Mdivi-1 inhibited mitochondrial fission and reduced proliferation of 

other cells such as VSMCs (Chalmers et al., 2012, Torres et al., 2016), fibroblasts 

(Tian et al., 2018) and cancer cells (Rehman et al., 2012). 

 

In quiescent cells (cells with 0.1% FCS), the loss of mitochondrial fission and the 

increase of tubulated mitochondria were clearly observed (Figure 4.28A). A 

significant increase of mitochondrial-fission marker (DRP1) gene by PDGF, 



Chapter 4        The Role of Mitochondria in PASMC Proliferation and Migration 

170 
 

compared to quiescent cells (Figure 4.23), is consistent with the increase of the 

fragmented mitochondria seen by epifluorescence microscope in the PDGF 

stimulated cells (Figure 4.28B). Moreover, the measurement of mitochondrial 

length in cells stimulated with PDGF was significantly smaller compared to 

quiescent cells (Figure 4.29). These results agree with findings of other studies that 

found that the mitochondria in unstimulated control VSMCs are showing networks 

of long filaments (fusion) while the mitochondria are showing fragmented and short 

(fission) when the cells are stimulated with PDGF (Wang et al., 2015b, Salabei and 

Hill, 2013). This highlights the importance of the DRP1 gene in PDGF-dependent 

proliferation. This suggestion was confirmed by the use of a DRP1 inhibitor 

(Mdivi-1). The reduction of PASMC proliferation by inhibiting this gene via 

Mdivi-1 was associated with the loss of mitochondrial fragmentation and the 

increase of mitochondrial length which were observed in the Mdivi-1 treated cells 

(Figure 4.28C and Figure 4.29). These findings are consistent with Wang et al and 

Salabei and Hill studies which both reported that inhibiting mitochondrial fission 

via inhibiting the DRP1 protein promotes an increase in mitochondrial length in 

VSMCs. DRP1 inhibition can also prevent PDGF induced cell proliferation and 

mitochondrial bioenergetics (Wang et al., 2015b, Salabei and Hill, 2013). This 

change in the mitochondrial length is also observed in senescent human umbilical 

vein endothelial cells (HUVECs) and is correlated with the inhibition of 

mitochondrial DRP1 (Mai et al., 2010). 

 

In addition, another mitochondrial marker gene, the mitochondrial transcription 

factor A (TFAM) gene, was also upregulated following PDGF stimulation and the 

expression of the gene was decreased when Mdivi-1 was added (Figure 4.24A), 

suggesting that that there is a strong link between DRP1 activity, TFAM expression 

and PASMC proliferation induced by PDGF. A linear-correlation of TFAM gene 

expression and the mitochondrial DNA levels has been previously identified, 

indicating that the TFAM gene plays an essential role in regulating the abundance 

of mitochondrial DNA (Kang et al., 2007). Furthermore, the loss of mitochondrial 

DNA and the reduction of mitochondrial respiration resulting from preventing the 

fission process through DRP1 inhibition has been previously verified (Parone et al., 

2008). These PCR results agreed with a previous study that showed that the 
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increase in the expression of TFAM gene and the number of mitochondria in 

VSMCs was correlated with an increase in cell proliferation (Yoshida et al., 2005).  

 

Moreover, the results show cytochrome c oxidase II (COX-II) (another 

mitochondrial gene marker) was upregulated by PDGF and downregulated 

following mitochondrial fission inhibition (Figure 4.27) and this suggests the need 

of the mitochondrial respiration process (including ATP aerobic production) for 

PASMCs to proliferate in response to PDGF. This result is consistent with the ATP 

assay finding in this study as PDGF significantly increased ATP levels and a 

reduction of ATP levels was seen when inhibiting PDGF receptors by imatinib or 

when inhibiting mitochondrial fission with Mdivi-1 (Figure 4.19). Moreover, other 

findings which support these results show the upregulation of ATPase 6 gene, a key 

regulatory gene for the mitochondrial oxidative phosphorylation process, when 

cells were stimulated with PDGF and the gene was significantly decreased 

following Mdivi-1 treatment (Figure 4.20). A positive correlation between the 

mitochondrial cytochrome c oxidase (complex IV) subunit, the content of ATP 

through the oxidative phosphorylation (OXPHOS) and the expression of COX-II 

has been previously demonstrated (Bragina et al., 2015). Taken together, increased 

ATP level and mitochondrial respiration is essential in PDGF induced cell 

proliferation and migration under normoxic conditions. This finding was previously 

reported in rat aortic VSMCs (Perez et al., 2010).  

 

Furthermore, another assessment of the mitochondrial activity was also performed 

by measuring the cellular reactive oxygen species (ROS). It has been previously 

known that excessive ROS production is linked to PASMC proliferation 

(Wedgwood et al., 2001). Data in Figure 4.16 show superoxide (O2
.-
) was 

significantly upregulated by PDGF while lower levels were produced by PDGF 

with Mdivi-1 treatment. This suggests ROS (particularly superoxide) may play a 

major role in PDGF dependent proliferation though DRP1 triggering mechanism. It 

has demonstrated that PDGF activates the mitochondrial energetics, mitochondrial 

fission and ROS levels in VSMCs and the deficiency of DRP1 is proportional with 

the reduction in mitochondrial respiration coupling efficiency (Wang et al., 2015b). 

Hence, this suggests Mdivi-1 seems to have a direct inhibitory effect on the 
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respiratory coupling of the mitochondria by decreasing ROS production and by 

diminishing the increase in cellular ATP. 

 

The above findings conclude that PDGF increases DRP1 expression, promotes 

mitochondrial fission, and increases cell proliferation and mitochondrial 

bioenergetics. Further confirmation of the mitochondrial role in PDGF-dependent 

proliferation during normoxia was performed by inhibiting the mitochondria non-

pharmacologically through mito-depleted Rho cell generation. Following 24 h 

PDGF stimulation, proliferation of Rho cells was measured using [
3
H]-thymidine 

incorporation assay and compared to the control (21 days cultured cells without 

ethidium bromide). It can be seen that data obtained from [
3
H]-thymidine 

incorporation assay (Figure 4.33) that non-pharmacological inhibition of 

mitochondria caused a reduction in DNA synthesis of PASMCs induced by PDGF 

or by low serum-condition (0.1% FCS). 

 

Taken together, both the pharmacological inhibition of the mitochondria by 

preventing the fission process by Mdivi-1 and the non-pharmacological inhibition 

of the mitochondria by generating Rho cells showed a reduction in PASMC 

proliferation during normoxia thereby confirming the necessity of the mitochondria 

in PDGF-dependent cell proliferation. 

 

4.24 Mitochondrial DRP1 role in cell proliferation during hypoxia 

In the current study, PDGF stimulation during both oxygen incubations: normoxia 

or hypoxia led to an increase in cell proliferation and migration (Figure 4.4 and 

Figure 4.7). However, cell signalling responses to PDGF seem to be different 

among hypoxic exposure. For example, in normoxia, PDGF caused a significant 

increase in mitochondrial fission DRP1 gene expression and caused mitochondrial 

fragmentation in comparison to quiescent cells (Figure 4.23 and Figure 4.28B, 

respectively). However, during hypoxia, there was a significant reduction in the 

mitochondrial fission DRP1 gene expression in cells treated with PDGF in 

comparison to hypoxic background cells (cells quiesced with 0.1% FCS and 

maintained in 3% O2), suggesting that the mitochondrial fission process may not be 

involved in cell proliferation (Figure 4.23). This finding was in line with the 
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morphological shape of the mitochondria which in these cells were fused instead of 

being fragmented after PDGF stimulation (Figure 4.28E). Many studies have 

reported that the increase of the mitochondrial length could be due to the inhibition 

of DRP1 expression (Ong et al., 2010, Sharp et al., 2014). However, to date there is 

no evidence regarding the effect of PDGF on the expression of mitochondrial DRP1 

which may lead to an increase in mitochondrial length in the proliferative PASMCs 

under hypoxic conditions. 

 

For further investigation, the proliferative cells were treated with a DRP1 inhibitor, 

Mdivi-1. Data show further inhibition of the mitochondrial fission process caused a 

decrease in cell proliferation (Figure 4.5), migration (Figure 4.9) and DRP1 gene 

expression (Figure 4.23). This suggests that despite the reduction in mitochondrial 

DRP1 gene, the loss of fragmented mitochondria, and the increase of fused 

mitochondria (Figure 4.23, Figure 4.28E and Figure 4.29) resulting from the 

combined effect of PDGF and hypoxia, the low expression of mitochondrial DRP1 

still seems to be essential in PDGF induced cell proliferation and migration during 

hypoxia. Data also show the length of mitochondrial network in the proliferative 

cells was increased following Mdivi-1 treatment (Figure 4.29 and Figure 4.28F). 

Taken together, these data agreed with the findings of other studies, which reported 

that the inhibition of mitochondrial fission protein DRP1 with Mdivi-1 induces an 

increase in mitochondrial length and inhibits the proliferation of PASMCs during 

hypoxia (Marsboom et al., 2012, Parra et al., 2017). Ryan and co-workers have also 

found similar finding which showed that knockdown of DRP1 by siRNA results in 

elongated mitochondrial network in PAH PASMCs (Ryan et al., 2015). 

 

Other mitochondrial genes; COX-II and ATPase 6 were also measured in PDGF 

stimulated cells following Mdivi-1 treatment. Mdivi-1 significantly upregulates 

COX-II gene, which suggests cell proliferation and migration were inhibited when 

Mdivi-1 attempted to improve the mitochondrial function specifically by increasing 

the mitochondrial oxidative phosphorylation process (Figure 4.27). This finding 

was consistent with the Mdivi-1 effect on the mitochondrial ATPase 6 gene (a gene 

involved in ATP synthesis process and ATP production) as Mdivi-1 significantly 

activates its expression (Figure 4.20). The increase of this gene by Mdivi-1 may 

explain why its inhibitory effect on the ATP level during hypoxia was not effective 
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and not as significant as its inhibition on the ATP level during normoxia (Figure 

4.19).  Taken together, the presence of mitochondrial DRP1 during hypoxia could 

have an important role in controlling the mitochondrial function specifically by 

decreasing the mitochondrial oxidative phosphorylation process and ATP 

production in cell proliferation during hypoxia as the PDGF stimulated-hypoxic 

cells seem to be more dependent on the metabolic Warburg shift (glycolytic shift) 

instead of mitochondrial ATP generation and the TCA cycle activity. In agreement 

with this, the study by Parra and co-authors has reported that Mdivi-1 inhibits the 

proliferation of PASMCs and the mitochondrial dysfunction caused by hypoxia. 

They found that, by inhibiting mitochondrial fission protein DRP1 with Mdivi-1, 

the mitochondrial fission, the glycolytic shift and the increases of glycolytic marker 

genes hexokinase 2 (HK2), phosphofructokinase 2 (PFKFB2) and glucose 

transporter 1 (GLUT1) were also inhibited. They also found Mdivi-1 prevents the 

reduction in both mitochondrial membrane potential and oxygen consumption in 

the hypoxic PASMCs (Parra et al., 2017). Moreover, a recent study has found that 

the increase in mitochondrial networking and the reversal of the glycolytic shift are 

associated with the inhibition of DRP1 by Mdivi-1 in microglia (Nair et al., 2019).  

 

To confirm the role of Mdivi-1 in inhibiting cell proliferation during hypoxia by the 

reversal of mitochondrial function, the expression of P53 gene was measured 

(Figure 4.14). As P53 antagonizes the Warburg effect through decreasing GLUT 

expression and the glycolytic shift and stimulating mitochondrial TCA cycle 

activity, its inhibition serves to promote the Warburg effect (Maddocks and 

Vousden, 2011, Vousden and Ryan, 2009). A recent study has found knock-down 

of P53 using siRNA in PASMCs resulted in a metabolic shift toward glycolysis, an 

inhibition of mitochondrial respiration including the TCA cycle and a reduction in 

ATP production (Wakasugi et al., 2019). Mitochondrial-dependant cell proliferation 

(PDGF stimulated cells during normoxia), shows the expression of P53 gene was 

significantly higher than its expression during hypoxia. Moreover, data also show 

inhibiting the mitochondria by Mdivi-1 significantly inhibits P53 gene during 

normoxia while significantly upregulating P53 gene expression during hypoxia, 

which confirms that inhibiting DRP1 may have a potential role in improving the 

mitochondrial activity to inhibit cell proliferation during hypoxia.  
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The non-pharmacological inhibition of the mitochondria by generating Rho cells 

also confirmed the need for the glycolytic shift in cell proliferation during hypoxia. 

Following PDGF and hypoxia stimulation, the proliferation of Rho cells was 

decreased compared to 21 days cultured cells but DNA synthesis values were only 

returned to the normal background DNA synthesis level, which suggests even the 

mitochondria (particularly mitochondrial metabolism) were inhibited, PASMCs 

could maintain their growth and proliferate by increasing mitochondrial dysfunction 

and glycolytic metabolism. 

 

4.25 The effect of Mdivi-1 on cell cycle progression 

Data show Mdivi-1 increased the G2 phase of the cell cycle in PDGF stimulated 

cells, suggesting Mdivi-1 could diminish PASMC proliferation by causing cell 

cycle arrest at G2/M phase (Figure 4.10B). This finding agreed with the findings of 

Rehman et al and Marsboom et al who determined that mitochondrial fission 

inhibition by Mdivi-1 prevents the cell cycle progression causing G2/M arrest in 

lung cancer and PASMCs, respectively (Rehman et al., 2012, Marsboom et al., 

2012). Another study by Sun and co-workers also showed a reduction of cell 

proliferation is linked with the G2/M phase cell cycle arrest in PASMCs (Sun et al., 

2017). In PAH PASMCs, Marsboom et al found that Mdivi-1 prevents the 

inactivation of cyclin-dependent kinase 1 (CDK1). CDK1 degrades cyclin B1 levels 

leads to stop cell cycle progression from G2 to mitosis. This leads to a consequence 

of activation of checkpoint proteins and changes in cyclin levels which suggests 

that Mdivi-1 may interact at this stage causing a reduction of PASMC proliferation 

(Marsboom et al., 2012). 

 

CDK1 is involved in the modulation of the centrosome cycle including centrosome 

duplication, chromosome condensation and separation (Hochegger et al., 2007, 

Crasta et al., 2006, Abe et al., 2011, Robellet et al., 2015). It has been reported that 

Mdivi-1 induced misalignment of mitotic chromosomes and caused a G2/M arrest 

in cancer cells (Wang et al., 2015a). Activation of cyclin B1/CDK1 complex partly 

increases the mitochondrial respiration thus providing sufficient energy to the cells 

for the G2/M transition which reduces the overall cell cycle time (Wang et al., 

2014d). Data in Figure 4.19, Figure 4.27, and Figure 4.20 show that inhibiting 
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DRP1 by Mdivi-1 caused a reduction in ATP levels and in expression of 

mitochondrial COX-II and ATPase 6 genes, respectively. These data suggest that 

Mdivi-1 inhibits mitochondrial respiratory chain function and decreases the 

required amount of ATP for cell cycle progression which leads to cell cycle arrest 

at G2/M phase and slows cell proliferation. 

 

The reduction of cell proliferation by the drug may be via increasing the apoptotic 

effect (through its ability to push the cells toward the apoptotic mechanism which 

leads to cell death) or via the DNA damage effect of the drug (through slowing the 

division process of the cells where the cells accumulate at G2/M phase resulting in 

slowing the proliferative rate of the cells) (DiPaola, 2002). It has been reported that 

fused mitochondria or the prevention of mitochondrial fission can lead to increased 

cell survival or induces cell apoptosis as fission process plays an important role in 

regulating two different processes: cell apoptosis and cellular mitosis (Brooks et al., 

2009, Taguchi et al., 2007). A study by Szabadkai et al reported that increased 

DRP1 expression can inhibit the apoptotic response induced by stimuli such as C2 

ceramide (Szabadkai et al., 2004). In contrast, other studies demonstrated that a 

DRP1 inhibitor, Mdivi-1, can inhibit cell apoptosis and promote cell proliferation 

(Mitra et al., 2009, Cassidy-Stone et al., 2008). Hence, in order to identify the fate 

of the cells following G2/M arrest caused by Mdivi-1, some cell cycle regulatory 

components such as cyclin D1, P53 were assessed. 

 

Under normoxic conditions, data obtained from Western blot (Figure 4.11) show a 

slight increase in cyclin D1 protein by Mdivi-1 pre-treatment. In line with this 

observation, PCR data show Mdivi-1 caused a significant increase in cyclin D1 

gene expression (Figure 4.13). These findings contradict the findings in the study of 

Salabei and Hill (2013). They showed that inhibition of DRP1 by Mdivi-1 can 

inhibit PDGF induced cell proliferation and overexpression of cyclin D1 in aortic 

VSMCs (Salabei and Hill, 2013). It has been reported that cyclin D1 serves as an 

important regulator of the continuing cell cycle progression (Stacey, 2003). An 

accumulation of cyclin D1 proteins suggests Mdivi-1 slows the proliferation rate by 

extending the duration of PASMCs at G2/M phase, which indicates the DNA 

damaging effect of Mdivi-1 could encourage the cells toward the repairing 

mechanism before entering mitosis. In addition to the above findings, data show 
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mitochondrial functions and genes were inhibited following Mdivi-1 treatment 

suggesting that there is a negative correlation between cyclin D1 expression and 

mitochondrial function. Many studies showed that cyclin D1 can repress the 

mitochondrial function, ATP production, oxidative phosphorylation process and 

gluconeogenesis (Wang et al., 2006, Bhalla et al., 2014, Lee et al., 2014, 

Tchakarska et al., 2011). Taken together, these findings suggest that inhibiting 

mitochondrial function with Mdivi-1 could be through increasing cyclin D1 

expression, thereby inhibiting the mitochondrial function. This suggestion could 

highlight that PASMCs (not aortic VSMCs) during G2/M phase could compensate 

an inhibitory effect of Mdivi-1 on the mitochondria via shifting from OXPHOS 

metabolism toward the cytosolic glycolysis as these cells resemble the behaviour of 

cancer cell metabolism. 

 

This suggestion was confirmed though measuring the cell cycle inhibitor gene; P53 

following Mdivi-1 treatment (Figure 4.14). It is known that the G2 arrest is not 

affected by the expression of P53 gene (Kastan et al., 1991). Data show Mdivi-1 

caused a reduction in P53 gene expression which may support the effect of Mdivi-1 

during normoxia as it arrested the cells at the G2/M phase via its DNA damaging 

effect. This result agrees with findings of Wang et al study. They found that in 

cancer cells P53 is not required for the mitotic arrest caused by Mdivi-1. They 

further demonstrated Mdivi-1 induced an accumulation of M phase cells in both 

P53 knockout and wild-type cells (Wang et al., 2015a). The restriction of PASMCs 

at G2/M phase by Mdivi-1 could also explain why the inhibitory effect of Mdivi-1 

on cell proliferation during normoxia was not potent enough compared to its 

powerful effect during hypoxia (Figure 4.5). Taken together, these findings may 

elucidate effect of Mdivi-1 on mitochondrial-dependent mechanism. Specifically, 

on the progression of cell cycle targeting the G2/M phase and may result in the 

accumulation of cyclin D1 gene and the reduction of the P53 gene.  

 

During hypoxia, data show an increase of cells at G1 phase following Mdivi-1 

treatment (Figure 4.10A). This result contradicts what was observed during 

normoxia which suggests the progression of cell cycle could be modulated by the 

cellular responses to hypoxia (such as mitochondrial dysfunction). For example, the 

G1/S transition is affected by the metabolic status of the cells (Mandal et al., 2010). 
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Mitochondrial dysfunction can activate two signals to enforce the cell cycle 

checkpoint particularly between the G1 and S phase. This associated with the 

downregulation of cyclin E protein levels and the increased mitochondrial ROS 

(Owusu-Ansah et al., 2008). There is a study which demonstrated that Mdivi-1 

decreased cell proliferation and induced G1 cell cycle arrest (Chalmers et al., 2012). 

However, this study examined the effect of Mdivi-1 in cerebral artery smooth 

muscle cells under normoxic conditions. To date there is no evidence regarding the 

effect of Mdivi-1 on cell cycle progression in the PASMCs under hypoxic 

conditions. Data suggest an accumulation of cells at the G1 phase by Mdivi-1 is 

possibly due to low cyclin D1 level. Cyclin D1 is required in the progression of the 

cell cycle and when it is inhibited, cells were arrested at the G1 phase (Morgan, 

1995). Thus, measuring cyclin D1 proteins and gene expression was performed. 

Western blot data confirmed the FACS finding as cyclin D1 protein was 

significantly decreased following Mdivi-1 treatment (Figure 4.11). Recent evidence 

by Gu and co-workers showed similar findings in the airway smooth muscle cells 

following PDGF stimulation. They found Mdivi-1 caused a significant decrease in 

cell proliferation and cyclin D1 proteins but did not arrest the cells at G2/M phase 

(Gu et al., 2019). Indeed, PCR data confirm the Western blot result and also show 

Mdivi-1 directly caused an inhibition of cyclin D1 gene expression (Figure 4.12 and 

Figure 4.13, respectively). Data display that Mdivi-1 caused a significant increase 

in tumor suppressor P53 suggesting that P53 upregulation is associated with the G1 

cell cycle arrest in response to Mdivi-1 (Figure 4.14). Taken together, these data 

agreed with the finding of Arora and co-workers in cancer cells, that documented 

that downregulating cyclin D1 arrested cell cycle at G1 phase and upregulating P53 

induced early apoptosis, resulted in decreased cell proliferation (Arora et al., 2017). 

Many studies have found that P53 upregulation is related to G1 cell cycle arrest. It 

activates p21, a protein that acts as an inhibitor of the cyclin-dependent kinases 

(CDKs), which eventually caused repression of the cyclin E-CDK2 complex 

leading to G1 arrest (Jones et al., 2005, Waldman et al., 1995, el-Deiry et al., 1994).  

Moreover, Wei et al found that inhibiting PDGF-induced PASMC proliferation was 

associated with the G1 cell cycle arrest and decreased gene expression levels of 

cyclin D1, cyclin E and CDK2 (Wei et al., 2016). Taken together, inhibiting 

mitochondrial fission during hypoxia seems to accelerate cell apoptotic signalling 
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pathways which leads to an inhibition of cell proliferation through the accumulation 

of cells at the G1 phase. 

 

4.26 The effect of Mdivi-1 on PASMC Migration 

The current study found the migratory capacity of PASMCs was enhanced 

following chemotactic stimulation in a time-dependent manner (Figure 4.7). PDGF 

stimulation is associated with the release of specific cytokines and extracellular 

matrix components which may trigger some signalling pathways to promote cell 

migration. It has been reported that PDGF directly activates DRP1 phosphorylation 

at serine 616 which enhances DRP1 binding with the mitochondria and activates 

mitochondrial fission (Wang et al., 2015b). Data showed Mdivi-1 reduces cell 

migration in normoxia (Figure 4.8). These findings suggest that the effect of PDGF 

on cell migration was accompanied by changes in DRP1 activity and mitochondrial 

fission/ fusion status (network formation). Previous studies demonstrated that cell 

migration could be affected by altering the mitochondrial shape. In metastatic 

breast cancer cells, it has been shown mitochondrial fragmentation is associated 

with an increase in cell migration, whereas mitochondrial elongation caused a 

reduction in cell migration (Zhao et al., 2013). Moreover, the same finding was 

reported in lymphocytes (Campello et al., 2006). These studies correlate with the 

migratory effect of PDGF stimulation during normoxia which was shown to 

promote mitochondrial fission and cell migration. In addition, data in Figure 4.7 

showed PDGF stimulation during hypoxia increased cell migration. This was 

consistent with a study which showed rat PASMCs in response to hypoxia either at 

4% oxygen or 1% oxygen had an increase in the migration rate (Walker et al., 

2016). Moreover, data show that despite the reduced DRP1 level and the presence 

of elongated mitochondria due to the combined effects of PDGF and hypoxia, 

further inhibition of DRP1 by Mdivi-1 leads to hyper-fusion of the mitochondria 

and reduces cell migration (Figure 4.9), which suggests not only hypoxia but also 

minor levels of DRP1 are necessary to promote cell migration. This result is 

consistent with a study that showed that Mdivi-1 inhibits cell migration induced by 

hypoxia in human glioblastoma U251 cells (Wan et al., 2014).  
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Potentially PASMCs could also proliferate after creating the scratch within the well 

when they were stimulated with PDGF, this might limit the findings of this study. 

Ideally, the measurement of cell proliferation should be assessed in parallel to the 

cell migration assay. For example, cell counting using the haemocytometer or 

immuno-fluorescence staining for the proliferative markers such as PCNA should 

be undertaken when images were taken at 0 h and at different stimulation times: 12 

h, 24 h and 48 h. 

 

4.27 Effect of Mdivi-1 on Cell apoptosis 

Results show the significant reduction of caspase 3/7 release was observed in 

response to Mdivi-1 during normoxia (Figure 4.22). This result suggests Mdivi-1 

had no role in activating the apoptotic pathway via caspase signalling during 

normoxia. This finding is consistent with the FACS finding. The effect of the drug 

to slow the proliferation rate during cell arrest at G2 was not through inducing cell 

apoptosis (G1 phase). Moreover, measuring cytochrome c protein level by Western 

blot also supported that as there was a small insignificant decrease in cytochrome c 

protein level following Mdivi-1 treatment (Figure 4.21). 

 

However, during hypoxia, the apoptotic activity (caspase 3/7 release) was not 

statistically decreased by Mdivi-1 treatment and a small insignificant increase of 

cytochrome c protein expression was notable following Mdivi-1 treatment (Figure 

4.21). These data suggest the Mdivi-1 during hypoxia is more likely to initiate cell 

apoptosis, as its effect on cell cycle progression showed the cell cycle was arrested 

at the G1 phase. 

 

4.28 Summary of Results 

The experimental findings presented in this chapter show that mitochondrial 

inhibition has a marked inhibitory effect on pulmonary artery smooth muscle cell 

proliferation and migration. The effect of Mdivi-1 has been characterised in 

normoxia and in hypoxia. The results in this chapter concluded that:- 

 

o Chemotactic stimulation of normal PASMCs by PDGF leads to an increase 

in mitochondrial fragmentation and bioenergetics, ROS production 
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(particularly superoxide) and eventually promotes PASMC proliferation and 

migration. 

 

o Mitochondrial hyperactivity, shortness of the mitochondria and 

mitochondrial-fission shift play a crucial role in PASMC proliferation 

induced by PDGF as when the mitochondrial fission is inhibited by Mdivi-

1, the cells arrest in the G2/M phase of the cell cycle, therefore, slowing 

proliferation. 

 

o Inhibiting the mitochondria with Mdivi-1 is more likely to slow PASMC 

proliferation through inhibiting the P53 gene and through increasing the 

gene expression of cyclin D1. 

 

o Mitochondrial dysfunction, the decrease in mitochondrial fragmentation, 

and the increase in mitochondria elongation play a vital role in PDGF 

induced cell proliferation during hypoxia. However, the existence of 

mitochondrial dynamic DRP1 protein is largely required. 

 

o Inhibiting mitochondrial fission with Mdivi-1 during hypoxia seems to 

diminish PASMC proliferation and migration through inhibiting the cyclin 

D1 expression and increasing the expression of P53 and mitochondrial 

genes (COX-II and ATPase 6). 

 

o Inhibition of mitochondrial fission in PDGF induced cell proliferation and 

migration during hypoxia with Mdivi-1 seems to target the glycolytic shift 

(Warburg effect) within the cells by improving the activity and the function 

of the mitochondria. 

 

o Non-pharmacological inhibition of the mitochondria, through generating 

Rho cells, abolished and reduced PASMC proliferation during normoxia 

and hypoxia, respectively. 
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5.1 Introduction  

The results in chapter 4 demonstrated the potential for blocking mitochondrial 

fission by a DRP1 inhibitor; Mdivi-1 to attenuate proliferation and migration of 

PASMCs. In particular, a significant reduction in DNA synthesis in the PDGF 

stimulated cells by Mdivi-1 was observed under hypoxic conditions compared to 

the normoxic conditions (Figure 4.5). This highlights the importance of 

mitochondrial fission protein DRP1 in the regulation of PASMC proliferation under 

hypoxic conditions. It has been reported that the HIF1α activation induces 

mitochondrial fragmentation in PASMCs from PAH patients versus control 

PASMCs (without PAH) and the blocking of the mitochondrial fission though 

inhibiting the DRP1 reduces cell proliferation which may have a therapeutic 

potential (Marsboom et al., 2012). However, the specific mechanisms associated 

with DRP1 inhibition in the proliferation and migration of PASMCs during hypoxia 

are poorly defined.  

Multiple intracellular signalling cascades involved in the regulation of cell 

proliferation and migration can contribute to the development of pulmonary 

vascular remodeling and pulmonary hypertension (Chen et al., 2014, Morrell et al., 

2009). One of these signalling cascades is the mTOR signalling pathway which 

plays a key role in cell proliferation, mitochondrial biogenesis and energy 

equilibrium (Antico Arciuch et al., 2012). mTOR signalling is involved in the 

stimulation of PASMC proliferation and migration (ten Freyhaus et al., 2011). HIF-

1α is involved in hypoxia-induced protein tyrosine phosphatase (PTP) down-

regulation in PAH and specifically PASMCs. PTPs dephosphorylate the activated 

PDGF receptor and thus a decrease in expression and activity of PTPs leads to 

increased phosphorylation of the PDGF receptor. Consequently, this results in an 

increase in downstream intracellular signalling and PASMC proliferation and 

migration (ten Freyhaus et al., 2011). However, the full picture of mTOR signalling 

mechanism including the presence of mitochondrial fission protein DRP1 leading to 

cell proliferation and the re-programming of mitochondrial function are not fully 

understood. 
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Another signalling pathway involved in the proliferation of PASMCs in PAH is the 

MAPK signalling pathway. A study by Wilson and co-workers showed the 

expression of phosphorylated MAPKs (including ERK1/2, p38 MAPK and JNK) is 

significantly higher in PAH PASMCs compared to the control PASMCs (Wilson et 

al., 2015). Various studies showed the MAPK pathway is involved in the PDGF 

induced progression of cell cycle and cell proliferation (Stawowy et al., 2002, Li et 

al., 2006, Finlay et al., 2005). However, the link between the mitochondrial DRP1 

and the MAPK signalling in regulating PASMC proliferation and migration 

remains unclear. One study by Lim et al showed that inhibiting mitochondrial 

DRP1 by siRNA leads to a significant decrease in proliferation and migration of 

VSMCs. They found a positive correlation between the mitochondrial DRP1 and 

the ERK1/2 proteins as DRP1 inhibition is correlated with the inhibition of the 

phosphorylated MEK1/2 and ERK1/2 (Lim et al., 2015).  However, the molecular 

mechanism related to DRP1 has not been investigated in PASMCs.  

Therefore, a better understanding of the complex signalling cascades (including the 

signalling cascade of hypoxia, MAPK and the mTOR) within the PASMCs and 

their influence on the mitochondrial DRP1 dependent proliferation and migration is 

merited. This will identify whether these pathways are potential therapeutic targets 

for treatment of PAH. This chapter focuses on the participation of the 

mitochondrial fission protein DRP1 in the hypoxia, MAPK, and mTOR signalling 

pathways. 

 

5.2 Chapter Aims 

This chapter aims to identify signalling pathways involved in mitochondrial-

dependent cell proliferation and migration during hypoxia. 
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5.3 Results 

5.4 The effect of PDGF on HIF-1α gene expression 

The RT-qPCR experiment which was carried out in Chapter 3 (Figure 3.14A) 

displayed the existence of HIF-1α gene in hypoxic PASMCs stimulated with serum 

in comparison to cells stimulated with serum during normoxia. In this chapter, to 

investigate the role of PDGF under the influence of hypoxia, a similar approach 

was adopted in assessing HIF-1α gene expression at different oxygen levels: 

normoxia (21% oxygen) and hypoxia (3% oxygen) in cells without stimulation and 

in cells stimulated with PDGF (Figure 5.1). 

 

Data show a significant increase in HIF-1α gene expression (22.35 ± 1.8 fold) in 

quiescent hypoxic cells compared to normoxic quiescent cells (Figure 5.1). During 

hypoxia, PDGF reduced this gene expression by 96% ± 1.3% in comparison to 

quiescent hypoxic cells. In addition, in normoxia, the reduction of this gene by 

PDGF was also observed (99.95% ± 0.02%) compared to quiescent cells (Figure 

5.1). However, in comparison to normoxic cells stimulated with PDGF (control 

group), HIF-1α gene expression remains significantly higher (209.9 ± 48.9 fold) in 

PDGF stimulated cells during hypoxia (Figure 5.1).  
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Figure 5.1 The effect of PDGF on HIF-1α gene expression during hypoxia. 
Cells were quiesced with 0.1% FCS for 24 h and subsequently exposed to different 

oxygen levels: normoxia (21% oxygen) and hypoxia (3% oxygen) for 24 h. PDGF 

(5 ng/ml) was added before oxygen incubation time for 24 h. RNA was extracted 

from cells. Equal RNA concentrations were used for cDNA sample preparation. 

Hypoxia-inducible factor-1 alpha (HIF-1α) gene was measured in quiescent and 

stimulated groups using RT-qPCR. Ubiquitin C (UBC) was used as the reference 

gene for normalization. Each value represents the mean ± SEM (n=3). *p <0.05 vs. 

normoxic cells. +p <0.05 vs. quiescent cells in each oxygen condition. 
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5.5 The effect of PDGF receptor antagonist on HIF-1α protein expression in 

hypoxic-PDGF stimulated cells 

In hypoxia, in order to support the result obtained above (Figure 5.1), which shows 

the inhibitory effect of PDGF on HIF-1α gene expression, Western blot was 

accomplished for measuring HIF-1α proteins in cells exposed to hypoxia stimulated 

with PDGF for 24 h following imatinib treatment. Blocking of PDGF receptors was 

performed prior to PDGF stimulation and hypoxic exposure. The result shows HIF-

1α protein was significantly upregulated by 1.3 ± 0.06 fold in the presence of 

imatinib (Figure 5.2). 
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Figure 5.2 The effect of PDGF receptor antagonist on HIF-1α protein 

expression in PDGF stimulated cells during hypoxia. PASMCs were stimulated 

with PDGF (5 ng/ml) and incubated in the hypoxic incubator for 24 h. Imatinib (10 

μM) was added 30 minutes before stimulation. Whole cell extracts were prepared 

and analyzed using Western blot for expression of HIF-1α protein (132 kDa). Total 

actin (42 kDa) was used as a loading control. Each value represents the mean ± 

SEM (n=3). *p <0.05 vs. PDGF stimulated cells without imatinib. 
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5.6 The effect of Mdivi-1 on HIF-1α gene expression in PDGF stimulated cells 

during hypoxia 

The effect of Mdivi-1 on HIF-1α gene expression was investigated in cells 

stimulated with PDGF under normoxic (control) and hypoxic (test) conditions. It 

was also examined in hypoxic background cells (cells quiesced with 0.1% FCS and 

maintained in 3% O2). 

 

In normoxic cells stimulated with PDGF, Mdivi-1 upregulates HIF-1α gene 

expression by 175 ± 46 fold (Figure 5.3, control group). In hypoxic background 

cells, data show Mdivi-1 causes an increase in HIF-1α gene expression by 5.2 ± 0.5 

fold (Figure 5.4 A). However, it downregulates the HIF-1α gene by 99.3 ± 0.19% 

after PDGF stimulation (Figure 5.4 B, test group).  
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Figure 5.3 The effect of Mdivi-1 on HIF-1α expression in cells stimulated with 

PDGF. Cells were stimulated with PDGF (5 ng/ml) for 24 h. Mdivi-1 (10 μM) was 

added 30 minutes before stimulation. RNA was extracted from cells and equal RNA 

concentrations were used for cDNA sample preparation. Hypoxia-inducible factor-1 

alpha (HIF-1α) gene was measured in stimulated and treated groups using RT-

qPCR. Ubiquitin C (UBC) was used as the reference gene for normalization. *p 

<0.05 vs. stimulated cells (n=3). 

 

 

 

 

 

 



Chapter 5                The Mechanism of Mdivi-1-Dependent Inhibition of PASMC 

Proliferation and Migration under Hypoxia 

191 
 

A 

●

0

1

2

3

4

5

6

Hypoxia + vehicle Hypoxia Hypoxia + Mdivi-1

H
IF

-1
 a

lp
h

a
 m

R
N

A
 e

x
p

re
ss

io
n

  
  

  
  

  
  
  

  
  
  

  

(F
o

ld
 c

h
a

n
g

e 
v

s.
 v

eh
ic

le
 c

o
n

tr
o

l)

 

B 

 

*
0

20

40

60

80

100

120

PDGF (Hypoxia) PDGF + Mdivi-1 (Hypoxia)

(%
) 

ch
n

a
n

g
e 

in
 H

IF
-1

 a
lp

h
a

 

g
en

e 
 e

x
p

re
ss

io
n

 

 

 

Figure 5.4 The effect of Mdivi-1 on HIF-1α gene expression in (A) quiescent 

and (B) PDGF stimulated cells during hypoxia. Cells were quiesced for 24 h. For 

quiescent cells (A), cells were exposed to hypoxia (3% oxygen) for 24 h. For 

stimulated cells (B), cells were stimulated with PDGF (5 ng/ml) and incubated in 

hypoxia (3% oxygen) for 24 h. Mdivi-1 (10 μM) was added 30 minutes before 

hypoxic exposure and PDGF stimulation. RNA was extracted from cells. Equal 

RNA concentrations were used for cDNA sample preparation. Hypoxia-inducible 

factor-1 alpha (HIF-1α) gene was measured using RT-qPCR. Ubiquitin C (UBC) 

was used as the reference gene for normalization. �p <0.05 vs. vehicle control cells. 

*p <0.05 vs. PDGF stimulated cells (n=3). 
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5.7 The effect of Mdivi-1 on FIH-1 gene expression in PDGF stimulated cells 

during hypoxia 

As described in Chapter 1 (Figure 1.7), an oxygen-dependent enzyme called Factor-

inhibiting HIF1-α (FIH-1) has been known to control the transcriptional activity of 

HIF-1α. The influence of mitochondria on this enzyme was investigated in 

PASMCs using RT-qPCR technique. The effect of hypoxia (Figure 5.6) and the 

effect of Mdivi-1 in hypoxic cells (Figure 5.5) on FIH-1 gene expression were 

examined. Then, gene expression was investigated in cells stimulated with PDGF 

following Mdivi-1 treatment in normoxic (control) and in hypoxic (test) cells. 

 

Data show the expression of FIH-1 gene was increased by the effect of hypoxia to 

2.1 ± 0.3 fold (Figure 5.6) and was upregulated by 216.7 ± 27.2 fold after Mdivi-1 

treatment (Figure 5.5). In normoxia, the expression of FIH-1 gene was increased by 

PDGF to 8.7 ± 1.3 fold and it was reduced by 93.2 ± 0.1% after Mdivi-1 treatment 

(Figure 5.6). However, during hypoxia, the FIH-1 gene expression level was 

decreased by 64.17 ± 2.4% following PDGF stimulation. It was increased by 3.4 ± 

0.5 fold when the stimulated cells were treated with Mdivi-1 (Figure 5.6). 
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Figure 5.5 The effect of Mdivi-1 on FIH-1 gene expression in hypoxic cells. 

Cells were quiesced for 24 h and were then exposed to hypoxia (3% oxygen) for 24 

h. Mdivi-1 (10 μM) was added 30 minutes before hypoxic exposure. RNA was 

extracted from cells. Equal RNA concentrations were used for cDNA sample 

preparation. Factor inhibiting HIF-1α (FIH-1) gene was measured using RT-qPCR.  

Ubiquitin C (UBC) was used as the reference gene for normalization. *p <0.05 vs. 

vehicle control cells (n=3). 

 

 

 



Chapter 5                The Mechanism of Mdivi-1-Dependent Inhibition of PASMC 

Proliferation and Migration under Hypoxia 

194 
 

 

 

 

 

 

+

●*

●

0

2

4

6

8

10

12

0.1% FCS PDGF PDGF+ Mdivi-1

F
IH

-1
 

g
e
n

e
 e

x
p
r
e
s
s
io

n

(F
o
ld

 
c
h

a
n

g
e
 v

s
. 

0
.1

%
 F

C
S

)

Normoxia (21%)

Hypoxia (3%)

 

 

 

 

Figure 5.6 The effect of Mdivi-1 on FIH-1 gene expression in PDGF stimulated 

cells during hypoxia. Cells were quiesced for 24 h and were then stimulated with 

PDGF (5 ng/ml) and exposed to different oxygen levels: normoxia (21% oxygen) 

and hypoxia (3% oxygen) for 24 h. Mdivi-1 (10 μM) was added 30 minutes before 

PDGF stimulation. RNA was extracted from cells. Equal RNA concentrations were 

used for cDNA sample preparation. Factor inhibiting HIF-1α (FIH-1) gene was 

measured using RT-qPCR. Ubiquitin C (UBC) was used as the reference gene for 

normalization. Each value represents the mean ± SEM (n=3). +p <0.05 vs. 

quiescent cells. *p <0.05 vs. cells cultured in normoxia. �p <0.05 vs. PDGF 

stimulated cells (n=3). 
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5.8 Effect of Mdivi-1 on MAPK pathways in PDGF stimulated cells during 

hypoxia 

To study the effect of inhibiting mitochondrial fission by the use of Mdivi-1 on the 

MAPK signalling pathway, the phosphorylation of ERK1/2, p38 MAPK and JNK 

proteins was measured by Western blot after stimulating the cells with PDGF 

following Mdivi-1 treatment under normoxic (control) and hypoxic (test) 

conditions. 

 

5.8.1 Effect of Mdivi-1 on ERK1/2 phosphorylation  

Figure 5.7 exhibits that PDGF induced ERK1/2 phosphorylation by 9.4 ± 1.65 fold. 

Following Mdivi-1 treatment, this phosphorylation was increased by 1.7 ± 0.35 

fold. Data also show hypoxia did not increase ERK1/2 phosphorylation compared 

to quiescent cells maintained under normoxic conditions. PDGF in hypoxia showed 

higher ERK1/2 phosphorylation (3.7 ± 0.9 fold) than the PDGF effect in normoxia. 

Treatment with Mdivi-1 during hypoxia showed no difference in ERK1/2 

phosphorylation in PDGF stimulation. 
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Figure 5.7 The effect of Mdivi-1 on ERK1/2 phosphorylation in PDGF 

stimulation during hypoxia. PASMCs were seeded in pairs of 6 well plates. At 

70-80% confluence, cells were quiesced for 24 h. Cells were then incubated at 

different oxygen levels; 21% oxygen (normoxia) and 3% oxygen (hypoxia) for 24 h 

and were stimulated with PDGF (5 ng/ml) for 15 minutes. The mitochondrial 

inhibitor (Mdivi-1, 10 μM) was added 30 minutes before PDGF stimulation. Whole 

cell extract were prepared and analyzed using Western blot for p-ERK1 (42-44 

kDa) expression and its total (42-44 kDa), which was used as a loading control. 

Each value represents the mean ± SEM (n=3). *p <0.05 vs. cells cultured in 

normoxia. +p <0.05 vs. quiescent cells in each oxygen condition. 
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5.8.2 Effect of Mdivi-1 on p38 MAPK phosphorylation  

Western blot data show PDGF stimulates p38 MAPK phosphorylation by 2.6 ± 0.7 

fold. Following mitochondrial treatment (Mdivi-1), p38 MAPK phosphorylation 

was increased by 5.1 ± 1.7 fold in comparison to quiescent cells (Figure 5.8).  

 

Results also show hypoxia in cells with 0.1% FCS failed to increase p38 MAPK 

phosphorylation compared to normoxia. PDGF during hypoxia significantly 

enhanced p38 phosphorylation above the normal PDGF effect by 1.3 ± 0.3 fold and 

caused further increase in p-p38 MAPK protein level by 1.4 ± 0.3 fold in Mdivi-1 

treated cells. 
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Figure 5.8 The effect of Mdivi-1 on p38 MAPK phosphorylation in PDGF 

stimulation during hypoxia. PASMCs were seeded in pairs of 6 well plates. At 

70-80% confluence, cells were quiesced for 24 h. Cells were then incubated at 

different oxygen levels; 21% oxygen (normoxia) and 3% oxygen (hypoxia) for 24 h 

and were stimulated with PDGF (5 ng/ml) for 15 minutes. Mdivi-1 (10 μM) was 

added 30 minutes before PDGF stimulation. Whole cell extracts were prepared and 

analyzed using Western blot for p-p38 (38 kDa) and its total (38 kDa), which was 

used as a loading control. Each value represents the mean ± SEM (n=3). *p <0.05 

vs. cells cultured in normoxia. +p <0.05 vs. quiescent cells in each oxygen 

condition. 
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5.8.3 Effect of Mdivi-1 on JNK phosphorylation 

Figure 5.9 showed PDGF increased p-JNK protein level by 1.3 ± 0.1 fold while 

Mdivi-1 showed no effect. In cells with 0.1% FCS, hypoxia significantly increased 

JNK phosphorylation by 1.7 ± 0.2 fold. 

 

Under hypoxic conditions, PDGF had the opposite effect from its effect under 

normoxic conditions as the protein level of p-JNK was decreased by 14.9 ± 4.7% 

after PDGF stimulation (Figure 5.9). However, hypoxia did not show any 

significant difference in JNK phosphorylation in the PDGF stimulated cells 

compared to normoxia. Treating the hypoxic stimulated cells with Mdivi-1 

increased the protein level of p-JNK by 1.3 ± 0.2 fold but there was no statistical 

difference detected (Figure 5.9). 
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Figure 5.9 The effect Mdivi-1 on JNK phosphorylation in PDGF stimulation 

during hypoxia. PASMCs were seeded in pairs of 6 well plates. At 70-80% 

confluence, cells were quiesced for 24 h. Cells were then incubated at different 

oxygen levels; 21% oxygen (normoxia) and 3% oxygen (hypoxia) for 24 h and 

were stimulated with PDGF (5 ng/ml) for 15 minutes. Mdivi-1 (10 μM) was added 

30 minutes before PDGF stimulation. Whole cell extracts were prepared and 

analyzed using Western blot for p-JNK (54/46 kDa) and GAPDH (37 kDa), which 

was used as a loading control. Each value represents the mean ± SEM (n=3). *p 

<0.05 vs. cells cultured in normoxia. 
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5.9 Effect of Mdivi-1 on PI3K/mTOR signalling pathway in PDGF stimulated 

cells during hypoxia 

The effect of hypoxia alone, PDGF stimulation and the effect of mitochondrial 

inhibition on the PI3K/mTOR signalling pathway under both normoxic (control) 

and hypoxic (test) conditions was assessed by evaluating genes and proteins of this 

pathway. 

 

5.9.1 The effect of Mdivi-1 on PI3K gene expression 

Figure 5.10 shows that Mdivi-1 upregulated PI3K gene expression by 34.6 ± 3.8 

fold in cells with 0.1% FCS maintained in 3% O2 for 24 h. Figure 5.11 shows 

hypoxia stimulated PI3K gene expression by 17.6 ± 4.9 fold after 24 h incubation. 

In addition, Figure 5.11 shows that PI3K gene expression was increased following 

stimulation with both PDGF in normoxia (130.9 ± 21.5 fold) and PDGF in hypoxia 

(84.9 ± 10.48 fold) in comparison to PI3K gene expression in quiescent cells. 

PDGF in hypoxia reduced the expression of this gene by 32.9 ± 4.9% compared to 

its normal effect. Moreover, Mdivi-1 significantly repressed PI3K gene expression 

by 70.8 ± 8.11% in normoxia and showed no change in the gene expression during 

hypoxia in the PDGF stimulated cells (Figure 5.11). 
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Figure 5.10 The effect of Mdivi-1 on PI3K gene expression in quiescent 

hypoxic cells. Cells were quiesced for 24 h and were then exposed to hypoxia (3% 

oxygen) for 24 h. Mdivi-1 (10 μM) was added 30 minutes before hypoxic exposure. 

RNA was extracted from cells. Equal RNA concentrations were used for cDNA 

sample preparation. PI3K gene was measured using RT-qPCR.  Ubiquitin C (UBC) 

was used as the reference gene for normalization. Each value represents the mean ± 

SEM (n=3). *p <0.05 vs. vehicle control cells. 
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Figure 5.11 The effect of Mdivi-1 on PI3K gene expression in PDGF stimulated 

cells during hypoxia. Cells were quiesced for 24 h and were then stimulated with 

PDGF (5 ng/ml) and exposed to different oxygen levels: normoxia (21% oxygen) 

and hypoxia (3% oxygen) for 24 h. Mdivi-1 (10 μM) was added 30 minutes before 

PDGF stimulation. RNA was extracted from cells. Equal RNA concentrations were 

used for cDNA sample preparation. PI3K gene was measured using RT-qPCR. 

Ubiquitin C (UBC) was used as the reference gene for normalization. Each value 

represents the mean ± SEM (n=3).+ p <0.05 vs. quiescent cells. �p <0.05 vs. PDGF 

stimulated cells. 
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5.9.2 The effect of Mdivi-1 on PTEN gene expression 

A negative regulator of the intracellular PI3K level, the PTEN gene was assessed in 

response to PDGF stimulation and mitochondrial inhibition under normoxic and 

hypoxic conditions using the RT-PCR technique (Figure 5.12). 

In normoxia, PDGF caused a slight increase in the PTEN gene expression level by 

1.75 ± 0.47 fold whereas mitochondrial treatment with Mdivi-1 significantly 

downregulated this gene by 80.2 ± 1% (Figure 5.12). The result shows 24 h hypoxia 

exposure reduced PTEN gene expression in PASMCs as PTEN gene expression 

was decreased by 80.2 ± 3.8% in 0.1% FCS quiescent cells and by 82.1 ± 3.7% in 

PDGF stimulated cells compared to the corresponding cells in normoxia (Figure 

5.12). 

In hypoxia, an increase in PTEN gene expression was not significant following 

PDGF stimulation. It was increased by 1.5 ± 0.3 fold in comparison to hypoxic 

background cells (cells quiesced with 0.1% FCS and maintained in 3% O2). 

However, following Mdivi-1 treatment, PTEN gene expression in the PDGF 

stimulated cells was decreased by 42.9 ± 5.3% (Figure 5.12). 
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Figure 5.12 The effect of Mdivi-1 on PTEN gene expression in PDGF 

stimulated cells during hypoxia. Cells were quiesced for 24 h and were then 

stimulated with PDGF (5 ng/ml) and exposed to different oxygen levels: normoxia 

(21% oxygen) and hypoxia (3% oxygen) for 24 h. Mdivi-1 (10 μM) was added 30 

minutes before PDGF stimulation. RNA was extracted from cells. Equal RNA 

concentrations were used for cDNA sample preparation. PTEN gene was measured 

using RT-qPCR. Ubiquitin C (UBC) was used as the reference gene for 

normalization. Each value represents the mean ± SEM (n=3). *p <0.05 vs. cultured 

cells in normoxia. �p <0.05 vs. PDGF stimulated cells. 
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5.9.3 The effect of Mdivi-1 on PDK-1 phosphorylation 

The effect of hypoxia, PDGF stimulation and mitochondrial inhibition on PDK-1 

phosphorylation was assessed using Western blot (Figure 5.13). In normoxia, an 

increase in PDK-1 phosphorylation was not significant following PDGF stimulation 

(1.2 ± 0.1 fold). Mitochondrial fission treatment (Mdivi-1) showed an inhibition of 

PDK-1 phosphorylation by 33 ± 6.3%.  

 

In hypoxia, phosphorylation of PDK-1 was increased by 1.6 ± 0.1 fold versus 

quiescent cells that were kept under normoxic conditions. PDGF stimulation shows 

no effect in comparison to quiescent cells under hypoxic conditions. Mdivi-1 

inhibited PDK-1 phosphorylation by 39.4 ± 3.5% in the PDGF stimulated cells 

(Figure 5.13). 
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Figure 5.13 The effect of Mdivi-1 on PDK1 phosphorylation in PDGF 

stimulation during hypoxia. PASMCs were seeded in pairs of 6 well plates. At 

70-80% confluence, cells were quiesced for 24 h. Cells were stimulated with PDGF 

(5 ng/ml) and incubated at different oxygen levels; 21% oxygen (normoxia) and 3% 

oxygen (hypoxia) for 24 hours. Mdivi-1 (10 μM) was added 30 minutes before 

PDGF stimulation. Whole cell extracts were prepared and analyzed using Western 

blot for p-PDK1 (68-58 kDa) and actin (42 kDa), which was used as a loading 

control. Each value represents the mean ± SEM (n=3). *p <0.05 vs. cultured cells in 

normoxia. �p <0.05 vs. PDGF stimulated cells. 
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5.9.4 The effect of Mdivi-1 on AKT gene expression 

In order to investigate the role of mitochondrial fission using the mitochondrial 

DRP1 inhibitor (Mdivi-1) after 24 h hypoxia exposure and after 24 h PDGF 

stimulation of PASMCs under normoxic (control) and hypoxic (test) conditions on 

AKT gene expression, RNA was extracted from PASMCs and RT-qPCR was 

performed to measure the gene expression. 

 

Figure 5.14 shows 10 μM Mdivi-1 caused upregulation of AKT gene expression by 

4 ± 0.7 fold in hypoxic cells. In normoxia, the expression of AKT was increased by 

13.2 ± 2.1 fold in the PDGF stimulated cells compared to the quiescent cells and 

increased by 2.3 ± 0.45 in the Mdivi-1 treated cells compared to the PDGF 

stimulated cells (Figure 5.15). In hypoxia, the expression of AKT in PASMCs was 

greater by 2.8 ± 0.8 fold than normoxia. Moreover, PDGF in hypoxia increased 

AKT expression by 4.3 ± 1.2 fold compared to its expression in the hypoxic cells. 

However, PDGF activation of this gene in hypoxia was reduced by 23.3 ± 3.9% in 

comparison to PDGF activation in normoxia. Similarly, upregulation of AKT gene 

caused by Mdivi-1 treatment was also observed in hypoxia (2.4 ± 0.1 fold) when 

the cells were stimulated with PDGF (Figure 5.15). 
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Figure 5.14 The effect of Mdivi-1 on AKT gene expression in quiescent hypoxic 

cells. Cells were quiesced for 24 h and were then exposed to hypoxia (3% oxygen) 

for 24 h. Mdivi-1 (10 μM) was added 30 minutes before hypoxic exposure. RNA 

was extracted from cells. Equal RNA concentrations were used for cDNA sample 

preparation. AKT gene was measured using RT-qPCR.  Ubiquitin C (UBC) was 

used as the reference gene for normalization. Each value represents the mean ± 

SEM (n=3). *p <0.05 vs. vehicle control cells. 
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Figure 5.15 The effect of Mdivi-1 on AKT gene expression in PDGF stimulated 

cells during hypoxia. Cells were quiesced for 24 h and were then stimulated with 

PDGF (5 ng/ml) and exposed to different oxygen levels: normoxia (21% oxygen) 

and hypoxia (3% oxygen) for 24 h. Mdivi-1 (10 μM) was added 30 minutes before 

PDGF stimulation. RNA was extracted from cells. Equal RNA concentrations were 

used for cDNA sample preparation. AKT gene was measured using RT-qPCR. 

Ubiquitin C (UBC) was used as the reference gene for normalization. Each value 

represents the mean ± SEM (n=3). +p <0.05 vs. quiescent cells. �p <0.05 vs. PDGF 

stimulated cells. 
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5.9.5 The effect of Mdivi-1 on mTORC1 gene expression 

The role of mTORC1 in hypoxia was examined by RT-qPCR to measure its 

expression in quiescent cells, cells stimulated with PDGF under normoxic (control) 

and hypoxic (test) conditions. In addition, the effect of Mdivi-1 on mTORC1 gene 

expression was also investigated in hypoxic cells (Figure 5.16) and in PDGF 

stimulated cells in both normoxia and hypoxia (Figure 5.17). 

 

In normoxia, the expression of the mTORC1 gene was reduced by 89.8 ± 3% in the 

presence of PDGF and upregulated by 6.9 ± 2.7 fold in response to Mdivi-1 

treatment. Furthermore, result shows there was no difference in the gene expression 

under hypoxia. However, a significant increase in mTORC1 gene was detected 

following the combined effects of PDGF and hypoxia as the gene expression was 

increased by 3.1 ± 0.7 fold compared to quiescent hypoxic cells and by 25 ± 4.4 

fold compared to cells stimulated with PDGF in normoxia (Figure 5.17). Mdivi-1 

caused a significant reduction in the gene expression by 97.9 ± 0.7% and by 99.9 ± 

0.003% in the hypoxic cells with/without PDGF (Figure 5.17 and, Figure 5.16, 

respectively). 

 

 

 

 

 

 



Chapter 5                The Mechanism of Mdivi-1-Dependent Inhibition of PASMC 

Proliferation and Migration under Hypoxia 

212 
 

 

 

Hypoxia + vehicle Hypoxia Hypoxia + Mdivi-1
0.00000

0.00002

0.00004

0.00006

0.00008

0.00010

0.5

1.0

1.5

m
T

O
R

C
1

 m
R

N
A

 e
x

p
re

ss
io

n

(F
o

ld
 c

h
a

n
g

e 
v

s.
 v

eh
ic

le
 c

o
n

tr
o

l)

 

 

Figure 5.16 The effect of Mdivi-1 on mTORC1 gene expression in quiescent 

hypoxic cells. Cells were quiesced for 24 h and were then exposed to hypoxia (3% 

oxygen) for 24 h. Mdivi-1 (10 μM) was added 30 minutes before hypoxic exposure. 

RNA was extracted from cells. Equal RNA concentrations were used for cDNA 

sample preparation. mTORC1 gene was measured using RT-qPCR.  Ubiquitin C 

(UBC) was used as the reference gene for normalization. Each value represents the 

mean ± SEM (n=3). *p <0.05 vs. vehicle control cells.  
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Figure 5.17 The effect of Mdivi-1 on mTORC1 gene expression in PDGF 

stimulated cells during hypoxia. Cells were quiesced for 24 h and were then 

stimulated with PDGF (5 ng/ml) and exposed to different oxygen levels: normoxia 

(21% oxygen) and hypoxia (3% oxygen) for 24 h. Mdivi-1 (10 μM) was added 30 

minutes before PDGF stimulation. RNA was extracted from cells. Equal RNA 

concentrations were used for cDNA sample preparation. The expression of 

mTORC1 gene was measured using RT-qPCR. Ubiquitin C (UBC) was used as the 

reference gene for normalization. Each value represents the mean ± SEM (n=3). +p 

<0.05 vs. quiescent cells. *p <0.05 vs. cultured cells in normoxia. �p <0.05 vs. 

PDGF stimulated cells. 
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5.9.6 The effect of Mdivi-1 on 4EBP1 gene expression 

The downstream mTORC1 gene (4EBP1) was also examined. PCR data showed a 

significant increase in the expression of 4EBP1 gene by 87.7 ± 13.2 fold following 

PDGF stimulation and a significant reduction by 98.7 ± 0.4% in response to Mdivi-

1 (Figure 5.18). In cells with 0.1% FCS, hypoxia enhanced 4EBP1 gene expression 

by 51 ± 9.18 fold compared to the normoxic cells. 

 

Figure 5.18 showed the expression of the gene was reduced by 96.5 ± 0.7 % under 

the hypoxic PDGF stimulation compared to the gene expression in hypoxic 

background cells. As a result, a significant difference in 4EBP1 gene expression 

among PDGF effects between hypoxia versus normoxia was detected as the gene 

expression during hypoxia was reduced by 97.5 ± 0.8%. Mitochondrial inhibition 

by the use of Mdivi-1 showed a slight increase in 4EBP1 gene expression by 17.2 ± 

4.2 fold in hypoxic PDGF stimulated cells (Figure 5.18). 
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Figure 5.18 The effect of Mdivi-1 on 4EPB1 gene expression in PDGF 

stimulated cells during hypoxia. Cells were quiesced for 24 h and were then 

stimulated with PDGF (5 ng/ml) and exposed to different oxygen levels: normoxia 

(21% oxygen) and hypoxia (3% oxygen) for 24 h. Mdivi-1 (10 μM) was added 30 

minutes before PDGF stimulation. RNA was extracted from cells. Equal RNA 

concentrations were used for cDNA sample preparation. The expression of 4EPB1 

gene was measured using RT-qPCR. Ubiquitin C (UBC) was used as the reference 

gene for normalization. Each value represents the mean ± SEM (n=3). +p <0.05 vs. 

quiescent cells. *p <0.05 vs. cultured cells in normoxia. �p <0.05 vs. PDGF 

stimulated cells. 
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5.9.7 The effect of Mdivi-1 on P70s6k gene expression 

Another downstream gene of the PI3K/mTORC1 signalling cascade which was also 

investigated is P70s6K gene (Figure 5.19). In comparison to the P70s6k gene 

expression level in quiescent cells, data show the expression of the gene was 

inhibited by 86.8 ± 8.7% in response to PDGF stimulation. Following Mdivi-1 

treatment, P70s6k gene expression was upregulated by 21.3 ± 3.3 fold in the PDGF 

stimulated cells. Moreover, results indicate that acute hypoxia caused a significant 

increase in P70s6k gene expression by 64.8 ± 7.9 fold versus normoxia. PDGF 

caused an opposite effect during hypoxia as it caused a further increase in P70s6k 

gene beyond its expression in the hypoxic cells by 1.62 ± 0.09 fold. Furthermore, 

the DRP1 inhibitor (Mdivi-1) showed a significant inhibition of this gene 

expression by 42.3 ± 2.3% in cells that were stimulated with PDGF and exposed to 

hypoxia for 24 h (Figure 5.19).    

 

 

 

 

 

 

 

 

 

 

 

 



Chapter 5                The Mechanism of Mdivi-1-Dependent Inhibition of PASMC 

Proliferation and Migration under Hypoxia 

217 
 

 

 

 

 

0.1% FCS PDGF PDGF + Mdivi-1
0.0

0.2

0.4

0.6

0.8

1.0

20

40

60

80

100

120

Normoxia (21%)

Hypoxia (3%)

P
7

0
s6

k
 m

R
N

A
 e

x
p

r
es

si
o

n

(F
o

ld
 c

h
a

n
g

e
 v

s.
 0

.1
%

 F
C

S
)

 

 

Figure 5.19 The effect of Mdivi-1 on P70s6K gene expression in PDGF 

stimulated cells during hypoxia. Cells were quiesced for 24 h and were then 

stimulated with PDGF (5 ng/ml) and exposed to different oxygen levels: normoxia 

(21% oxygen) and hypoxia (3% oxygen) for 24 h. Mdivi-1 (10 μM) was added 30 

minutes before PDGF stimulation. RNA was extracted from cells. Equal RNA 

concentrations were used for cDNA sample preparation. The expression of P70s6K 

gene was measured using RT-qPCR. Ubiquitin C (UBC) was used as the reference 

gene for normalization. Each value represents the mean ± SEM (n=3). +p <0.05 vs. 

quiescent cells. *p <0.05 vs. cultured cells in normoxia. �p <0.05 vs. PDGF 

stimulated cells.   
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5.10 The effect of mTORC1 knockdown alone and with Mdivi-1 on PDGF-

induced cell proliferation during hypoxia 

Previous results showed that increased mTORC1 gene expression was correlated 

with increased cell proliferation in PASMCs following PDGF stimulation during 

hypoxia (3% O2) (Figure 5.17 and Figure 4.4) and both mTORC1 expression and 

cell proliferation were reduced by inhibiting the mitochondria using Mdivi-1 

(Figure 5.17 and Figure 4.5), suggesting that mTORC1 may play a major role in 

controlling the mitochondrial DRP1, cell growth and proliferation. To investigate 

this, cell proliferation following mTORC1 knockdown alone, and with Mdivi-1 

treatment was assessed (Figure 5.21). 

5.10.1 The transfection efficacy of mTORC1 siRNA 

The transfection was performed using different concentrations of mTORC1 siRNA 

as follows; 25 nM, 50 nM and 75 nM. Figure 5.20 shows all mTORC1 siRNA 

concentrations significantly decreased the level of mTORC1 gene expression. The 

inhibition of the mTORC1 gene expression was increased to more than 99% at the 

maximum mTORC1 siRNA concentration (75 nM) without compromising cellular 

integrity (this was checked by examining the morphology and appearance of the 

cell using the microscope). Thus, this concentration was chosen for assessing cell 

proliferation, DRP1 expression and hypoxic genes levels (HIF-1α and FIH-1), 

which all may contribute to mediating cell proliferation. 
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Figure 5.20 The transfection efficacy of siRNA for mTORC1 in PASMCs. Cells 

were transfected with a scrambled or non-targeting siRNA 75 nM (NT), different 

concentrations of siRNA for mTORC1; 25 nM, 50 nM and 75 nM for 72 h prior to 

stimulation with PDGF (5 ng/ml) under hypoxia for 24 h. RNA was extracted from 

the cells. Equal RNA concentrations were used for cDNA sample preparation. The 

expression of mTORC1 gene was measured using RT-qPCR. Ubiquitin C (UBC) 

was used as the reference gene for normalization. Each value represents the mean ± 

SEM. *p <0.05 vs. cells transfected with non-targeting siRNA (n=3). 
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5.10.2 The effect of mTORC1 knockdown alone and with Mdivi-1 on Cell 

Proliferation 

Chapter 3 demonstrated a significant increase in mTORC1 expression and in cell 

proliferation in response to 10% FCS during hypoxia (Figure 3.19C and Figure 

3.10, respectively). In this chapter, using a specific growth factor (PDGF), a 

significant increase in cell proliferation and mTORC1 was also seen during hypoxia 

(Figure 4.4 and Figure 5.17, respectively). This suggests mTORC1 could be 

essential during hypoxia to increase cell proliferation.  

 

To confirm these results, cell proliferation in PASMCs was assessed following 

mTORC1 knockdown using the [
3
H]-thymidine incorporation assay. Data show cell 

proliferation in cells treated with siRNA against mTORC1 was significantly 

reduced by 51.9 ± 0.26% in comparison to the agonist control. Interestingly, the 

combined effect of mTORC1 knockdown and DRP1 inhibition by Mdivi-1 caused a 

further reduction in DNA synthesis level by 88.4 ± 2.4% in comparison to the 

agonist control, and by 75.9 ± 5.1% in comparison to the cells treated with siRNA 

against mTORC1 (Figure 5.21). 
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Figure 5.21 The effect of siRNA mTORC1 alone and with Mdivi-1 on PDGF-

induced cell proliferation during hypoxia. PASMCs were transfected with a 

scrambled or non-targeting (NT) siRNA (75 nM), mTORC1 siRNA (75 nM) for 72 

h prior to stimulation. Cells were quiesced for 24 h and were then stimulated with 

PDGF (5 ng/ml) and exposed to hypoxia (3% O2) for 24 h. Mdivi-1 (10 μM) was 

added 30 minutes before stimulation. DNA synthesis was evaluated by [
3
H]-

thymidine incorporation assay. Radioactive counts were measured in 

disintegrations per minute (DPM) and normalized to DNA synthesis in the control 

group (quiescent cells, 0.1% FCS). *p <0.05 vs. agonist-stimulated control. 

�p<0.05 vs. cells treated with siRNA against mTORC1. Experiments were 

conducted in quadruplicate (number of wells). Each value represents the mean ± 

SEM (n=4). 
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5.10.3 The effect of mTORC1 knockdown alone and with Mdivi-1 on 

mitochondrial DRP1 gene expression  

Previous data showed that PDGF under hypoxic conditions caused an increase in 

mTORC1 gene expression (Figure 5.17) and a decrease in mitochondrial DPR1 

gene expression (Figure 4.23), suggesting that mTORC1 is involved in the 

regulation of PASMC proliferation during hypoxia and the PDGF-induced 

mTORC1 could inhibit the formation of mitochondrial fission gene DRP1. To 

investigate whether mTORC1 is able to control DRP1 expression, the DRP1 gene 

was measured following mTORC1 knockdown in PDGF induced cell proliferation 

during hypoxia. Data show the DRP1 gene was increased by 184.1 ± 31.7 fold 

following mTORC1 knockdown (Figure 5.22).  

The results of previous experiments showed inhibiting DRP1 by Mdivi-1 in cells 

stimulated with PDGF during hypoxia causes a significant decrease in cell 

proliferation (Figure 4.5) and in mTORC1 gene expression (Figure 5.17) which 

suggests that both mTORC1 and DRP1 genes seems to be essential for cell 

proliferation. The direct inhibitory effect of Mdivi-1 on DRP1 was clearly seen in 

the cells treated with siRNA against mTORC1 as DRP1 gene was significantly 

inhibited by 92.7 ± 1.67% (Figure 5.22).  
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Figure 5.22 The effect of siRNA mTORC1 alone and with Mdivi-1 on DRP1 

gene expression upon PDGF stimulated cells during hypoxia. PASMCs were 

transfected with a scrambled or non-targeting (NT) siRNA (75 nM), mTORC1 

siRNA (75 nM) for 72 h prior to stimulation. Cells were quiesced for 24 h and were 

then stimulated with PDGF (5 ng/ml) and exposed to hypoxia (3% O2) for 24 h. 

Mdivi-1 (10 μM) was added 30 minutes before stimulation. RNA was extracted 

from the cells. Equal RNA concentrations were used for cDNA sample preparation. 

The expression of DRP1 gene was measured using RT-qPCR. Ubiquitin C (UBC) 

was used as the reference gene for normalization. Each value represents the mean ± 

SEM. *p<0.05 vs. agonist-stimulated control. �p<0.05 vs. cells treated with siRNA 

against mTORC1 (n=3). 
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5.10.4 The effect of mTORC1 knockdown alone and with Mdivi-1 on HIF-1α 

gene expression  

During hypoxia, results also show HIF-1α gene expression was significantly 

reduced by PDGF (Figure 5.1) suggesting that PDGF induced cell proliferation 

through controlling not only mitochondrial fission DRP1 gene but also HIF-1α 

expression. The Western blot experiment was performed to measure HIF-1α protein 

expression in response to imatinib treatment in PDGF stimulated cells during 

hypoxia. A significant increase in protein expression was observed when PDGF 

receptors were blocked by imatinib (Figure 5.2). Taken together, both findings 

suggest PDGF activates mTORC1 and mitochondrial fusion, promotes cell 

proliferation and is more likely to negatively regulate HIF-1α component. To 

confirm this, HIF-1α expression following mTORC1 knockdown was performed. 

Data show a significant increase in HIF-1α expression by 6.4 ± 0.4 fold when 

mTORC1 was knocked down. Surprisingly, following Mdivi-1, the HIF-1α gene 

was further significantly increased by 3 ± 0.35 fold in the cells treated with siRNA 

against mTORC1 (Figure 5.23). 
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Figure 5.23 The effect of siRNA mTORC1 alone and with Mdivi-1 on HIF-1α 

gene expression upon PDGF stimulated cells during hypoxia. PASMCs were 

transfected with non-targeting (NT) siRNA (75 nM), mTORC1 siRNA (75 nM) for 

72 h prior to stimulation. Cells were quiesced for 24 h and were then stimulated 

with PDGF (5 ng/ml) and exposed to hypoxia (3% O2) for 24 h. Mdivi-1 (10 μM) 

was added 30 minutes before stimulation. RNA was extracted from the cells. Equal 

RNA concentrations were used for cDNA sample preparation. The expression of 

HIF-1α gene was measured using RT-qPCR. Ubiquitin C (UBC) was used as the 

reference gene for normalization. Each value represents the mean ± SEM. *p<0.05 

vs. agonist-stimulated control. �p<0.05 vs. cells treated with siRNA against 

mTORC1 (n=3). 
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5.10.5 The effect of mTORC1 knockdown alone and with Mdivi-1 on FIH-1 

gene expression 

To investigate whether the reduction of FIH-1 gene expression that was caused by 

PDGF during hypoxia (Figure 5.6) is due to mTORC1 expression; FIH-1 gene 

expression was measured following mTORC1 knockdown (Figure 5.24). In PDGF 

stimulated cells, data show FIH-1 gene expression was increased by 11.16 ± 0.91 

fold when mTORC1 was knocked down. In addition, following the effect of 

mTORC1 silencing, inhibiting the mitochondria using Mdivi-1 caused a significant 

decrease in FIH-1 gene expression (39.39 ± 5.21%, Figure 5.24). Taken together, 

these data suggest that mTORC1 drives cell proliferation through not only the 

negative regulatory effect on HIF-1α and DRP1 genes but also on the FIH-1 gene. 
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Figure 5.24 The effect of siRNA mTORC1 alone and with Mdivi-1 on FIH-1 

gene expression upon PDGF stimulated cells during hypoxia. PASMCs were 

transfected with non-targeting (NT) siRNA (75 nM), mTOR siRNA (75 nM) for 72 

h prior to stimulation. Cells were quiesced for 24 h and were then stimulated with 

PDGF (5 ng/ml) and exposed to hypoxia (3% O2) for 24 h. Mdivi-1 (10 μM) was 

added 30 minutes before stimulation. RNA was extracted from the cells. Equal 

RNA concentrations were used for cDNA sample preparation. The expression of 

FIH-1 gene was measured using RT-qPCR. Ubiquitin C (UBC) was used as the 

reference gene for normalization. Each value represents the mean ± SEM. *p<0.05 

vs. agonist-stimulated control. �p<0.05 vs. cells treated with siRNA against 

mTORC1 (n=3).  
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5.11 Discussion 

The aim of this chapter was to investigate whether the signalling pathway of 

hypoxia, MAPKs and mTOR can participate in the mechanism of inhibiting 

PASMC proliferation and migration by inhibiting the mitochondrial DRP1 using 

Mdivi-1 under hypoxic conditions. The main finding in this chapter is that the 

inhibition of PASMC proliferation by Mdivi-1 is associated with the upregulation 

of FIH-1 gene expression that caused by the inhibitory effect of Mdivi-1 on the 

mTORC1 gene which leads to suppression of the HIF-1α gene expression. 

 

5.12 The involvement of HIF-1α gene in mitochondrial-dependent 

proliferation of PASMCs 

 

Data showed a significant increase in HIF-1α gene expression following hypoxic 

exposure in PDGF stimulated cells (Figure 5.1) and a significant reduction of the 

gene following Mdivi-1 treatment (Figure 5.4B). The result of [
3
H] thymidine 

incorporation experiment in chapter 4 showed PDGF increased DNA synthesis 

under hypoxic conditions and Mdivi-1 treatment caused a significant reduction in 

DNA synthesis (Figure 4.5). Taken together, these findings suggest that the PDGF 

induced cell proliferation during hypoxia is associated with the increase in the 

expression of HIF-1α that could regulate the proliferation of PASMCs. Similar 

results found in a study by Marsboom and co-authors showed that HIF-1α 

activation increases proliferation of the PAH PASMCs in comparison with the non-

PAH PASMCs and inhibiting the mitochondrial fission using Mdivi-1 leads to a 

decrease in PASMC proliferation. They found that the inhibition of HIF-1α by 

chetomin, a small molecule that inhibits HIF-1α gene transcription, caused a 

significant reduction in PASMC proliferation. They also reported that the HIF-1α 

activation causes a glycolytic shift when PASMCs proliferate (Marsboom et al., 

2012). This suggests that the inhibition of cell proliferation by Mdivi-1 does 

possibly inhibit the glycolytic shift and improve the mitochondrial function by 

inhibiting the expression of HIF-1α gene. This suggestion is supported by the PCR 

results in chapter 4 as the expression of the mitochondrial marker genes such as 

COX-II (Figure 4.27), ATPase 6 (Figure 4.20) and P53 (Figure 4.14) were all 

significantly increased following Mdivi-1 treatment. This supports the suggestion 
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that the proliferation of PASMCs seems to be dependent on the glycolytic shift (the 

Warburg effect) rather than the mitochondrial metabolism, which closely resembles 

the behaviour of cancer cells (Archer et al., 2013).  

 

5.13 MAPK phosphorylation following mitochondrial inhibition 

The MAPK signalling pathway is commonly recognized as being involved in 

VSMC proliferation (Sprague and Khalil, 2009). The Western blot data showed no 

significant difference in ERK1/2, p38 MAPK and JNK during both normoxia and 

hypoxia following mitochondrial fission inhibition (Figure 5.7, Figure 5.8 and 

Figure 5.9, respectively). These findings suggest that the mitochondria could 

enhance PASMC proliferation during normoxia and hypoxia through other 

signalling pathways apart from MAPK signalling cascades. 

 

5.14 The participation of the mitochondrial fission protein DRP1 in the mTOR 

signalling pathway 

 

The PI3K signalling axis has been shown to be activated in PDGF-dependent 

PASMC proliferation (Goncharova et al., 2002). Perez and co-workers reported that 

PDGF plays a major role in enhancing cell glycolysis and cell proliferation in a 

PI3K dependent mechanism (Perez et al., 2010). In the current study, the inhibition 

of cell proliferation using Mdivi-1 during normoxic PDGF stimulation is consistent 

with the reduction in PI3K/PTEN signalling genes which are considered as the head 

substrates for mTORC1 signalling pathway. Furthermore, in PDGF stimulated 

cells, the results showed that Mdivi-1 prevents the phosphorylation of PDK1 

suggesting that Mdivi-1 slows cell proliferation via the inhibition of PDK1 

phosphorylation. In addition, the expression of the downstream mTORC1 gene 

(4EBP1) was also decreased with the anti-proliferative effect of Mdivi-1. It has 

been reported that 4EBP1 plays an important role in regulating the activity of the 

mitochondria and mitochondrial biogenesis (Morita et al., 2013). Taken together, 

these findings highlight the inhibition of the mitochondrial fission results in 

inhibiting PASMC proliferation through suppressing the mitochondrial function 

(including mitochondrial biogenesis and the oxidative phosphorylation process) and 

inhibiting the PI3K/PTEN/PDK1 signalling axis. 
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The PI3K/AKT/PDK1 signalling cascade was also investigated during hypoxia in 

order to identify mitochondrial cell signalling genes and proteins that are involved 

in cell proliferation and migration. Contrary to normoxic condition findings, Mdivi-

1 showed no significant role for PI3K and PTEN genes during hypoxia (Figure 5.11 

and Figure 5.12) suggesting that these genes are not involved in regulating cell 

proliferation and mitochondrial dysfunction via DRP1 function during hypoxia. 

Moreover, the Western blot data show phosphorylation of PDK1 during hypoxia 

was higher than during normoxia in the PDGF stimulated cells and inhibiting DRP1 

by Mdivi-1 caused a significant decrease in PDK1 phosphorylation in both oxygen 

conditions (Figure 5.13). The results in chapter 4 showed that inhibiting 

mitochondrial fission using Mdivi-1 in PDGF stimulated cells resulted in a 

reduction in DNA synthesis under both normoxic and hypoxic conditions (Figure 

4.5). Taken together, these data suggest Mdivi-1 reduces cell proliferation via the 

inhibition of PDK1 phosphorylation. It has been demonstrated that the knockdown 

of PDK1 limits hypoxia induced PAH in a mouse model (Di et al., 2019) and 

significantly inhibits the proliferation of lung cancer cells (Ye et al., 2015) and 

renal cell carcinoma (Zhou et al., 2019). 

 

The results obtained within this thesis show that the distribution of fused/elongated 

mitochondria instead of fragmented mitochondria (Figure 4.28E and Figure 4.30C), 

increased mTORC1 expression (Figure 5.17 and Figure 3.19C) and cell 

proliferation (Figure 4.4 and Figure 3.10) were observed in PASMCs during 

hypoxia in response to PDGF and 10% FCS, respectively. The increase in 

mitochondrial length in PDGF and in 10% FCS induced proliferation during 

hypoxia was significantly increased in comparison to the corresponding stimulant 

during normoxia and to the corresponding hypoxic background (Figure 4.29 and 

Figure 4.31, respectively). Also, both fission gene DRP1 and the mitochondrial 

biogenesis marker gene TFAM were significantly reduced in cells stimulated with 

PDGF during hypoxia in comparison to the hypoxia background (Figure 4.23 and 

Figure 4.24B, respectively). Taken together, the results confirmed that PDGF 

during hypoxia is more likely to enhance cell proliferation through increasing 

mTORC1 expression and reducing mitochondrial DRP1 expression.  
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In the hypoxic PDGF stimulated cells, both cell proliferation and mTORC1 gene 

expression were significantly increased (Figure 4.4 and Figure 5.17, respectively), 

whereas inhibiting the mitochondria with a DRP1 inhibitor (Mdivi-1) reduced cell 

proliferation (Figure 4.5) and showed an inhibition of the gene expression (Figure 

5.17). The direct inhibitory effect of Mdivi-1 on mTORC1 was also observed in the 

hypoxic background cells (Figure 5.16). These findings suggest Mdivi-1 directly 

targeted the mTORC1 and this gene may have a role in PDGF hypoxic-dependent 

cell proliferation. It has been reported that mTORC1 has a potential role in 

hypoxia-induced PASMC proliferation and pulmonary hypertension (Wang et al., 

2014b). To confirm the mTORC1 role, the assessment of PDGF induced cell 

proliferation during hypoxia following mTORC1 knockdown was performed. 

Results show mTORC1 knockdown inhibits cell proliferation (Figure 5.21). Taken 

together, these data suggest PASMC proliferation during hypoxia seems to be 

dependent on the mTORC1 gene as the cell growth was significantly decreased 

when the mTORC1 gene was silenced (siRNA). Similarly both proliferation and 

expression of mTORC1 gene was significantly reduced by Mdivi-1. 

 

Therefore, this study sought to measure mitochondrial DRP1 expression following 

mTORC1 knockdown. Results show the mitochondrial fission marker gene DRP1 

was significantly upregulated following mTORC1 knockdown (Figure 5.22). This 

may suggest there is an inverse relationship between mTORC1 and the 

mitochondrial fission process as an upregulation of mTORC1 gene during hypoxia 

by PDGF, which particularly enhanced cell proliferation, could explain why 

mitochondrial DRP1 expression was decreased and why the mitochondria shape 

becomes fused or tubulated which could be due to the negative regulatory effect of 

mTORC1 (Figure 4.28E). This supports the suggestion that mTORC1 plays an 

important role in controlling mitochondrial fission/ fusion state via the DRP1 gene 

expression.  

This finding also suggests the over-expression of the DRP1 gene and increased 

mitochondrial fission are not involved in mediating cell proliferation in response to 

the combined effect of PDGF and hypoxia. To investigate this, the effect of DRP1 

inhibitor (Mdivi-1) on mTORC1 expression and PASMC proliferation was 

examined in the mTORC1 gene silencing study. The result shows Mdivi-1 caused a 
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further reduction in cell proliferation in cells treated with siRNA against mTORC1 

(Figure 5.21). Taken together, these findings suggest both mTORC1 and DRP1 

(only at low expression) appear to be essential in PDGF induced cell proliferation 

during hypoxia. 

 

5.15 The effect of Mdivi-1 on PASMC Migration 

The results in chapter 4 showed that inhibiting mitochondrial fission with Mdivi-1 

reduces PASMC migration under both normoxic (Figure 4.7) and hypoxic (Figure 

4.8) conditions. In this chapter, signalling pathways that may be involved in 

mitochondrial dependent migration of PASMCs were examined. Data showed 

ERK1/2 was phosphorylated by PDGF stimulation during normoxia and hypoxia 

(Figure 5.7) and it was previously known that the phosphorylation of ERK1/2 is 

linked with the phenotypic switching in VSMCs (Carrillo-Sepulveda and Barreto-

Chaves, 2010). It has been reported that an increase in ERK1/2 phosphorylation is 

associated with PDGF induced cell proliferation in cultured PASMCs (Yamboliev 

and Gerthoffer, 2001). ERK1/2 activates DRP1 at serine 616 which results in 

increased mitochondrial fission (Yu et al., 2011). However, our findings showed 

that mitochondrial fission inhibition in PDGF induced cell migration had no role on 

the phosphorylation of ERK1/2 protein (Figure 5.7), suggesting that the migratory 

effect resulting from DRP1 activation and mitochondrial morphological changes is 

not through the ERK1/2 MAPK signalling pathway. In addition, data show Mdivi-1 

caused a significant inhibition of PDK1 phosphorylation in both oxygen conditions 

suggesting that phosphorylated PDK1 may play a major role in mitochondrial 

DPR1 mechanism in regulating cell migration. Weber and co-workers noted that 

activation of PDGF receptors induced an increase in the intracellular levels of ROS 

which led to VSMC migration. They found that the PDK1 activated by PDGF is a 

significant ROS-sensitive mediator of VSMC migration (Weber et al., 2004). 

 

Another signalling pathway which may contribute to the PDGF-induced migratory 

effect is the PI3K/mTORC1 pathway. It has previously been reported that PI3K is 

an essential component that promotes PASMC migration following PDGF 

stimulation (Yamboliev et al., 2001). A similar result which was seen in our lab 

highlights the significant increase in PI3K gene expression during normoxia and 
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hypoxia conditions (Figure 5.11). The inhibitory effect of mitochondria by Mdivi-1 

was only seen during normoxia, suggesting that the mitochondria (mainly 

mitochondrial fission) have an important role in mediating PI3K signalling axis 

during normoxia as the inhibition of PI3K gene expression could contribute to the 

reduction of PASMC migration. However, during hypoxia, data show PI3K 

component seems to be not participating in the PDGF-induced migratory effect. 

The PCR results show that during hypoxia, both HIF-1α and mTORC1 gene 

expression levels were significantly decreased following Mdivi-1 treatment (Figure 

5.4 B and Figure 5.17, respectively). This highlights the chance of these genes 

being involved in a mitochondrial role in mediating cell migration as it has been 

demonstrated that the HIF-1α/mTORC1 axis is required in mediating cell migration 

during hypoxia (Lee et al., 2015). Similarly, another study by Wan and co-workers 

found hypoxia increases DRP1 expression and inhibiting HIF-1α using 

echinomycin, a HIF-1α inhibitor, leads to an inhibition of DPR1 expression. This 

suggests that hypoxia may induce cell migration through the upregulation of DPR1 

via HIF-1α (Wan et al., 2014). 

 

Although Mdivi-1 is believed to produce a selective inhibition of mitochondrial 

DRP1 protein and inhibit mitochondrial fission, it is not completely targeted to the 

mitochondria as a variety of different cellular effects appear to be considerable in 

response to Mdivi-1. For example, in cardiomyocytes Mdivi-1 performs DRP1-

independent action as it directly inhibits the rapidly activating delayed-rectifier and 

acetylcholine-activated K
+
 channels, and this is not as a consequence of its 

inhibition of mitochondrial fission (So et al., 2012). Inhibiting some types of K
+
 

channels may regulate cell proliferation and migration (Cidad et al., 2010). In 

addition, a change in mitochondrial outer membrane permeabilization (MOMP) 

was reported following Mdivi-1 treatment due to its DRP1-independent effect 

(Kushnareva et al., 2012). This change and other mitochondrial dysfunctions may 

regulate cell migration via ROS (Ma et al., 2013, Tochhawng et al., 2013). A 

somewhat debated study related to the effect of Mdivi-1 on the mitochondrial 

fission was published in 2017 by Bordt and co-workers. They reported that Mdivi-1 

does not specifically target the mitochondrial DRP1 but instead inhibits the 

mitochondrial complex 1 in the electron transport chain in neuronal cells (Bordt et 

al., 2017). Therefore, an off-target effect of Mdivi-1 should be considered and 
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further investigation is required. Preferably, in order to elucidate the role of DRP1 

in PASMC proliferation and migration, parallel experiments should be conducted in 

future work to validate the findings presented in this thesis such as the use of 

molecular tools to block the mitochondrial fission function including knockdown of 

DRP1 gene. The use of adenoviral vectors coding for a dominant negative form of 

DPR1 (DRP1 K38A) in PASMCs is also recommended (Parra et al., 2017). 

5.16 The mechanism of Mdivi-1 on hypoxic genes  

Results in Figure 4.5 and Figure 5.3 showed that Mdivi-1 treatment in PDGF 

stimulated cells during normoxia slowed cell proliferation and increased HIF-1α. In 

hypoxic background cells, Mdivi-1 significantly enhanced HIF-1α (Figure 5.4A). 

These data suggest inhibiting DRP1 is correlated with increased HIF-1α. 

Surprisingly, Mdivi-1 caused a significant reduction in HIF-1α gene expression in 

PDGF stimulated cells during hypoxia (Figure 5.4B). Taken together, these results 

suggest that Mdivi-1 does not directly inhibit HIF-1α and the inhibition of HIF-1α 

in PASMCs stimulated with PDGF during hypoxia might be through a change in a 

particular gene involved in PDGF/hypoxia signalling in response to Mdivi-1 

treatment. 

The current study sought to whether the inhibition of HIF-1α gene by Mdivi-1 is 

related to its inhibitory effect on mTORC1, therefore, HIF-1α gene was measured 

following the combined effects of mTORC1 knockdown and Mdivi-1 in PDGF 

stimulated cells under hypoxia. Mdivi-1 increased HIF-1α gene expression after 

mTORC1 knockdown (Figure 5.23). Despite the role of mTORC1 in controlling 

HIF-1 alpha expression, this finding confirms the inhibitory effect of Mdivi-1 on 

HIF-1α gene expression in cells with PDGF during hypoxia is not through 

mTORC1. Therefore, Mdivi-1 has a direct increasing effect on HIF-1 alpha and the 

inhibition of HIF-1α by Mdivi-1 in cells with PDGF and hypoxia was due to the 

effect of Mdivi-1 on other proteins and genes involved in PDGF signalling or 

hypoxia signalling apart from mTORC1, which could inhibit or degrade the HIF-1α 

activity.  

Therefore, the study sought to measure gene expression of FIH-1, the enzyme that 

supresses the activity of HIF-1α. It has been reported that FIH-1 knockdown in 

LM8 osteosarcoma did not affect the tumor growth while over-expression of FIH-1 
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caused an increase in the tumor growth and promoted the pericytes of the tumor 

vasculature (Aguado et al., 2013). The same study highlighted the strong 

correlation between PDGF, vessel maturation and this enzyme. Aguado and 

colleagues (2013) reported an increase in PDGF in the tumor was associated with 

vessel maturation and when inhibiting PDGF in FIH-1 overexpressing tumor cells 

this leads to decreased pericyte recruitment and tumor growth. This finding which 

is in line with our finding shows the role of PDGF in increasing FIH-1 gene 

expression during normoxia, which leads to cell proliferation while inhibiting the 

mitochondria leading to slow cell proliferation and decrease FIH-1 gene expression. 

During hypoxia, a significant reduction of FIH-1 expression in PDGF stimulated 

cells (Figure 5.6) which suggests this could be due to mTORC1 over-expression 

which may control the expression of this gene. Following an investigation, data 

show the expression of FIH-1 gene was significantly increased in cells treated with 

siRNA against mTORC1 (Figure 5.24) which confirms that mTORC1 negatively 

regulates the FIH-1 gene expression and the increase of this gene may contribute to 

the inhibition of cell proliferation during hypoxia.  

The PCR data show that FIH-1 gene expression was significantly increased 

following Mdivi-1 treatment in both hypoxia background cells (Figure 5.5) and 

cells with PDGF during hypoxia (Figure 5.6) suggesting that inhibiting fission by 

Mdivi-1 during hypoxia leads to an increase in FIH-1 which eventually could 

contribute not only to degrading the HIF-1α but also in inhibiting PASMC 

proliferation. 

To investigate if the inhibitory effect of Mdivi-1 on the mTORC1 expression is 

related to FIH-1 over-expression, both cell proliferation and FIH-1 expression were 

assessed in mTORC1 knock-down cells following Mdivi-1 treatment. Mdivi-1 

caused a significant decrease in cell proliferation (Figure 5.21) and FIH-1 

expression (Figure 5.24) in comparison to cells treated with siRNA against 

mTORC1 that were without Mdivi-1 treatment, which suggests the increasing 

effect of Mdivi-1 on FIH-1 expression was prevented in response to the absence of 

mTORC1 in PDGF stimulated cells during hypoxia. These data conclude that 

Mdivi-1 increased FIH-1 through its inhibitory effect on mTORC1 leading to 

further inhibition of cell proliferation. This highlights mitochondrial fission 

function, particularly DRP1, during hypoxia which plays a key role in promoting 
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the mitochondrial dysfunction and the glycolytic shift in PASMC proliferation 

through increasing mTORC1 that controls FIH-1 which in turn maintains the 

transcriptional activity of HIF1-α. 

The knockdown of mTORC1 gene using siRNA was confirmed by the RT-qPCR. 

However, knockdown of mTORC1 should have been further confirmed by Western 

blot analysis which would be a part of future work using antibodies for Western 

blot against mTORC1 and downstream proteins of the mTOR signalling pathways 

(such as P70s6K). Such experiments would support the key findings in this thesis. 

5.17 Summary of Results 

The results in this chapter concluded that:- 

 

o In hypoxic cell model, activation of HIF1α during a 24 h acute hypoxic 

period is appropriate to enhance DRP1 activity which causes fragmented 

mitochondria with an increase in PASMC proliferation. 

 

o Inhibiting the mitochondria with Mdivi-1 is more likely to slow PASMC 

proliferation through inhibiting the mTORC1 signalling (the upstream 

cascade PI3K/PTEN/PDK1 genes and the downstream 4EPB1gene) and the 

FIH-1 gene and through increasing the gene expression of AKT and P70s6k. 

 

o PDGF-dependent PASMC proliferation is substantially increased by acute 

hypoxia (3% oxygen) which mainly depends on mTORC1 gene expression. 

 

o Inhibiting mitochondrial fission with Mdivi-1 during hypoxia seems to 

diminish PASMC proliferation and migration through inhibiting the 

expression of HIF-1α, PDK1, mTORC1 and its downstream P70S6K and 

increasing the expression of FIH-1 and AKT genes. 

 

o Mdivi-1 increased FIH-1 gene expression by inhibiting mTORC1 gene 

leads to suppression of HIF-1α gene expression and inhibition of PASMC 

proliferation. 
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6.1 General Discussion 

Mitochondrial dynamics and metabolism are essential to maintain cell function and 

play an important role in cardiovascular/hyperproliferative diseases including 

pulmonary hypertension. In pulmonary hypertension, aberrant PASMC 

proliferation is driven by hypoxia, which leads to remodeling of the pulmonary 

arteries resulting in right ventricular failure. The general aim of this study was to 

determine the role of mitochondria in the PASMC hyperproliferative/apoptotic 

resistant phenotype and its relationship to hypoxia, which may provide new 

therapeutic strategies for PAH through targeting mitochondrial dysfunction needed 

for the proliferative and migratory PASMC phenotype. 

 

The work presented in this thesis was able to validate the hypoxic cell culture 

model to induce cell proliferation. Therefore, by using this model, the influence of 

mitochondrial inhibition on cell proliferation and migration was studied through 

down-regulation of mitochondrial DRP1. This was part of a longer-term objective 

to explore mitochondrial DRP1, a protein involved in mitochondrial fission process, 

as a possible therapeutic intervention for the use in hypoxic/hyperproliferative 

diseases such as pulmonary hypertension. 

 

The present work reinforces previous studies which highlight the importance of 

hypoxia, altered mitochondrial dynamics, and the presence of DRP1 in mediating 

proliferation and migration of smooth muscle cells (Marsboom et al., 2012, Salabei 

and Hill, 2013) and identifies new mitochondrial signalling acquired from the 

combined effects of hypoxia and PDGF via down-regulation of mitochondrial 

DRP1 which strongly contributes to PASMC proliferation, migration and 

pulmonary hypertension pathophysiology. This work found that Mdivi-1 not only 

inhibited proliferation and migration of PASMCs during hypoxia, but also reversed 

the hypoxic-induced glycolytic mitochondrial-metabolic phenotype.  

 

6.2 Cell signalling in a hypoxic cell model 

The results in Chapter 3 concluded that among three different hypoxic levels; 10%, 

5% and 3% oxygen, acute exposure of hypoxia (3% O2) was sufficient to stimulate 

cellular growth and proliferation of PASMCs, which was successfully achieved as a 
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cell model to study the cell signalling pathways involved in PASMC proliferation 

enhanced by hypoxia. 

 

The effect of hypoxia (3% O2) on cell proliferation was investigated not only in 

growth factor-mediated cell proliferation but also in low-serum culture conditions 

(cells with 0.1% FCS). The data in Chapter 4 found that PASMCs exposed to 

hypoxia were significantly resistant to apoptosis and were able to proliferate and 

adapt with a glycolytic shift in metabolism. In addition, the mitochondrial alteration 

in dynamics (the shift to fission and the increase in DRP1 expression) and the loss 

of mitochondrial function (a decrease in mitochondrial ATP production, ROS 

(H2O2 levels) and cell apoptosis) were observed following acute hypoxia treatment. 

Data also showed the expression of the HIF-1α and the proliferative gene cyclin D1 

was significantly increased after hypoxic exposure. Taken together, these data 

confirmed the proliferative/impaired apoptotic phenotype of PASMCs, which are 

consistent with previously published findings that showed the phenotypic change in 

PASMCs in PAH. Bonnet and co-workers found the increase in HIF-1α activity, the 

excessive DRP1 expression, the fragmentation of the mitochondrial network and 

the aerobic glycolysis/Warburg phenomenon were strongly linked with the 

proliferative phenotype of PAH-PASMCs (Bonnet et al., 2006). In addition, data 

showed enhanced mitochondrial DRP1 gene expression in hypoxic PASMCs was 

correlated with the distribution of fragmented mitochondria and the decrease in 

mitochondrial length (promotes fission). Marsboom and co-workers (2012) have 

confirmed this demonstrating HIF-1α activation in normal PASMCs is enough to 

enhance DRP1 induced mitochondrial network fragmentation (promotes fission). 

 

In tumor cells, it has been reported that low ROS (H2O2 levels) leads to an increase 

in cell proliferation and cyclin D1 expression (Antico Arciuch et al., 2012). This 

finding is consistent with the findings of the current study. A decrease in H2O2 

levels and an increase in DNA synthesis and cyclin D1 gene expression were 

observed in PASMCs with 0.1% FCS after exposure to hypoxia. A reduction in 

mitochondrial ROS levels (H2O2 levels) is one of the abnormal changes observed in 

both PAH-PASMCs and cancer cells (Archer et al., 2008). Other findings presented 

in this thesis demonstrate that hypoxia-induced an increase in mitochondrial fission, 

a decrease in mitochondrial function (ATP production) and a reduction of both 
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PTEN and P53 gene expression, suggesting that there is a shift to the 

Warburg/glycolytic metabolism as these findings are correlated with the 

abnormalities in the mitochondrial dynamics and the cell metabolism that are found 

in cancer cells (Wang et al., 2014a). Deletion of PTEN in smooth muscle cells 

exposed to hypoxia has been shown to promote irreversible progression of 

pulmonary hypertension due to increased proliferation, recruitment of inflammatory 

cells resulting in severe pulmonary arterial remodeling (Horita et al., 2013). 

 

In addition, data showed there was a significant increase in JNK phosphorylation in 

hypoxic cells, which suggests JNK phosphorylation is mediated by low oxygen 

stress. JNK is an important mediator of signals in response to environmental stress 

such as UV light, oxidative stress and hypoxia (Force et al., 1996, Woodgett et al., 

1995). This finding supports the finding in another study of hypoxia-induced 

pulmonary arterial remodeling which showed that phosphorylation of JNK peaks at 

day 1 of the hypoxic exposure in the pulmonary arteries (Jin et al., 2000). 

 

On the basis of these results, the validity of the hypoxic culture work is confirmed 

as the proliferative phenotype of PASMCs was clearly seen in a model of hypoxia. 

Figure 6.1 summarises the main findings of the influence of acute hypoxic 

treatment (3% oxygen) on PASMC signalling related to cell proliferation and 

mitochondrial dynamics.  
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Figure 6.1 Schematic diagram summarises the main findings in the established 

hypoxia cell model. The diagram shows the effect of acute hypoxia (3% oxygen) 

on PASMC proliferation. A minor increase in cell proliferation by hypoxia was 

associated with increased mitochondrial fragmentation, increased superoxide 

production and the loss of mitochondrial function (a decrease in mitochondrial ATP 

production, ROS (H2O2 levels) and cell apoptosis were observed). Figure shows the 

most important proteins and genes that are involved in the hypoxic cell model that 

may promote cell proliferation. Arrows represents the changes in cells with 0.1% 

FCS during hypoxia vs. background cells (0.1% FCS) during normoxia. 
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6.3 DRP1 Role in cell Proliferation and Migration during Hypoxia 

Until recently, there had been no study of mitochondrial DRP1 inhibition on 

PASMC proliferation and migration in response to PDGF under hypoxia. Hence, 

the present study has challenged, for the first time, the primary cultures of rat 

PASMCs with two stimulators (hypoxia and PDGF) following the DRP1 inhibitor 

(Mdivi-1) treatment as the mitochondrial fission mechanisms/pathways are not 

understood. 

 

The present work has reported the form and bioenergetics of mitochondria 

(including mitochondrial network fragmentation, function and metabolism) is 

crucial mediator of cell proliferation and migration during normoxia. When the 

mitochondria were extensively active following PDGF; there was a significant 

increase in DRP1 expression and mitochondrial fragmentation. Therefore, 

inhibiting the mitochondria, DRP1 in particular by Mdivi-1, slows cell proliferation 

at G2/M via down-regulation of FIH-1, COX-II and ATPase 6 gene expression, 

inhibition of PDK1 phosphorylation and up-regulation of HIF1α, p70s6k and cyclin 

D1 gene expression suggesting that PASMCs are dependent on the mitochondrial 

fragmentation, function and metabolism to proliferate through the change in these 

genes. This indicates following addition of Mdivi-1 and DRP1 inhibition, cells may 

take on an apoptotic resistant phenotype, thus favouring a cell proliferative status. 

Following Mdivi-1 treatment, both dysfunctional mitochondria and the reduction in 

cellular apoptosis were observed which are linked with these genes. This may 

provide a clear picture of the important genes or proteins that may contribute to the 

defective mitochondria, the switch to glycolytic metabolism, the elongated shape of 

the mitochondria and the apoptotic-resistance feature of the PASMCs observed 

when the DRP1 level was inhibited by Mdivi-1. 

 

Data show acute hypoxic exposure in the presence of PDGF switched the 

phenotype of PASMCs to hyperproliferative/apoptotic-resistant phenotype as the 

loss of mitochondrial function (including a decrease in ATP, ROS (H2O2), cell 

apoptosis, and the expression of the mitochondrial genes; DRP1, TFAM, COX-II 

and ATPase 6 in comparison to PDGF stimulation during normoxia) was observed. 

This was associated with an increase in mTORC1, P70S6K and cyclin D1 gene 
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expression levels and a decrease in DRP1, HIF1α and FIH-1 gene expression levels 

in comparison to the hypoxic background cells. This suggests, therefore, that all 

these changes are more likely to enhance proliferation of PASMCs and appear to 

contribute to the upsurge of mitochondria dysfunction, the decrease in 

mitochondrial fission, the increase of elongated mitochondria and the increase in 

glycolic metabolism. These results also support the role of DRP1 in regulating cell 

proliferation during mitochondrial inhibition, as most genes that were affected by 

decreasing DRP1 function by Mdivi-1 in PDGF stimulated cells during normoxia 

were also affected after decreasing DRP1 function by PDGF treatment during 

hypoxia. 

 

The present work highlighted that the over-expression of mTORC1 could control 

DRP1 and FIH-1 genes and could be crucial in regulating the distribution of 

elongated mitochondria and the proliferation of PASMCs during hypoxia. 

Inhibiting cell proliferation under hypoxic conditions by the DRP1 inhibitor 

(Mdivi-1) causes hyper-fused mitochondria around the nuclei and reverses 

mitochondrial function via inhibition of mTORC1 gene expression, which leads to 

an increase in FIH-1 gene expression. Increased FIH-1 gene expression in turn 

could suppress the HIF1α activity. Improving the mitochondrial function by Mdivi-

1 could be through over-expression of COX-II and ATPase 6 genes while inhibiting 

the Warburg shift by Mdivi-1 could be by down-regulation of HIF1α activity. The 

inhibition of PDK1 phosphorylation, P70s6k gene expression and cyclin D1 gene 

expression also appear to be involved in recovering the mitochondrial function. 

These results suggest that maintaining a certain level of DRP1 is still crucial to 

enhancing cell proliferation during hypoxia and inhibiting this level by Mdivi-1 has 

a potent effect in reversing the mitochondrial function, mediating mitochondrial 

hyper-fusion and inhibiting cell proliferation under hypoxic conditions. A 

schematic representation of the main findings presented in this thesis is provided in 

Figure 6.2. 
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Figure 6.2 The mitochondrial role in Hypoxic-PDGF induced cell proliferation 

(Schematic summary). The diagram shows the effect of PDGF during hypoxia 

(3% oxygen) following Mdivi-1 treatment. PDGF during hypoxia caused a 

significant decrease in mitochondrial fission DRP1 gene, TFAM gene and ATPase 

6 gene which all contributed to mitochondrial dysfunction. Elongated mitochondria 

and the increase in ATP levels by PDGF were clearly observed. PDGF induces cell 

proliferation by increasing MAPK (ERK1/2 and p38 MAPK), 

PI3K/mTORC1/P70s6k signalling and cell cycle regulatory genes (cyclin D1 and 

P53) and by decreasing hypoxic genes (HIF1α and FIH-1). Cell proliferation was 

inhibited by Mdivi-1 via its inhibitory mechanism on mTORC1 and its downstream 

P70s6k, PDK1 and cyclin D1. Mdivi-1 significantly forced HIF1α degradation by 

increasing the FIH-1 gene through its direct inhibitory effect on mTORC1. Bold 

arrows represent the significant changes in cells with PDGF during hypoxia vs. 

background hypoxic cells (0.1% FCS). The red circle represents the significant 

changes following mitochondrial DRP1 inhibition by Mdivi-1. 
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6.4 Study Limitations and Future Work 

In chapter 3, the effect of different hypoxic levels on smooth muscle cells obtained 

from rat pulmonary arteries was studied in order to determine the effect of hypoxia 

on PASMC proliferation in an in vitro setting. This was necessary to achieve a 

positive correlation between acute hypoxia and cell proliferation. There are a 

number of issues to be considered in stabilising a cell model of hypoxia in order to 

drive cell growth which may explain the contradictory findings that are found in 

relation to many other in vitro studies. 

 

For example, the degree/severity of hypoxia could play a role in the contradictory 

findings. Several studies have reported there is a decrease in cell proliferation when 

PASMCs are exposed to severe hypoxia or anoxia (Hassoun et al., 1989, Cooper 

and Beasley, 1999). Therefore, this was considered in the current study where 

moderate levels of hypoxia were applied. Another important issue to be considered 

is the seeding density of cells in culture plates. Several studies have reported that 

acute hypoxia causes a decrease in proliferation of PASMC when cells are seeded 

at a density of ˃ 10x10
3
 cells 

.
cm

-2
 (Eddahibi et al., 1999, Stiebellehner et al., 

2003). Therefore, lower seeding densities were performed in the current study. 

 

Moreover, another issue to be considered in hypoxic in vitro studies is the 

difference in the source of the PASMCs selected for the study. Experiments which 

derive the cells from the same part of the pulmonary artery could provide 

conflicting data. For example, Howard and co-workers found PASMC from the 

distal part did not proliferate following hypoxic treatment (Howard et al., 2012). 

However,  Stotz and colleagues found the distal PASMCs proliferate faster in 

response to acute hypoxia by 10% increase in comparison to the proliferative rate of 

the control cells (Stotz et al., 2004). The differences in findings were also found in 

the proximal PASMCs (Dempsey et al., 1991, Ambalavanan et al., 1999).  

 

The findings of the current study are only linked to the cell-based work and this 

may be a weakness when considering the application of these findings in an in vivo 

setting. For example, the immune systems in the body including the inflammatory 

processes are essential pathogenic components of pulmonary arterial remodeling 
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and this was not taken into account following hypoxic stress. Therefore, the 

reported responses in our hypoxic cell culture model might differ from the 

responses in an in vivo setting. Thus, the application of this work is needed to move 

to a whole animal model. Moreover, the dominant changes in pulmonary vascular 

remodeling occur at the distal part of the pulmonary arteries while the PASMCs 

that were used in the current study were obtained from the proximal arteries which 

may also differ when considering the application of the present findings in an in 

vivo setting. Also, chronic exposure to hypoxia has been well-accepted to enhance 

cell proliferation as both histological and morphological examinations of 

pulmonary arteries of animal models following chronic hypoxia show a significant 

thickening of the smooth muscle layers (Angelini et al., 2013, Girgis et al., 2007). 

The results of the current study showed proliferative PASMC signalling responses 

following acute hypoxia, which might differ following chronic hypoxic exposure. 

However, an advantage of the cell culture model of acute hypoxia is that it provides 

the potential of rapid screen mitochondrial signalling pathways in regulating cell 

proliferation and migration using an appropriate concentration of molecules 

(including growth factors or drugs). This would permit future experiments to be 

considered using different settings e.g. chronic hypoxia or human cells/ tissue. 

 

6.5 Conclusion 

The present study concludes that mitochondrial DRP1 plays an important role in 

cell proliferation and migration during hypoxia. It is more likely to be linked with 

increased mTORC1 and decreased FIH-1 hypoxic enzyme as the down-regulation 

of mTORC1 by inhibiting DRP1 function increases FIH-1 expression and inhibits 

cell proliferation during hypoxia. Consequently, because Mdivi-1 is now the only 

commercially available small-molecule inhibitor of mitochondrial fission, the 

assessment of cell proliferation, the measurements of FIH-1, HIF-1α and mTORC1 

proteins, and the assessment of mitochondrial shape and function should be 

performed following the knockdown of DRP1 gene. Also, the development of 

another inhibitor will be needed to confirm the specificity of the key findings in this 

thesis. 
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