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ABSTRACT                                                        ASMA S ALONAZI                   

Investigating The Roles That G Protein Coupled Receptor Kinase 2 Plays in Arterial 

Smooth Muscle Cell Proliferation 

Vascular smooth muscle cell (VSMC) proliferation plays a key role in the 

development of hypertensive vascular remodelling, a process strongly associated with 

increased circulating vasoconstrictor concentrations such as angiotensin-II (AngII), 

endothelin-1 (ET1) and uridine-5'-triphosphate (UTP), leading to continuous activation 

of their cognate Gαq-coupled/G protein-coupled receptors (GPCR). Furthermore, 

hypertension is associated with elevated G protein coupled receptor kinase 2 (GRK2) 

expression in arterial smooth muscle cells, which negatively regulates Gαq/GPCR 

signalling. Indeed, GRK2 has been shown to play a key role in cell growth and 

development of the cardiovascular system, and the regulation of cell cycle progression. 

Therefore this study aimed to investigate the potential roles that GRK2 plays in VSMC 

proliferation, and in particular on two signalling pathways that have been implicated in 

this process: mitogen activated protein kinase (MAPK)/extracellular signal-regulated 

kinase (ERK) and phosphoinositide 3-kinase (PI3K)/Akt. 

Initial studies indicated that inhibition of MAPK/ERK and PI3K/Akt prevented 

VMSC growth stimulated by ET1 and AngII, while UTP did not stimulate proliferation. 

Similarly, GRK2 depletion or catalytic inhibition prevented ET1/AngII-stimulated 

VSMC proliferation. Furthermore, prolonged ET1 and AngII-stimulated ERK signalling 

was dependent on GRK2 expression and catalytic activity, whereas these treatments 

enhanced UTP-stimulated signals. Moreover, ET1-stimulated ERK signals were 

arrestin3-dependent, whilst AngII signals were arrestin2-dependent. Conversely, GRK2 

expression but not its catalytic activity was essential to facilitate ET1 and AngII-

stimulated PI3K/Akt signals, whereas UTP signals were unaffected. Interestingly, 

ET1/AngII-stimulated PI3K/Akt signalling was arrestin-independent. Similarly, 

ET1/AngII signalling to the Akt target GSK3 was ablated following GRK2 knockdown.  

Collectively, these data highlight two different molecular mechanisms underlying 

GRK2-mediated regulation of VSMC proliferation; with ERK-stimulated growth being 

dependent on GRK2 kinase activity and arrestin recruitment, and the other presumably 

utilizing GRK2 as a PI3K scaffold to facilitate efficient PI3K/Akt/GSK3 signalling. Thus, 

increased GRK2 expression in hypertension could be an underlying factor promoting 

long-term proliferative pathways and consequently, contribute to VSMC proliferation, 

vascular wall thickening, and hypertensive vascular remodelling.  
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1. General Introduction 

1.1. Hypertension 

1.1.1.  Hypertension prevalence and definition 

Hypertension is one of the most prevalent chronic diseases contributing to the 

development of cerebrovascular and cardiovascular disease-related morbidity and 

mortality (Mahmood et al., 2014). The world health organization considers elevated blood 

pressure (BP) to be one of the most common major risk factors for ischemic heart disease, 

kidney disease, stroke, morbidity and mortality. Indeed, hypertension is responsible for 

~45% of heart disease mortality and ~51% of stroke-related death (WHO, 2013). 

Worldwide, the prevalence of hypertension is high and continues to increase. In 2015, the 

estimated global incidence of hypertension was 1.13 billion, with an estimated breakdown 

of 24% of male and 20% of female within the total population. Moreover, it is expected 

by 2025 that the number of hypertensive patients will rise up to 1.56 billion (Kearney et 

al., 2005; Collaboration, 2017; Williams et al., 2018). The prevalence of hypertension is 

an alarming statistic which indicates a major growing global health problem, demanding 

need for research and new therapies to overcome its complications.  

The term ‘hypertension’ or systemic arterial hypertension generally refers to a 

biological condition characterised by a chronic increase of the systemic arterial blood 

pressure (BP) above a certain threshold value (Giles et al., 2009). BP is expressed as the 

ratio of the systolic BP to diastolic BP,  where systolic BP is the pressure that the blood 

applies to the arterial walls during heart contraction and diastolic BP is the pressure of 

the blood on the arterial walls while the heart is relaxed (Oparil et al., 2018). International 

guidelines of arterial hypertension management, define BP threshold levels as the systolic 

BP value of 140 mmHg and/or diastolic BP value 90 mmHg (Bhagani et al., 

2018; Williams et al., 2018). Hypertension can be categorised according to BP values into 

high-normal BP, grade 1 hypertension, grade 2 hypertension, grade 3 hypertension, 

isolated systolic hypertension, white-coat hypertension and masked hypertension; more 

details on BP classification and definition of hypertension according to BP values are 

found in Table 1.1 (Bhagani et al., 2018). Giles et al. 2009, described elevated BP as one 

manifestation of hypertensive disease while the early markers of hypertension such as 

Chapter One 
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cardiovascular disease risk factors, pre-clinical and clinical cardiovascular manifestations 

exist before BP becomes sustainably elevated. The meaning of hypertension has been 

extended to include a progressive cardiovascular syndrome developing from complex 

interconnected causes. Hypertension progression is strongly linked with structural and 

functional abnormalities in vascular cells and the myocardium that lead to end-organ 

damage and increased morbidity (Giles et al., 2005; Giles et al., 2009).  

 

Table 1.1 Definitions and classification of BP (Bhagani et al., 2018). 

Category 
BP (mmHg) 

Systolic BP Diastolic BP 

Optimal BP  <120 <80 

Normal BP  <130 <85 

High-normal BP  130-139 85-89 

Grade 1 hypertension  140-159 90-99 

Grade 2 hypertension  160-179 100-109 

Grade 3 hypertension  >180 >110 

Isolated systolic hypertension >140 <90 

White-coat hypertension  >140 >90 

Masked hypertension  <140 <90 

 

1.1.2. Hypertension aetiology and risk factors 

Hypertension can be categorised according to its aetiology into essential 

hypertension and secondary hypertension (Rogier van der Velde et al., 2015). Essential 

hypertension (also called primary or idiopathic hypertension) represents ~90-95% of 

hypertensive cases and can be defined as elevated BP with unknown specific cause 

(Carretero and Oparil, 2000). Essential hypertension is a multifactor disease developing 

from genetic, environmental and lifestyle factors (Bolivar, 2013). Although the specific 

cause of essential hypertension is unclear, there are different contributing factors to 

elevated BP, such as genetic inheritance, obesity, dyslipidaemia, insulin resistance, 

ageing, stress, high alcohol and salt intake, low potassium intake and inactive lifestyle 

(Carretero and Oparil, 2000; Bhagani et al., 2018). The remaining ~5-10% of 

hypertensive patients have the secondary form of hypertension with an underlying 
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reversible, identifiable pathophysiological cause. (Charles et al., 2017). Common 

underlying origins of secondary hypertension are categorized into renal, vascular, 

endocrine and neural causes such as chronic kidney disease, renovascular diseases, 

aldosteronism, Cushing’s syndrome, hypothyroidism, hyperthyroidism, atherosclerotic 

renal artery stenosis and phaeochromocytoma (Charles et al., 2017; Bhagani et al., 2018).  

Secondary hypertension can also manifest through the use of some drugs that elevate BP. 

Common examples of drugs considered as a cause of hypertension are sympathomimetic 

agents, steroids, serotonin/noradrenaline reuptake inhibitors, tricyclic antidepressants, 

oral contraceptives, some chemotherapeutic and immunosuppressive agents (Charles et 

al., 2017). Recognition of the exact cause of secondary hypertension is critical to enable 

reversal of the problem. If undiagnosed, secondary hypertension may result in resistant 

hypertension and development of complications (Puar et al., 2016). 

1.1.3. BP measurement and evaluation 

Normally hypertension is an asymptomatic silent disease, even though some 

patients suffer from symptoms like headaches, dizziness and lethargy as a result of their 

elevated BP (Bhagani et al., 2018). Because BP is unstable, variable and subject to 

immediate internal ‘e.g. hormonal’ and external ‘e.g. stress’ influences, diagnosis of 

hypertension should be based on several frequent BP measurements taken on separate 

days (Messerli et al., 2007). The ideal technique for measuring BP is using auscultatory 

or oscillometric sphygmomanometers, either automatic or semiautomatic according to 

standardized conditions and protocols (Williams et al., 2018). Furthermore, the  European 

Society of Cardiology (2018) guidelines for the management of arterial hypertension  

support the use of out-of-office BP measurement devices, i.e. ambulatory BP monitoring 

or home BP monitoring devices as additional methods for repeat BP measurements to 

confirm the diagnosis of hypertension (Williams et al., 2018). Moreover, these guidelines 

recommend cardiovascular risk assessment with the SCORE (Systematic Coronary Risk 

Evaluation) system for patients who were not previously at high or very high risk of 

cardiovascular disease (Williams et al., 2018). SCORE is a clinical evaluation system of 

cardiovascular mortality risk in asymptomatic individuals to determine the possible 

prognosis of the condition, by estimating the 10 year risk of a first serious atherosclerotic 

incident in relation to other risk factors such as age, sex, smoking, diabetes, total 

cholesterol level, and BP to estimate appropriate treatment decisions (Aktas et al., 

2004; Williams et al., 2018).  
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1.1.4. BP regulation mechanisms and pathophysiology  

BP regulation involves a complex interaction of many interrelated mechanisms. 

Various systems integrate into BP regulation including the sympathetic nervous system, 

cardiac output, peripheral vascular resistance, the renin-angiotensin-aldosterone system 

(RAAS) and endothelial function. In addition to genetic background and family history 

for hypertension, disturbance or malfunction in one or more components of factors 

controlling BP participate in an increase in mean BP. Consequently, over time this can 

cause target-organ damage (Figure 1.1) (Jeunemaitre et al., 1992; Oparil et al., 2018). 

 

 

 

Figure 1.1 Main physiological systems involved in BP regulation. 

Regulatory systems involved in the maintenance of physiological BP including RAAS: 

renin-angiotensin-aldosterone system; SNS: sympathetic nervous system, natriuretic 

peptides and endothelial cells. Modified from Oparil et al., 2018. 
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1.1.4.1. Cardiac output and peripheral vascular resistance  

Cardiac output and peripheral vascular resistance are two essential factors that 

maintain normal BP. There is a proportional relation between BP and cardiac 

output/peripheral vascular resistance, which can be expressed by the following equation: 

MAP = CO × PVR (where MAP: mean arterial pressure, CO: cardiac output, PVR: total 

peripheral vascular resistance) (Mayet and Hughes, 2003). MAP defined as the average 

arterial pressure throughout one cardiac cycle which reflect the average pressure that 

drives blood thru the systemic circulation (Henry et al., 2002). Low MAP can cause 

insufficient blood supply to the organs. Conversely, raised MAP contributes to vascular 

remodelling, ventricular remodelling and end-organ damage (Wehrwein and Joyner, 

2013). MAP is influenced by cardiac output and peripheral vascular resistance, each of 

which is control by several factors. This relationship indicates that maintenance of a 

normal BP is based on the balance between cardiac output and peripheral vascular 

resistance. Elevated BP can occur through increased cardiac output, increased peripheral 

vascular resistance, or a combination of both (Mayet and Hughes, 2003). Cardiac output 

is defined as the volume of blood pumped by the left ventricle per minute, which depends 

on stroke volume and heart rate which can be regulated by many factors such as the 

sympathetic nervous system. Peripheral vascular resistance is controlled predominantly 

by the smooth muscle cells of small arterioles, i.e. changes in arterial diameter which 

consequently affect blood flow and peripheral resistance (Mayet and Hughes, 2003). In 

the early stages of hypertension, sympathetic hyperactivity mediates increases in cardiac 

output and consequently increase in BP, a result of this, peripheral arteriolar resistance 

also increases as a compensatory protective mechanism to prevent the harmful effects of 

elevated BP (Beevers et al., 2001). Prolonged contraction of small arteriole smooth 

muscle alters the structure of arterial vessel walls leading to arterial wall thickening, 

resulting in an irreversible rise in peripheral vascular resistance and consequently a 

sustained elevation in BP (Beevers et al., 2001). 

1.1.4.2. Sympathetic nervous system 

The autonomic nervous system has a central role in maintaining normal BP as it 

regulates vascular contraction and relaxation. Likewise, it is responsible for the mediation 

of short-term changes in BP in response to external factors such as stress and physical 

activity (Beevers et al., 2001). Mancia and Grassi (2014) described that autonomic 

nervous system dysregulation plays a critical role in the development of essential 
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hypertension. The sympathetic nervous system is commonly more activated in 

hypertensive patients than in normotensive people (Julius and Nesbitt, 1996; Mancia and 

Grassi, 2014). Sympathetic hyperactivity which over-stimulates adrenoceptor activity 

and causes vascular smooth muscle contraction, appears in the early stages of 

hypertension and becomes more noticeable with disease progression and severity over 

time. Moreover, adrenergic over-activation can contribute to hypertension-induced end-

organ damage (Smith et al., 2004; Mancia and Grassi, 2014). The autonomic nervous 

system can also control BP via the baroreceptor reflex system. Baroreceptors are 

mechanoreceptors located in various areas of the arterial network, but are mainly found 

in the aortic arch and carotid sinuses (Lovic et al., 2014). They act as BP sensors and 

modulators of autonomic tone as they are highly sensitive to any change in BP.  

Baroreceptors are stimulated by the increased arterial stretch that accompanies elevated 

BP. Activated baroreceptors send signals to the central nervous system to diminish 

sympathetic outflow and increase vagal tone, which leads to a reduction in peripheral 

vascular resistance and thus decreases BP (Lovic et al., 2014). Conversely, lower BP 

reduces baroreceptor activity, which reduces vagal output and increases sympathetic 

nervous system activity to raise BP (Lovic et al., 2014). Decreasing baroreceptor 

sensitivity or disruption of appropriate baroreceptor reflex system functioning is implied 

to be critical factor in the pathogenesis of essential hypertension (Lovic et al., 

2014; Mancia and Grassi, 2014). 

1.1.4.3. Renin-angiotensin-aldosterone system (RAAS) 

The renin-angiotensin aldosterone system (RAAS) plays a central role in the 

regulation of arterial blood pressure. RAAS refers to a series of hormonal cascades that 

controlling organ perfusion, extracellular volume and consequently arterial pressure 

(Atlas, 2007). This pathway is initiated by the secretion of renin from the juxtaglomerular 

apparatus of the kidney as a result of sympathetic nervous system stimulation or low 

blood pressure/flow through the kidney. Renin catalyses the conversion of 

angiotensinogen (released from the liver) into angiotensin I, an inactive biological 

substance which is rapidly hydrolysed by angiotensin converting enzyme (ACE) to the 

physiologically active peptide angiotensin II (AngII) (Harrison and Luther, 2013; Karnik 

et al., 2015). ACE is a physiologically important enzyme localized on the plasma 

membranes of numerous cell types including vascular endothelial cells, renal proximal 

tubule epithelial cells and neuronal epithelial cells. ACE also metabolizes other 
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vasodilatory peptides such as bradykinin and kallidin to inactive metabolites, which 

results in increased vasoconstriction and decreased vasodilation (Turner and Hooper, 

2002). AngII can be further converted to smaller biologically active peptides such as 

angiotensin III, angiotensin IV, angiotensin 1-7 (Reudelhuber, 2005).  

AngII is an octapeptide and the primary active product of the RAAS. It acts as a 

potent vasoconstrictor and plays an essential role in BP regulation. AngII mediates 

several physiological and pathophysiological process through its effect on four different 

angiotensin receptor subtypes. The vast majority of AngII effects on the cardiovascular 

system are mediated via the angiotensin type 1 (AT1) receptor (Carey and Siragy, 2003). 

Stimulation of AT1 receptors results in vasoconstriction, increased BP, increased cardiac 

contractility and vascular wall and cardiac hypertrophy (Gavras and Gavras, 2002). 

Furthermore, the ability of AngII to induce cell proliferation, inflammatory responses, 

stimulation of aldosterone synthesis and oxidative stress is also reported to be mediated 

through the AT1 receptor (Carey and Siragy, 2003). The angiotensin type 2 (AT2) receptor 

shows low levels of expression in the adult, and is reported to mediate vasodilation, anti-

proliferative and apoptotic effects (Stanton, 2003). The role of angiotensin type 3 (AT3) 

receptors is unknown, while angiotensin type 4 (AT4) receptors are thought to play role 

in plasminogen activator inhibitor 1 release (Stanton, 2003; Atlas, 2007). Unsurprisingly, 

dysregulation or sustained activation of the RAAS contributes to the pathophysiology of 

hypertension (Laragh, 2001). The pathophysiological role of AngII in hypertension is 

mediated through its potent vasoconstrictor effect that enhances BP. Also, the RAAS 

interacts with the central nervous system as AngII has a role in maintaining sympathetic 

outflow to the vasculature, facilitates sympathetic ganglia transmission and prevents 

noradrenaline reuptake at nerve terminals.  Furthermore, AngII signalling can cause 

production of reactive oxygen species (ROS), impaired vascular insulin metabolic 

signalling and endothelial dysfunction (Raasch et al., 2001; Mehta and Griendling, 2007). 

Additionally, AngII stimulates aldosterone release from the adrenal gland, a major 

regulator of extracellular volume via regulation of sodium and potassium balance via its 

effect on mineralocorticoid receptors, thus enhancing sodium and water retention from 

kidney tubules as well as from other organs such as the colon, salivary and sweat glands. 

This process also encourages potassium and hydrogen ion excretion resulting in increased 

extracellular (systemic) volume and consequently increased BP (Beevers et al., 

2001; Atlas, 2007).  
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Figure 1.2 Schematic diagram 

showing the role of the renin-

angiotensin-aldosterone-system 

(RAAS) in BP regulation. 

Activation of the RAAS results in 

generation of the potent 

vasoconstrictor angiotensin II 

(AngII). AngII also stimulates 

aldosterone release, resulting in 

sodium and fluid retention and thus 

elevates BP. ACE, angiotensin-I 

converting enzyme; Ang: 

angiotensin; AT1, angiotensin II 

type 1 receptor; ENaC, epithelial 

sodium channel; MR, 

mineralocorticoid receptor. 

Adapted from Harrison and Luther, 

2013. 
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1.1.4.4. Endothelial function 

In healthy humans the intact vascular endothelium layer plays an important role in 

regulating vascular tone and BP.  Endothelial cells produce numerous vasoactive 

substances which regulate vascular tone. For example, nitric oxide (NO) is a crucial 

vasodilator released from endothelial cells in response to elevated shear stress associated 

with increased BP (Spieker et al., 2006). In addition to its role as a suppressor of abnormal 

vascular smooth muscle cell migration and proliferation, NO acts as potent vasodilator, 

and inhibitor of platelet adhesion and aggregation, (Oparil et al., 2003). Indeed, previous 

studies have reported that reduction in NO production (defects in the endothelium NO 

release) in hypertensive patients, results in an elevation in the BP and hypertension 

development (Panza et al., 1993; Shiekh et al., 2011).  

Moreover, another critical endothelium-derived vasoactive substance is endothelin-

1 (ET1). A short 21 amino acid peptide, ET1 is a potent vasoconstrictor which mediates 

its effect through binding to two endothelin receptor isoforms, ETA and ETB.  ET1 acts 

on ETA receptors expressed in vascular smooth muscle promoting vasoconstriction, cell 

proliferation and matrix accumulation (Kohan and Barton, 2014). Conversely, activation 

of ETB receptors has vasodilatory, anti-proliferative and anti-fibrotic effects (Agapitov 

and Haynes, 2002; Kohan and Barton, 2014). The endothelium can also release additional 

vasodilators, for example, prostacyclin and endothelium-derived hyperpolarizing factors. 

In addition, further vasoconstrictors can be secreted from the endothelium such as locally 

generated AngII, prostanoids, thromboxane A2 and prostaglandin A2 (Kohan and Barton, 

2014). The ability of the endothelium to control vascular tone can be determined by the 

balance between endothelium-derived vasodilators and vasoconstrictors especially NO 

and ET1 respectively (Agapitov and Haynes, 2002). Dysfunction or dysregulation of the 

endothelium-dependent regulatory systems may be involved in hypertension 

pathophysiology (Rajendran et al., 2013). Indeed studies have reported that ET1 infusion 

results in an increased in the BP level (Vierhapper et al., 1990) and block of ETA-receptors 

using antagonists extensively decreases BP in patients with essential hypertension 

indicating their important role in hypertensive pathophysiology (Krum et al., 1998).  
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1.1.4.5. Other factors which affect BP  

High salt intake results in high sodium concentrations in the serum, which in turn 

stimulates water retention, increases systemic blood volume and thus increases BP. This 

form of elevated BP called salt sensitivity, shows a marked increase in BP (10 mmHg) 

a few hours after high sodium (≥5 g) ingestion. Normally, compensatory haemodynamic 

alterations including a reduction in peripheral vascular resistance and increased 

endothelial production of NO to maintain normal BP. If the patient has a genetic 

predisposition for endothelial dysfunction or the effect of NO is diminished, an increase 

in BP occurs. Moreover, long-term high salt consumption can trigger endothelial 

dysfunction in non-salt-sensitive people (Feng et al., 2017). Other important BP 

regulators are natriuretic peptides including atrial natriuretic peptide and brain natriuretic 

peptide. These peptides mediate a hypotensive action via their natriuretic and vasodilator 

effects that assist in the maintenance of normal sodium balance, decreased plasma volume 

and BP regulation (Woodard and Rosado, 2008). Natriuretic peptides promote the transfer 

of fluid from the intravascular to the interstitial compartment, increase the glomerular 

filtration rate, inhibit renal sodium reabsorption with a concomitant reduction in renin, 

and aldosterone plasma levels (Brenner et al., 1990; Woodard and Rosado, 2008). 

Disruptions in the natriuretic peptide system or a reduction in natriuretic peptide 

production promote hypertension (John et al., 1995). For instance, corin (a key enzyme 

in natriuretic peptides synthesis) deficiency has been associated with volume overload 

and salt-sensitive hypertension (Armaly et al., 2013). Regulation of BP is also affected 

by ageing. The Framingham Heart Study reported that systolic BP continuously rises 

between 30 and 84 years of age (Franklin, 1999). Age-related increases in BP are mostly 

related to changes in arteriolar stiffness, alteration in RAAS, decreased baroreceptor 

responsiveness, increased sensitivity to the sympathetic nervous system activity, altered 

renal function and sodium balance (Weber et al., 1989; Pinto, 2007). 

1.1.5. Management of hypertension 

Since hypertension is considered a chronic disease, early treatment is beneficial to 

reduce end-organ damage and subsequent decreases in hypertension-associated morbidity 

and mortality (Sear, 2019). According to the 2013 ESH/ESC hypertension guidelines BP 

target of <140/90 mmHg is recommended regardless of the cardiovascular risk factors 

that patients have (Mancia et al., 2013). In 2018, ESH/ESC recommended the same BP 

target for all patients. Furthermore, they recommend a systolic BP target of 120-129 
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mmHg (aged <65 years) and 130-139 (aged 65 years) for patient receiving 

antihypertensive treatment (Williams et al., 2018). Hypertension management includes 

lifestyle modification and use of BP lowering drugs according to the hypertension stage 

and patient condition. 

1.1.5.1. Non-pharmacological management  

Healthy lifestyle modification is counselled for all hypertensive patients. Good 

lifestyle choices can stop or delay the onset of hypertension, diminish cardiovascular risk 

and decrease the need for drug therapy in grade 1 hypertensive patients (Williams et al., 

2018). The recommended lifestyle behaviours that have been shown to reduce BP are 

reducing sodium intake (<5 g per day), increasing potassium intake (3.5–5.0 g per day), 

moderate alcohol consumption (~3.5 units for male and ~1.75 units for female per day) 

and rich fruit, vegetable and low-fat diets, increased physical activity and regular exercise 

( 30 minutes/day) (Whelton et al., 1997; Stevens et al., 2001; Whelton et al., 

2002; Roerecke et al., 2017).  

1.1.5.2. Pharmacotherapy management (antihypertensive drugs) 

Antihypertensive drugs comprise numerous drug classes. There are multiple 

different drugs within each class with various pharmacological effect, therapeutic benefits 

and side-effects. Therapeutic targeting of hypertension management aims to control BP 

and prevent end-organ damage (Jackson and Bellamy, 2015). Antihypertensive drugs can 

be categorised into several wide-ranging groups. The first group being those which block 

the RAAS, including ACE inhibitors, angiotensin receptor antagonists and direct renin 

inhibitors. The second major antihypertensive group of drugs mediate their BP lowering 

effects by increasing vasodilatation and reducing peripheral vascular resistance. This 

group includes calcium channel blockers, α1-adrenoceptor blockers, some types of β-

adrenoceptor blockers and direct acting vasodilators. Moreover, non-vasodilatory β-

adrenoceptor blockers lower BP via reducing cardiac output. Additionally, centrally 

acting agents such as hydralazine decrease sympathetic outflow and thereby decrease BP 

(Laurent, 2017). Another group of antihypertensive drugs, the diuretics, act by reducing 

intravascular volume via increasing water and sodium excretion (Ram, 2002; Jackson and 

Bellamy, 2015; Laurent, 2017). Examples of the various antihypertensive drugs, their 

pharmacological classes, subclasses and effects on the physiological systems, 

mechanisms of action and associated side effects are described in Table 1.2. The choice 

of antihypertensive medications has to be based on the patient’s condition, individual 
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efficacy and tolerability. First-line antihypertensive medications are usually ACE 

inhibitors, angiotensin receptor blockers, calcium channel blockers and diuretics. In heart 

failure patients or post-myocardial infarction patients, β-adrenoceptor blockers are 

recommended. Calcium channel blockers and diuretics are recommended for Afro-

Caribbean individual and α-methyldopa for pregnant women (Oparil et al., 

2018; Williams et al., 2018).
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Table 1.2 Pharmacological classes of antihypertensive drugs and corresponding mechanisms of action. 

Antihypertensive Class 
Physiologic Effect and 

Mechanisms of Action 
Subclasses/Examples 

Main Side 

Effect/Contraindication 
References 

I 

Angiotensin-

Converting 

Enzyme Inhibitors 

Potent vasodilators; ↓ total 

peripheral resistance.  

Act by decreasing 

angiotensin II formation 

through inhibiting ACE 

activity. In addition, they 

prevent bradykinin 

breakdown and potentiate 

NO generation. 

Captopril, Enalapril  

Lisinopril, Ramipril  

 

Fall in BP associated with 

intravascular volume 

depletion. 

Cough (dry, hacking, non-

productive).  

Angioneurotic oedema, renal 

impairment and 

hyperkalemia. 

Elliott, 1996; Brown 

and Vaughan, 1998. 

II 

Angiotensin II 

Receptor 

Antagonists 

Act as competitive 

antagonists at AT1 receptors, 

leads to vasodilation, ↓ total 

peripheral resistance.  

Cardiac output remains 

unchanged. 

Candesartan, 

Irbesartan  

Losartan, Valsartan 

Generally well-tolerated 

drugs.  

Can cause functional renal 

insufficiency. 

Contra-indicated in 

pregnancy, in patients with 

previous hyperkalemia or 

bilateral renal artery 

stenosis. 

Barreras and Gurk-

Turner, 

2003; Nakamura et al., 

2005. 
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Antihypertensive Class 
Physiologic Effect and 

Mechanisms of Action Subclasses/Examples 
Main Side 

Effect/Contraindication References 

III Renin inhibitors 

Acts as highly potent and 

selective inhibitor of renin 

enzyme. 
Aliskiren 

Contra-indicated in 

pregnancy, in patients with 

previous   hyperkalemia, 

angioneurotic oedema or 

bilateral renal artery 

stenosis. 

Rahuel et al., 2000. 

IV 
β-Adrenoceptor 

Antagonists 

↓ Cardiac output,  

↓ sympathetic activity,  

↓ renin secretion leading to 

reduction in vasomotor tone. 

Additionally, β-blockers 

exhibit antianginal and anti-

ischemic effects. 

Selective β1-blockers:  

Atenolol, Metoprolol. 

Selective β2-blockers:  

Nebivolol  

(vasodilator activity 

via NO) 

Non-selective β1/β2-

blockers: Propranolol  

Combined α- and β-

blockers  

(vasodilator effect):  

Carvedilol, Labetalol 

β-blockers can cause glucose 

intolerance and mask 

hypoglycaemic symptoms.  

Insomnia, hallucinations, 

and depression (with the 

highly lipid-soluble -

blockers). 

β-blockers should not be 

used in patients with asthma, 

or unstable heart failure.  

Gottlieb et al., 

1998; Frishman and 

Alwarshetty, 

2002; Ahmet et al., 

2008; Prisant, 2008. 
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Antihypertensive Class Physiologic Effect and 

Mechanisms of Action 
Subclasses/Examples 

Main Side 

Effect/Contraindication 
References 

V 
α1-Adrenoceptor 

Antagonists 

Selective α1-adrenoceptor 

antagonists: long term use 

causes significant ↓ BP with 

no change in cardiac output. 

Prazosin, Terazosin, 

Doxazosin 

First-dose phenomenon; 

sudden severe orthostatic 

hypotension which 

commonly occurs during the 

90 min following the first 

dose, or when the dose is 

increased.  

Kirby, 2003. 

VI Diuretics 

Inhibit sodium and chloride 

reabsorption at the distal 

convoluted tubule or thick 

ascending loop of Henle, ↓ 

extracellular fluid volume 

and cardiac output. 

Thiazides: 

Hydrochlorothiazide 

Thiazide-related 

compounds: 

Indapamide 

Loop Diuretics: 

Furosemide 

Potassium-sparing 

agents: 

Spironolactone 

Hypokalemia, polyuria, 

insulin resistance, also may 

cause hypomagnesemia, 

hypercalcemia, and 

hyperuricemia. 

Long-term high dosage (>50 

mg/day) thiazide therapy 

may cause hyperlipidaemia. 

Brater, 

2000; Greenberg, 2000. 
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Antihypertensive Class 
Physiologic Effect and 

Mechanisms of Action 
Subclasses/Examples 

Main Side 

Effect/Contraindication 
References 

VII 
Calcium Channel 

Blockers 

Vasodilatory effects are 

mainly mediated by the 

blockade of L-type calcium 

channels; binding to calcium 

channels affects their 

duration of action. 

Dihydropyridines: 

Amlodipine, 

Nifedipine 

Non-dihydropyridines 

Diltiazem, Verapamil 

Dihydropyridines can cause 

headaches, flushing, and 

ankle oedema. 

Nifedipine can cause reflex 

tachycardia, myocardial 

ischemia. 

Verapamil can cause 

constipation and AV block. 

Psaty et al., 

1995; Alderman et al., 

1997. 

VIII 

α2-

Adrenoreceptor 

Agonists 

Stimulation of central α2-

adrenoceptors in the 

vasomotor centre which 

causes ↓sympathetic 

outflow, ↓peripheral 

vascular resistance and a 

moderate ↓ in the heart rate 

and cardiac output. 

Clonidine 

Decreased sympathetic 

activity, leading to postural 

hypotension, sedation and 

drowsiness.  

Contra-indicated in patients 

with severe depression. 

Sica and Grubbs, 2005. 
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Antihypertensive Class 
Physiologic Effect and 

Mechanisms of Action 
Subclasses/Examples 

Main Side 

Effect/Contraindication 
References 

VIIII 
Direct 

Vasodilators 

Acts as direct vasodilator of 

resistance arterioles, ↓ total 

peripheral resistance. 

Hydralazine 

Minoxidil 

Hydralazine causes several 

serious adverse effects, no 

longer indicated except for 

urgent control of severe 

hypertension in pregnancy 

with β-adrenoceptor 

blockers. 

Because of the severity of 

minoxidil adverse effects, it 

is not indicated except in 

severe hypertension in 

unresponsive patients. 

Campese, 1981; Cohn et 

al., 2011; Mancia et al., 

2013. 
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1.1.6. Hypertension and end organ damage 

It is a well-known fact that hypertension is the leading risk factor for morbidity and 

mortality typically as a results of end organ damage (Kannel, 2004; Mahmood et al., 

2014). Hypertension-induced main organ damage presents as damage in the brain, retina, 

heart and kidney. Uncontrolled BP produces alterations of the microcirculation supplying 

these organs resulting in retinopathy, cerebral infarction, intracranial haemorrhage, 

dementia, coronary heart disease, atherosclerosic stenosis, myocardial infarction, left 

ventricular hypertrophy and heart failure (Schmieder, 2010). Moreover, this can also 

induce micro-albuminuria, glomerulopathy and end stage renal disease (Cohuet and 

Struijker-Boudier, 2006; Schmieder, 2010). The pathophysiological mechanisms of 

hypertension-induced end organ damage probably results from complex interactions 

among hypertension pathogenesis, such as hypertension-related hemodynamic over-load 

(Schmieder, 2010), endothelial dysfunction (Hsueh and Anderson, 1992) as well as 

presence of risk factors such as obesity, diabetes, hyperlipidaemia, smoking and physical 

inactivity (Israili et al., 2007). Furthermore, previous evidence shows that RAAS 

activation plays a role in end organ damage, and blocking of RAAS may provide 

protection from hypertension-induced end organ damage (Weir, 2007; Cohn and 

Goldman, 2008). Additionally, previous studies reported that hypertension correlates 

with structural and functional modifications in the vasculature (Laurent and Boutouyrie, 

2015). Moreover, there is a correlation between BP regulatory systems and vascular 

structural and functional alterations in hypertension (Byrom, 1974; Byrom, 1976; Cohuet 

and Struijker-Boudier, 2006). These vascular changes also contribute to the long term 

maintenance of hypertension and development of end organ damage (Cohuet and 

Struijker-Boudier, 2006). Additionally, many clinical studies have reported relationships 

between alterations in vascular wall structure and cardiovascular disease development 

(O'Leary et al., 1999; Nambi et al., 2012; Magnussen, 2017). Although, antihypertensive 

agents that target the RAAS could provide some degree of protection from end-organ 

damage in addition to BP control (Dahlöf, 2003), it should be emphasized that the overall 

goal of most of current antihypertensive drugs is to normalize or stabilise BP (Luscher et 

al., 1996; Israili et al., 2007). However, the main cause for end-organ damage, for instance 

changes in blood vessel structure remain untreated. Understanding the association 

between additional factors (not only BP) implicated in the pathogenesis of end organ 

damage would extensively help to change the hypertension therapeutic strategy and 
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possibly improve hypertension therapy. Therefore, I will focus on hypertension-

associated vascular structural changes in the next section. 

 

1.2. Vascular remodelling 

1.2.1. Definition of vascular remodelling 

In 1987, Glagov and his colleagues reported the unpredictable finding that 

atherosclerosis-induced arterial lumen narrowing is not simply the outcome of 

atherosclerotic lesion enlargement. They described many changes in arterial wall 

structure including narrowed lumen, increased outside diameter and changes in the wall 

mass as an adaptive response to preserve blood flow (Glagov et al., 1987). Arterial wall 

adaptive responses such as controlling wall mass, lumen diameter and contractile capacity 

allow normal blood supply for organ requirements. Thus, the failure of the blood vessel 

to adapt, i.e. inability to remodel the vessels appropriately has been suggested as vascular 

failure (Schwartz et al., 2003). In disease states, such as in hypertension, these arterial 

adaptive changes do not return to normal and initiate the pathological vascular wall 

alterations seen with cardiovascular disease. This defective change is termed as vascular 

remodelling (Savoia et al., 2011), which is an active process of structural and functional 

modifications, involving changes in cell growth, cell migration, and extracellular matrix 

synthesis or degradation. Remodelling occurs in response to prolonged interactions 

between growth factors, vasoactive substances, and hemodynamic stimuli and 

consequently contribute to vascular pathophysiology (Gibbons and Dzau, 1994). 

1.2.2. Classification of vascular remodelling 

1.2.2.1. Normal arterial wall structure 

Basically, the arterial vascular wall contains three distinctive layers called tunics 

that contain various cellular components. The first inner layer is the tunica intima, also 

called the tunica interna, consisting of a single layer of endothelial cells, whereas the 

tunica externa, also called tunica adventitia, is the strong supportive outer layer of the 

blood vessel wall and is formed from an extracellular matrix of mainly elastin and 

collagen. Between the tunica intima and tunica externa, there are layers of vascular 

smooth muscle cells (VSMCs), called the tunica media, which constitutes the thickest 

layer in the atrial wall and is responsible for altering the blood vessel diameter in response 

to neuronal or humoral stimuli (Rubenstein et al., 2012; Greif, 2013; Laurent and 
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Boutouyrie, 2015). As shown in Figure 1.3, different types of arteries vary slightly in 

their structures according to their distribution in the body. The aorta and its major 

branches are termed conducting or elastic arteries, and their tunica media has more elastin 

and collagen than VSMC content, which facilitates vascular compliance to high BP flow 

from the cardiac output. As the blood flows further from the heart the arterial structure 

changes to more muscular arteries with relatively high contractile ability as they have a 

higher VSMC quantity with decreased extracellular matrix content in the tunica media 

layer. Finally, resistance arteries branch off from the muscular arteries, were the tunica 

media consists of VSMCs layers and there is an absence of extracellular matrix (Tennant 

and McGeachie, 1990; Rubenstein et al., 2012). 
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Figure 1.3 Anatomical and histological structure of conducting, muscular and 

resistance arteries. 

Structural difference of the arterial vascular walls in different types of arteries. The 

internal layer, the tunica intima, is a single layer of endothelial cells that are in direct 

contact with blood, then tunica media, which is composed of smooth muscle cells, control 

vascular tone. The tunica externa is composed of elastin and collagen fibres which give 

structural support to the arteries, Modified from Marieb, 2013. 
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1.2.2.2. Hypertensive vascular remodelling 

There are multiple different forms of vascular remodelling, which vary depending 

on the vessel type, disease state and progression. Hypertensive vascular remodelling can 

develop in large and small arteries walls and include changes in vascular wall cellular 

components such as endothelial cells, VSMCs, elastin and collagen content (Savoia et al., 

2011; Duca et al., 2016). It cac be outward, inward or eutrophic remodelling; processes 

of increase, decrease or no change the arterial lumen diameter (cross-sectional area), 

respectively. Vascular remodelling can be also hypertrophic or hypotrophic as a result of 

an increase or decrease in vascular wall cellular content, respectively (Gibbons and Dzau, 

1994; Carretero, 2005; Humphrey, 2008).  

 

 

 

Figure 1.4 Diagram presenting cross-section of different types of arterial 

remodelling. 

The vessel in the centre represents a normal artery cross-sectional area, eutrophic, with 

no change in cross-sectional area. Hypotrophic remodelling shows a reduced cross-

sectional area of the arterial wall (left); or hypertrophic, shows increased cross-

sectional area (right). These kinds of remodelling can be inward (lower line), showing 

decreased lumen diameter or outward (upper line), with increased lumen diameter. 

Adapted from Touyz and Montezano, 2015.  
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In hypertension, large arteries display hypertrophic remodelling while the smaller 

vessels such as muscular and resistances arteries undergo a combination of cellular 

hypertrophy and lumen reduction (Figure 1.5) (Owens et al., 1981; Owens and Schwartz, 

1983; Owens and Reidy, 1985; Korsgaard and Mulvany, 1988; Prewitt et al., 2002). In 

response to prolonged hypertension, large conductive arteries show a total increase in the 

vessel wall thickness due to increased thickness of the intima media layer in the range of 

15-40% (Roman et al., 1992; Laurent and Boutouyrie, 2015). Moreover, structural 

alterations observed in large arteries during hypertension are similar to those seen in 

elderly patients, suggesting that hypertension accelerates age-related large arterial wall 

remodelling (Mitchell et al., 2007; Harvey et al., 2015). Many previous studies in 

hypertensive animal models and hypertensive patients report that hypertensive vascular 

remodelling of resistance arteries can be either eutrophic and/or hypertrophic, depending 

on the disease severity (Mulvany, 1999). Resistance arteries of spontaneously 

hypertensive (SHR), renovascular hypertensive rats, in addition to mild essential 

hypertensive patients show mainly inward eutrophic remodelling (Schiffrin and Deng, 

1992; Korsgaard et al., 1993; Schiffrin et al., 1993; Li et al., 1996b). Furthermore, 

hypertrophic remodelling is associated with severe hypertensive conditions, such as those 

observed in deoxycorticosterone acetate (DOCA)-salt hypertensive rats and renal 

hypertensive rats (Korsgaard and Mulvany, 1988; Deng and Schiffrin, 1992). 

Additionally, Baumbach and colleagues reported that hypertension is associated with 

structural changes in the resistance arteries, resulting in a reduction in lumen diameter 

and increase in media/lumen (M/L) ratio (Baumbach and Heistad, 1989; Baumbach and 

Ghoneim, 1993). Collectively, a wealth of evidence indicates that hypertension stimulates 

structural modifications to resistance arteries and arterioles, leading to a reduction in 

lumen diameter, which plays a major role in long-term or chronic systemic vascular 

resistance and BP elevation in hypertension (Schiffrin et al., 1993; Mulvany, 

2002; Simon, 2004; Feihl et al., 2006). Furthermore, small artery remodelling is a 

hallmark of hypertension pathophysiology and could be the earliest manifestation of end 

organ damage, and also shows a positive correlation with the incidence of cerebrovascular 

and cardiovascular events (Park and Schiffrin, 2001; Rizzoni et al., 2003; Mulvany, 

2012). 
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Figure 1.5 Different forms of hypertensive vascular remodelling in large and 

resistance arteries. 

Hypertension induces changes to large and resistance arterial wall structure, with 

hypertrophic remodelling occurring in large arteries, while either hypertrophic or 

eutrophic remodelling can occur in resistance arteries. M: media, L: lumen, ↔: no 

change. Figure adapted from Grassi, 2003; Duprez, 2006. 
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1.2.3. Pathophysiology of hypertensive vascular remodelling 

Vascular remodelling is generated by several inter-related processes, comprising of 

endothelial dysfunction, VSMC proliferation, differentiation and migration, elastin fibre 

degradation, and deposition of extracellular matrix materials (van Varik et al., 2012). 

Initially, the endothelium acts as sensor for any change in haemodynamic state since 

endothelial cells are directly exposed to physical forces, humoral factors and 

inflammatory mediators (Gibbons and Dzau, 1994). Blood flow and shear stress stimulate 

endothelial cells to produce NO and other mediators, which in turn adjust vascular tone. 

Vascular mechanical homeostasis is referred to as the ability of vessels to adapt in 

response to the amount of wall stresses and tensions from blood flow (van Haaften et al., 

2017). In the case of pathological conditions, such as cardiovascular diseases, the ability 

of the endothelium to control vascular tone is reduced (Panza et al., 1990; Csiszar et al., 

2009; Urschel et al., 2012), indicating that disruption of vascular mechanical homeostasis 

may, in fact, initiate early pathways involved in pathological vascular remodelling 

(Humphrey, 2008). Furthermore, the endothelium contributes directly to vessel structural 

changes by releasing and activating many different substances which influence VSMC 

growth, apoptosis, migration and alter the composition of the extracellular matrix 

(Gibbons and Dzau, 1994). VSMCs are the major regulators of vessels’ diameter, and 

their functions are controlled by the autonomic nervous system innervation, endothelium 

released vasodilators or vasoconstrictors, reactive oxygen species, hormones and 

vasoactive peptides together with a cell-cell connection through gap junctions (Davis, 

2012; Ma et al., 2014). Furthermore, at the molecular level, the previously highlighted 

factors influence VSMC inflammation, proliferation and rearrangement; processes that 

are implicated in changes to the vascular wall architecture (Davis, 2012; Tuna et al., 

2012). Considering that the main feature of hypertensive vascular remodelling is 

increased arterial wall thickness and altered M/L ratio i.e. increase in the mass content of 

VSMCs layer, the mechanisms underlying VSMC proliferation will be discussed in the 

next section. 
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1.2.3.1. Pathological VSMC proliferation in hypertension 

Abnormal VSMC proliferation is one of the main causes of arterial remodelling that 

contributes to several types of cardiovascular diseases such as hypertension, 

atherosclerosis, restenosis and pulmonary hypertension (De Mey, 1995; Rudijanto, 

2007; Tajsic and Morrell, 2011). In normal conditions, contractile phenotype of VSMC 

regulates arterial tone and diameter (Alexander and Owens, 2012). They are characterized 

by specific phenotypic markers such as -smooth muscle actin, smooth muscle 22-, 

calponin and smoothelin. Expression of these contractile proteins allows VSMC to 

control vascular tone, and regulate systemic and local BP (Rensen et al., 2007; Coll-

Bonfill et al., 2016). In disease states, VSMC undergo phenotype modulation, 

differentiating from contractile ‘quiescent’ to synthetic ‘proliferative’ types, a process 

referred to as phenotypic switching, in response to stress or vascular injury, which is 

considered to be one of the main drivers of arterial wall remodelling (Owens, 

1995; Alexander and Owens, 2012; Coll-Bonfill et al., 2016). In addition, inflammatory 

mediators, growth factors and cytokines stimulate phenotypic alteration of VSMC (Willis 

et al., 2004). Interestingly, previous data show that >80% of VSMC at the sites of vascular 

remodelling or sites of arterial injury exhibit features of phenotypic differentiation 

(Shankman et al., 2015). Moreover, uncontrolled, differentiated smooth muscle cells 

accumulate in the vascular wall leading to media thickening and vascular stiffness 

(Nemenoff et al., 2011). Proliferation of VSMC also plays a central role in neointimal 

hyperplasia associated with atherosclerosis and pulmonary artery hypertension 

(Nemenoff et al., 2011). When VSMC switch to the synthetic phenotype, they release 

matrix metalloproteinases enzymes, which facilitate migration of VSMC from the media 

to the intima, further enhancing intimal VSMC hyperplasia and proliferation, resulting in 

arterial wall thickening (Willis et al., 2004; van Varik et al., 2012). Additionally, 

proliferative or synthetic VSMC express low levels of contractile proteins and high levels 

of signalling molecules which promote cell proliferation, migration, inflammation and 

fibrosis (Owens et al., 2004). The most obvious VSMC’s proliferative stimuli are growth 

factors including platelet-derived growth factor (PDGF), epidermal growth factor (EGF), 

insulin and insulin-like growth factor-1. Furthermore, vasoactive substances such as 

AngII, ET1 and serotonin (5-HT) substantially stimulate the proliferation of VSMC 

through their effects on corresponding G protein-coupled receptors (GPCR). Also, 

calcium, reactive oxygen species and inflammatory cytokines such as interleukins and 

tumour necrosis factor-α considerably stimulate the proliferation of VSMC (Wang et al., 
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2018a). These pro-proliferative stimuli activate signal transduction cascades that trigger 

VSMC growth and thus remodelling of the arterial wall. Prominent pathways involved in 

these processes include Ras/MAPK/ERK, Src, phosphatidylinositol 3-kinases/Akt, 

phospholipase C-γ and JAK/STAT molecules and their signalling pathways (Zhang and 

Liu, 2002; Stabile et al., 2003; Wang et al., 2018a). 

VSMC are considered key regulators of arterial tone since normal BP is maintained 

by ensuring a balance between the circulating concentrations and actions of vasodilators 

and vasoconstrictors. Together with vasoconstrictors-related molecular downstream 

signalling pathways which are implicated in the proliferation of VSMC and hypertensive 

vascular remodelling progression, the control of the proliferation of VSMC could be a 

possible therapeutic target to prevent development and progression of hypertensive 

vascular remodelling. Since the majority of vasodilators and vasoconstrictors mediate 

their effects via GPCRs, the next section will focus on GPCR structure and function.  
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1.3. GPCR 

1.3.1. GPCR definition, structure and activation 

GPCRs are a superfamily (>800 identified human GPCR sequences) of heptahelical 

integral membrane proteins which respond to various stimuli and are involved in the 

transmission of numerous signals across cell membranes. They are responsible for 

controlling a plethora of signalling networks which initiate a wide range of physiological 

and pathological actions (Gether, 2000; Fredriksson et al., 2003). GPCRs are important 

therapeutic targets and approximately 40% of Food and Drug Administration (FDA) 

approved therapeutics drugs target GPCRs or their associated signalling pathways 

(Schlyer and Horuk, 2006; Zhang and Xie, 2012).  GPCRs are also called seven 

transmembrane (7-TM) receptors as they have a common basic structure consisting of 

seven transmembrane helices (TM I-TM VII) linked together by three intracellular (i1-

i3) and three extracellular (e1-e3) loops, with both extracellular N-terminal and 

intracellular C-terminal domains (Baldwin, 1993; Bockaert and Philippe Pin, 1999). The 

structure and function of the extracellular N-terminal and intracellular C-terminal 

domains dictate the variations between GPCRs structures (Bockaert and Philippe Pin, 

1999). For example the extracellular N-terminal domain is responsible for ligand 

recognition and modifying ligand access. The 7-TM helices are responsible for ligand 

binding which results in conformational changes which facilitate transduction of 

extracellular ligand receptor signals to the intracellular region. In addition, the 

intracellular C-terminal domain interacts with cytosolic G proteins, GPCR regulatory 

proteins and downstream signalling effectors (Zhang et al., 2015). A total of 826 GPCR 

members can be classified according to 7-TM helical segments sequences into five 

different subfamilies or classes. Class A (rhodopsin family, 701 members), class B1 

(secretin family, 15 members), class B (adhesion family, 24 members), class C (glutamate 

family, 15 members) and class F (frizzled/taste family, 24 members) (Fredriksson et al., 

2003; Zhang et al., 2015). GPCRs recognize and transduce messages in response to a 

variety of stimuli such as neurotransmitters, hormones, chemokines, peptides, small 

molecule odorants, photons, purines, calcium, and peptides (Baldwin, 1993). Upon 

receptor activation, a relatively large scale rearrangement of the 7-TM helices occurs, 

leading to different receptor conformational changes and a variety of effects on 

downstream signalling pathways (Nygaard et al., 2009). The classical GPCR signalling 

transduction process is dependent on receptor-mediated activation of heterotrimeric G 

proteins. Heterotrimeric G proteins are guanylyl nucleotide-binding proteins that 
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comprise of three subunits, Gα, Gβ, and Gγ. The Gα subunit (~40-46 kDa) contains the 

guanine nucleotide binding site and possesses intrinsic GTPase activity. Gβ and Gγ 

subunits (~36 kDa and ~9 kDa) are associated with each other as a dimer  (Hollmann et 

al., 2005). During the inactive state, GDP bound Gα associates with the Gβγ dimer to form 

complex Gα/βγ heterotrimers. Receptor activation promotes the exchange of GDP for GTP 

on the G subunits, promoting a conformational change that causes dissociation of the Gα 

from Gβγ subunits. Both Gα and Gβγ subunits have been shown to initiate and modulate 

diverse downstream effector proteins and intracellular signalling response (Nygaard et 

al., 2009; Zhang et al., 2015). Gα subunits are classified into Gαs, Gαi, Gαq and Gα12/13. 

Each subunit targets different effectors; Gαs activate adenylyl cyclase, Gαi inhibit adenylyl 

cyclase and Gαq activate phosolipase C leading to generation of second messengers that 

mediate various cellular responses (Downes and Gautam, 1999) (Figure 1.6). The Gα12/13 

mediated signalling pathway via interaction and/or activation of diverse proteins at 

various levels that regulate various cellular responses such as activation of the small 

monomeric GTPase RhoA (Siehler, 2007; Suzuki et al., 2009). G protein signalling can 

be terminated by Gα subunit’s intrinsic GTPase activity, which hydrolyzes bound GTP to 

GDP results in re-association of Gα and Gβγ subunits and termination of classical signals 

(Druey et al., 1998). Gα subunit deactivation process is further accelerated by regulator 

of G protein signaling (RGS) proteins which act as GTPase-activating proteins. They 

regulate Gα subunit by increasing the rates of hydrolysis of GTP to GDP and thus return 

Gα subunit to the inactive state (Druey et al., 1998; Ross and Wilkie, 2000). Additionally, 

GPCR activity and cellular responses can also be terminated by receptor desensitization, 

a process involving active receptor phosphorylation of the GPCR by G protein coupled 

receptor kinases and arrestin recruitment which will be discussed later (Section 1.3.4). 
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Figure 1.6 Schematic diagram showing GPCR activation and related classical 

signalling pathways. 

Upon ligand binding, the receptor becomes activated which recruits heterotrimeric G 

proteins, causing the GTP/GDP exchange on the Gα, resulting in Gα/ dissociation, and 

activation of classical G protein dependent signalling pathways. PLC, phospholipase 

C; DAG, diacylglycerol; IP3, inositol 1,4,5-trisphosphate;  AC, adenylyl cyclase; 

cAMP, cyclic adenosine monophosphate; PKC, protein kinase C;  PKA, protein kinase 

A; [Ca2+]i,  intracellular calcium concentration.  
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1.3.2. Role of vascular GPCRs in hypertension 

1.3.2.1. G protein-mediated calcium-dependent/independent mechanisms of VSMC 

contraction and relaxation 

Vascular diameter and tone are determined by activation (phosphorylation) and 

inactivation (dephosphorylation) of contractile proteins such as actin and myosin (Touyz 

et al., 2018), which are expressed in VSMC. Phosphorylation of the myosin light chain 

(MLC) is the main process that promotes VSMC contraction (Somlyo and Somlyo, 2003), 

and the mechanisms that control MLC phosphorylation can be Ca2+-dependent or Ca2+-

independent (Touyz et al., 2018). Ca2+-dependent mechanism are activated by stimulation 

of VSMCs by vasoconstrictors such as neurohumoral stimuli (e.g. noradrenaline) and 

vasoactive peptides such as AngII, ET1, vasopressin and uridine-triphosphate (UTP). 

Such induce activation of their corresponding Gαq coupled GPCR. Gαq activation results 

in stimulation of phospholipase C (β-isoform), leading to the formation of the second 

messengers inositol-1,4,5-trisphosphate (IP3) and diacylglycerol (DAG). IP3, acts on 

inositol trisphosphate receptors (IP3Rs) located in the sarcoplasmic reticulum, mediating 

efflux of Ca2+ from intracellular stores into the cytoplasm. At the same time, DAG 

activates protein kinase C (PKC). PKC potentiates vascular Ca2+ channels activity such 

as voltage-dependent L-type Ca2+ channels, promoting Ca2+ influx and increased 

intracellular Ca2+ concentration [Ca2+]i. Higher [Ca2+]i increases Ca2+ binding to 

calmodulin, generating Ca2+-calmodulin complex which induce a conformational change 

in MLC kinase (MLCK), converting it to an active form. Activated MLCK 

phosphorylates target proteins that stimulate myosin-actin interactions, which causes 

force, shortening of myosin-actin filaments and consequent smooth muscle contraction 

leading to vasoconstriction (Allen and Walsh, 1994; Lozinskaya et al., 1997; Harris et al., 

2008; Hill-Eubanks et al., 2011; Lymperopoulos and Bathgate, 2013; Ghosh et al., 2017). 

Furthermore, vasoconstrictors can mediate smooth muscle contraction in a Ca2+-

independent manner, via regulating the dephosphorylation of MLC phosphatase (MLCP) 

(Puetz et al., 2009). Two different signalling pathways are involved in the Ca2+-

independent mechanism. The first mechanism utilises the PLC-DAG-PKC pathway, 

whereby activated PKC phosphorylates CPI-17, a smooth muscle-specific inhibitor of 

MLCP, which in turn inhibits phosphatase activity and thus stimulates persistent 

contraction (Ringvold and Khalil, 2017). It has been reported that PKCα and PKCε 

phosphorylate calmodulin and calponin, thus promoting actin and myosin interaction and 

subsequently VSMC contraction (Khalil et al., 1992; Walsh et al., 1996; Khalil, 2013). A 
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second Ca2+-independent mechanism uses the RhoA-Rho kinase pathway. RhoA is a 

small GTPase binding protein, highly expressed in VSMCs which is rapidly activated by 

vasoconstrictors. Activation of RhoA stimulates Rho-kinase which phosphorylates 

MLCP and inhibits its activity (Puetz et al., 2009; Loirand and Pacaud, 2010). Moreover, 

Rho-kinase stimulates phosphorylation of myosin phosphatase target subunit 1 (MYPT1) 

which then interferes with binding of MLCP to MLC and accordingly decreases MLCP 

activity resulting in sustained contraction of VSMC (Rahman et al., 2014). On the other 

hand, relaxation of VSMC requires a low [Ca2+]i level and increased activity of MLC 

phosphatase, which occurs as a result of either the removal of the vasoconstrictor or by 

the action of vasodilators (Webb, 2003). Vasodilators such as adrenaline act on β-

adrenoceptors, recruiting Gαs to stimulate adenylyl cyclase, leading to the formation of 

cAMP and subsequently activation of protein kinase A (PKA). PKA phosphorylates 

MLCK leading to activation of calcium pumps in the plasma membrane and sarcoplasmic 

reticulum to decrease [Ca2+]i concentrations, and promotes cell hyperpolarization by 

opening K+ channels. Collectively these functions of PKA cause increased smooth muscle 

relaxation and induce vasodilation (Consigny, 1991; Harris et al., 2008; Fukunaga et al., 

2016) by decreasing the ability of VSMC to contract. 
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Figure 1.7 G protein-mediated regulation of contraction and relaxation of VSMC. 

Vasoconstrictors bind to Gαq coupled receptors to activate PLC, hydrolysing PIP2  

creating the second messengers DAG and IP3, which increase [Ca2+]i resulting in 

phosphorylation of specific target proteins, the activation of MLCK and thereby the 

phosphorylation of MLC and smooth muscle cell contraction. However, vasodilators 

bind to Gαs coupled receptors, activate AC, produce the second messenger cAMP 

resulting in decreased [Ca2+]i, activation of MLCP and thereby dephosphorylation of 

MLC and smooth muscle cell relaxation. AngII, angiotensin II; ET1, endothelin-1; NA, 

noradrenaline; V, vasopressin: UTP, uridine triphosphate; ISO, isoprenaline; PLC, 

phospholipase C; PIP2, phosphatidylinositol 4,5-bisphosphate; DAG, diacylglycerol; 

IP3, inositol 1,4,5-trisphosphate; IP3R, inositol 1,4,5-trisphosphate receptors; SR, 

sarcoplasmic reticulum; AC, adenylyl cyclase; ATP, adenosine triphosphate; cAMP, 

cyclic adenosine monophosphate; PKC, protein kinase C; PKA, protein kinase A; 

Ca2+/CaM, Ca2+-calmodulin complex; MLC, myosin light chain; MLCK, MLC: 

myosin light chain kinase; MLCP, myosin light chain phosphatase. 
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1.3.2.2. G protein-mediated elevated vascular tone in hypertension 

GPCRs expressed in the VSMC play a major role in maintaining the balance 

between contraction and relaxation of the blood vessels (Harris et al., 2008). Hyper-

contractility of VSMC is one feature of essential hypertension (Brinks and Eckhart, 

2010). Hypertension is characterized by sustained vasoconstriction combined with 

impaired vasorelaxation (Feldman and Gros, 1998). Alterations in the regulatory 

processes of cell signalling pathways that maintain normal [Ca2+]i and MLC 

phosphorylation are likely to be a major contributor to the abnormal contraction of arterial 

smooth cells, which results in hypertension (Qin et al., 2004; Walsh, 2011). Indeed, 

previous studies reported that hypertension is associated with abnormalities in arterial 

myogenic responses (Immink et al., 2004; Jarajapu and Knot, 2005). In addition, adenylyl 

cyclase activity is reported to be altered in various hypertensive animal models, and the 

ability of Gαs to activate adenylyl cyclase reduced, probably due to the over-expression 

of Gαi (Anand-Srivastava et al., 1991; Anand-Srivastava, 1992). Moreover, hypertension 

is strongly associated with increased circulating levels of the vasoconstrictors which 

increase arterial contraction and ultimately elevate BP (Schiffrin, 1995; Bader et al., 

2001). Activation of the PLC-DAG-IP3 pathway, increased [Ca2+]i and amplified 

contractile responses of VSMC to vasoconstrictors, have been determined in hypertensive 

animals models and in hypertensive patients (Bazan et al., 1992; Silver et al., 1992; Touyz 

et al., 1995; Kosch et al., 2001). Furthermore, increased expression and activity of PKC 

has been reported in animal models of hypertension (Salamanca and Khalil, 2005) such 

as spontaneously hypertensive heart failure (SHHF) (Johnsen et al., 2005), and the SHR 

(Bazan et al., 1992). Collectively, these findings highlight a positive correlation between 

elevated vasoconstrictor concentrations, amplified GPCR/Gαq signalling and 

hypertension. Over-stimulation of Gαq signalling pathways is likely to not only enhance 

contraction of VSMC, but also activate signalling pathways associated with vascular 

remodelling (Mehta and Griendling, 2007; Huang et al., 2011). 
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1.3.3. Vasoconstrictors GPCR relevant signalling pathways on VSMC proliferation 

Hypertension is associated with increased circulating levels of vasoconstrictors 

which correlates with increased vasoconstrictor GPCR activity and an enhancing of their 

downstream signal transduction (Schiffrin, 1995; Bader et al., 2001; Kubo et al., 2002). 

In VSMCs, AngII mediates its effect mainly via AT1, a Gαq coupled receptor that 

stimulates various downstream signalling cascades promoting proliferation of VSMC 

(Watanabe et al., 2001; Paul et al., 2006; Mehta and Griendling, 2007; Kawai et al., 

2017). Many previously published studies report that AngII induced proliferation of aortic 

smooth muscle cells derived either from spontaneously hypertensive rats, Sprague 

Dawley rats or from white rabbits (Geisterfer et al., 1988; Paquet et al., 1990; Watanabe 

et al., 2001; Qin et al., 2004). Furthermore, data show that attenuation of AngII action via 

inhibition of ACE or blocking of AT1 receptors suppressed proliferation of VSMC 

(Uehara et al., 1993; Mabrouk et al., 2001). In VSMCs, ET1 exerts its effects through 

ETA, a Gαq coupled receptor which stimulates several downstream signalling pathways 

that induce proliferation of VSMC (Hirata et al., 1989; Daou and Srivastava, 2004; Huang 

et al., 2011). Previous reports show that the powerful mitogenic effect of ET1 on VSMC 

derived from hypertensive rats can be reversed by pharmacological blockade of ETA 

receptors (Schiffrin et al., 1993; Li et al., 1996b; Li et al., 1996a; Ljuca and Drevensek, 

2010). Although AngII and ET1 are known to activate a plethora of intracellular 

signalling pathways, both agonists are known to active the MAPK/ERK and PI3K/Akt 

pathways, both of which are centrally linked to cell proliferation (Takahashi et al., 

1999; Zhao et al., 2005; Ljuca and Drevensek, 2010; Huang et al., 2011). Therefore, the 

next section will focus on the roles that MAPK/ERK and PI3K/Akt signalling pathways 

play in cellular proliferation. 
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1.3.3.1. Gαq modulates MAPK/ERK signalling pathway 

Mitogen activated protein kinase (MAPK) cascades are essential signal 

transduction pathways that regulate a diverse number of cellular functions including cell 

proliferation (Zhang and Liu, 2002). MAPKs are serine-threonine kinases that are 

activated by a wide-range of stimuli, and have been characterised into three cascades: 

extracellular signal-regulated kinase (ERK; including ERK1/2, ERK3/4, ERK5 and 

ERK7); Jun kinase (JNK and SAPK) and; p38 kinase. MAPK cascades involve activation 

of a series of enzymes including a MAPK kinase kinase, a MAPK kinase and a MAPK 

(Widmann et al., 1999). One critical MAPK cascade implicated in cell cycle progression 

and mitogenesis is the p44/p42 MAPK (ERK1/2) pathway (Pagès et al., 1993). The 

majority of Gαq coupled receptors have been shown to activate ERK1/2 via the 

Ras/Raf/MEK cascade. Gαq subunits transduce signals through PLC-DAG-PKC and 

PLC-IP3-Ca2+ mechanisms (Figure 1.8) (Muthalif et al., 1996; Schonwasser et al., 1998). 

Both mechanisms activate Ras and lead to activation of the MAPK kinase Raf, which in 

turn activates MEK1/2, which then phosphorylates ERK1/2 at threonine 202 and tyrosine 

204, ultimately enhancing their enzymatic activity (Xu et al., 2001). Subsequently, 

phosphorylated/active ERK1/2 translocates to the nucleus and mediates the regulation 

and activation of a large number of genes, which stimulate cell growth and differentiation 

(Zhang and Liu, 2002). Another mechanism for the Ras/Raf/MEK cascade activation 

through Gαq coupled receptors-mediated receptor of tyrosine kinase transactivation. For 

example, Gαq coupled receptors transactivate EGFR (Prenzel et al., 1999; Ohtsu et al., 

2006). This transactivation plays an essential role in propagation of down-stream 

signalling. For instance, α1-adrenoceptor-mediated transactivation of EGFR and ERK1/2 

activation which participate in smooth muscle cell growth (Zhang et al., 2004). 

In hypertension, ERK1/2 activation levels are enhanced in hypertensive animal 

models such as SHR and (DOCA)-salt hypertensive rats (Kim et al., 1997; Kim et al., 

2005b). Additionally, AngII-induced ERK1/2 activation is amplified in SHR VSMCs 

(Touyz et al., 2001; Kubo et al., 2002). Elevated levels of ERK1/2 activation can be 

involved in both vasoconstriction and proliferation of VSMC (Roberts, 2012). 

Furthermore, previous work shows that stretching of the arterial wall stimulates vessel 

contraction and enhances ERK1/2 activity (Oeckler et al., 2003). Moreover, ERK1/2 

activates MLCK, enhances MLC phosphorylation and thus can induce VSMC contraction 

(Klemke et al., 1997). In addition, ERK1/2 signalling is implicated in proliferation of 

VSMC (Watts, 1998; Yamanaka et al., 2001). Jing et al., demonstrate that ERK1/2 
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activation is associated with hypertension-induced increases renal arterial wall thickness 

in SHR, which can be ameliorated by inhibition of ERK1/2 phosphorylation (Jing et al., 

2011). Gαq coupled vasoconstrictors such as AngII and ET1 have been reported as 

promoter of proliferation of VSMC via the ERK1/2 signalling pathway (Zhao et al., 

2005; Ljuca and Drevensek, 2010). These studies highlight the important role of the 

MAPK/ERK signalling pathway in hypertension and hypertensive vascular remodelling.  

 

 

 

  

Figure 1.8 Schematic diagram 

showing the role of the GPCR on 

MAPK/ERK signalling cascade 

activation. 

Activation of vasoconstrictor 

GPCRs results in generation of the 

second messengers DAG and IP3, 

which increase [Ca2+]i resulting in 

Ras/Raf/MEK cascade activation, 

which regulates a variety of nuclear 

genes to stimulate cell cycle 

progression. PLC, phospholipase 

C; PIP2, phosphatidylinositol 4,5-

bisphosphate; DAG, 

diacylglycerol; IP3, inositol 1,4,5-

trisphosphate; IP3R, inositol 1,4,5-

trisphosphate receptors; PKC, 

protein kinase C. 
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1.3.3.2. Gαq modulates PI3K/Akt signalling pathway 

Phosphoinositide 3-kinase (PI3K) is an enzyme that has multiple catalytic and 

regulatory subunits, and belongs to a family of enzymes that can be classified based on 

their lipid substrate specificity into three classes; class I PI3K including class IA PI3K 

and class IB PI3K, class II PI3K and class III PI3K. They form heterodimeric complexes 

with several adaptor proteins that link different upstream and downstream signalling 

cascades (Vanhaesebroeck et al., 1997). One major PI3K effector is Akt, also known as 

protein kinase B (PKB) which is a serine/threonine kinase. There are currently three Akt 

isoforms; Akt1 (PKBα), Akt2 (PKBβ) and Akt3 (PKBγ). Akt2 distribution is limited to 

insulin-responsive tissues while Akt1 and Akt3 are ubiquitously expressed (Bellacosa et 

al., 2004). Akt enzymes have two phosphorylation sites, Thr 308 located in the activation 

loop and S473 in a C-terminal motif (Figure 1.9). Class I PI3Ks are acutely activated by 

tyrosine kinase receptors and/or GPCRs, leading to generation of the 

phosphatidylinositol-3,4,5-trisphosphate (PIP3) (Vanhaesebroeck et al., 

2001; Guillermet-Guibert et al., 2008). PIP3 binds to the PH domain of Akt, enabling its 

membrane recruitment and subsequent phosphorylation by 3’ phosphoinositide 

dependent-kinase 1 (PDK1) at the Thr 308 residue. PDK1 is also activated by PIP3 (Alessi 

et al., 1997). To terminate PI3K-PIP3-PDK1-Akt signalling, PIP3 is dephosphorylated by 

PTEN (Leslie and Downes, 2004). Once phosphorylated Akt activates diverse 

downstream effectors such as protein kinases and adaptor proteins that mediate signalling 

cascades controlling cell cycle progression and proliferation (Bellacosa et al., 2004). The 

Akt proliferative effect is mediate by phosphorylation of glycogen synthase kinase 3 

(GSK3) and thus the inhibition of GSK3 activity, a regulator for various downstream 

targets (Beurel et al., 2015).  Moreover, Akt can stimulate cell proliferation via regulation 

of the cell-cycle. Akt signalling increases cyclin D1, increases c-myc transcription and 

prevents cell cycle arrest, thus promoting cell survival and cell cycle progression (Figure 

1.10) (Chang et al., 2003; Liang and Slingerland, 2003). Moreover, Akt signalling is 

known to participate in the pathogenesis of vascular remodelling through proliferation 

and migration of VSMC (Fernández-Hernando et al., 2009). Furthermore, the activation 

of many different Gαq coupled receptors has been linked to the activation of PI3K-Akt 

and subsequently promotion of cell growth (Murga et al., 1998; Takahashi et al., 

1999; Ushio-Fukai et al., 1999). Previously published studies highlight the involvement 

of the Akt-GSK3β pathway in proliferation of VSMC (Park et al., 2003), increasing 
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proliferation and survival of VSMCs and the proliferation of adventitial fibroblasts 

associated with arterial injury-induced medial thickening (Stabile et al., 2003; Havelka 

and Kibbe, 2011). These such evidence emphasises the important role of PI3K/Akt 

signalling in proliferation of VSMC.  

 

 

 

 

 

 

 

Figure 1.9 Sturctures of different Akt isoforms showing their activation sites.  

All the Akt isoforms are composed of a catalytic (kinase) domain in the central zone of 

the molecule, a PH domain (pleckstrin homology) may acts as a PIP3 binding site and 

a RD (regulatory domain) is located at the C-terminal. Threonine and serine 

phosphorylation sites are located in the activation loop of the kinase domain and in the 

RD domain. Adapted from Martelli et al., 2012. 
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Figure 1.10 Schematic diagram showing the effect of GPCR activation on the 

PI3K/Akt signalling cascade. 

Activation of vasoconstrictor GPCRs results in activation of PI3K which converts PIP2 

to PIP3. PIP3 activates PDK1, which phosphorylates Akt at T308. Activated Akt 

phosphorylates and inhibits GSK3(α/β) activity, resulting in the stimulation of cell 

cycle progression, survival and proliferation. PIP2, phosphatidylinositol 4,5-

bisphosphate; PIP3,  phosphatidylinositol-3,4,5-trisphosphate; PI3K, phosphoinositide 

3-kinase; PDK1, phosphoinositide dependent-kinase 1; Akt, protein kinase B; 

GSK3(α/β), glycogen synthase kinase 3. 
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1.3.4. GPCR regulation 

1.3.4.1. GPCR signalling termination 

Regulation of GPCR activity and signalling pathways is tightly regulated by 

processes termed desensitization which can be described as the loss of response as a 

consequence of repeated or prolonged agonist stimulation (Hausdorff et al., 1990). GPCR 

desensitization can be defined as the physical uncoupling of G proteins from their 

associate receptors resulting in a decrease in their ability to activate and initiate 

intracellular signalling cascades (Penela et al., 2003). Receptor desensitization is thought 

to provide a protective mechanism to prevent prolonged or inappropriate signalling 

(Lodowski et al., 2003; Brinks and Eckhart, 2010). Receptor desensitization is initiated 

by GPCR phosphorylation which can be mediated by two major proteins kinases classes. 

The first class is G protein coupled receptor kinases (GRKs) which phosphorylate 

agonist-bound active GPCRs mediating homologous receptor desensitization (Willets et 

al., 2003). Homologous desensitization is triggered when a ligand bind to its cognate 

receptor and only the ligand occupied receptor will undergo a decreased capacity to signal 

(Kelly et al., 2008). Secondly, GPCRs can also be phosphorylated by second messenger 

kinases such as PKA and PKC, which are able to phosphorylate receptors that possess 

appropriate PKA or PKC motifs, irrespective of whether the GPCR is occupied by 

agonist, thus producing heterologous desensitization (Stadel et al., 1983; Hausdorff et al., 

1990; Willets et al., 2003). Heterologous GPCR desensitization, is a more general process 

that can affect the responsiveness of both agonist-occupied or unoccupied GPCRs (Kelly 

et al., 2008). Receptor phosphorylation subsequently increases the affinity of GPCRs for 

arrestin proteins, whose binding physically prevents further GPCR/G protein interactions 

and therefore lead to a cessation of G protein signalling (Brinks and Eckhart, 2010).  

1.3.4.2. Role of GRKs and arrestins in GPCR desensitization 

The GRK family consist of seven serine/threonine kinases that belong to the AGC 

kinase family that are activated by (active) ligand-occupied GPCRs (Homan and Tesmer, 

2014). GRKs can be functionally divided into three subcategories: the visual GRKs 

including GRK1 (rhodopsin kinase) and GRK7 (iodopsin kinase); the non-visual GRKs 

including β-adrenergic receptor kinase, containing GRK2 (β-ARK1) and GRK3 (β-

ARK2) and; the GRK4 sub-group, which includes GRK4, GRK5 and GRK6 (Willets et 

al., 2003). At the tissue level, GRK1 and GRK7 are predominantly expressed in the retina 

and are involved in photoreceptor regulation. GRK4 has a limited tissue distribution and 



 

42 

 

is mainly found in testes, the kidney and some areas of the brain, while GRKs 2, 3, 5 and 

6 are ubiquitously expressed. Therefore, most GPCRs are potentially regulated by only 

four GRKs, 2, 3, 5, or 6 (Premont et al., 1996; Pugh and Lamb, 2000; Premont and 

Gainetdinov, 2007). Structurally, GRKs are multi-domain proteins with a shared 

central serine/threonine protein kinase catalytic domain (~270 residues), an N-

terminal domain (~185 residues) which is thought to be important for receptor 

recognition and contains a regulator of G protein signalling (RGS) homology domain 

(RH) (~120 residues) and finally a variable-length C-terminal domain (~105-230 

residues) (Penela et al., 2010b; Homan and Tesmer, 2014) (Figure 1.11). The C-

terminal domain structure is the determining factor for GRK membrane localization. 

Indeed, GRKs 1 and 7 contain prenylation motifs and are constitutively attached to 

the plasma membrane.  GRKs 4 and 6 are palmitoylated which enables their 

membrane attachment, whereas the C-terminus of GRK5 contains positive lipid-

binding sites which interact with the negative phospholipid membrane. Conversely, 

GRK2 and GRK3 are cytoplasmic proteins which are recruited to ligand bound 

GPCRs at the plasma membrane. Agonist-dependent membrane translocation of 

GRK2 and GRK3 is mediated by several structural components including the C-

terminal pleckstrin homology (PH) domain which contains binding sites for the 

membrane phospholipid PIP2 and Gβγ dimer subunits (Penela et al., 2003; Ribas et al., 

2007; Homan and Tesmer, 2014). In addition,  a second Gβγ binding site has been 

mapped in the N-terminal region of GRK2 (Eichmann et al., 2003). Furthermore, both 

kinases contain N-terminal RH domains, which bind to active, GTP bound Gαq. This 

binding can subsequently inhibit GPCR/Gαq interactions to terminate G protein 

signalling (Tesmer et al., 2005).  

Arrestins are a family of multifunctional adaptor proteins with only four different 

isoforms. The visual isoforms (arrestin1 and arrestin4) are expressed only in the retina, 

while the widely expressed somatic isoforms arrestin2 (β-arrestin1) and arrestin3 (β-

arrestin2) are involved in the regulation of most GPCRs (Premont and Gainetdinov, 

2007; Evron et al., 2012). Structurally, arrestins consist of two curved-shaped β-

sandwiches, labelled as N and C domains (Figure 1.11) (Scheerer and Sommer, 2017). 

Arrestin2 and arrestin3 have 78% matching amino acid sequence homology with 

differences in the C-domain. Although arrestin2 and 3 are thought mainly to reside in the 
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cytoplasm, both have a nuclear localization signal located at the N-domain, and as such 

can be translocated into the nucleus (Wang et al., 2003; Hoeppner et al., 2012). 

Additionally, arrestin3 has a nuclear export signal located at C-domain that enables its 

shuttling to the cytoplasm (Wang et al., 2003). 
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A) 

 

 

B) 

 
 

Figure 1.11 Basic structures for the GRK subfamilies and arrestins. 

A) Basic multiple domain structure for GRKs contain an N-terminal regulator of G-

protein signalling (RGS) domain (red) and a central serine/threonine kinase catalytic 

domain (yellow). The major differences between GRK members are within the C-

terminal domains (green). The C-terminal is prenylated in the visual GRK subfamily 

and contains palmitoylation sites in the GRK4 subfamily. In GRK2 and GRK3, C-

terminus contains a pleckstrin homology (PH) domain with binding sites for Gβγ and 

PIP2 (Homan and Tesmer, 2014). B) Arrestins structural domains contain two major 

domains: the N-terminus domain and C-terminus domain. The N domain is implicated 

in nuclear localization (yellow) of both arrestins and the nuclear export signal (NES) 

(red) is in arrestin3 only. Binding sites such as the binding site for Src, Mdm2, JNK3 

and IкBα are shown as purple and green lines. Modified from Ma and Pei, 

2007; Sharma and Parameswaran, 2015.  
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Agonist binding and/or GPCR activation induces GRK recruitment and subsequent 

phosphorylation of serine/threonine moieties situated in the third intracellular loop or C-

terminal tail of the receptor (Benovic et al., 1991; Lefkowitz, 1993). This results in the 

creation of specific phosphorylation patterns called phosphorylation barcoding, which has 

been proposed as the determinant of arrestin recruitment (Penela et al., 2010b). GPCR 

phosphorylation consequently increases the affinity of GPCRs for arrestin proteins, 

promoting their recruitment and creating a low-affinity pre-complex with the receptor 

(Attramadal et al., 1992; Scheerer and Sommer, 2017). Phosphorylated GPCRs induce 

conformational changes in the arrestin structure that allow the second binding step, i.e. 

tight arrestin-GPCR binding, which creates a high-affinity complex (Scheerer and 

Sommer, 2017). The physical association of GPCR and arrestin prevents further 

GPCR/G-protein interaction, terminating intracellular G protein-dependent signalling. 

Additionally, phosphorylated GPCR-arrestin complexes are targeted for clathrin-

mediated endocytosis, a process which initiates the recycling of GPCRs to the plasma 

membrane and their re-sensitization. Based on the strength of the GPCR-arrestin 

interaction, receptors undergo either recycling (weak interaction; class A GPCR), or 

sustained internalization into endosomes (strong interaction; class B GPCR), or 

degradation (Oakley et al., 2000; Kelly et al., 2008; Penela et al., 2010b). Furthermore, 

arrestins function as ligand-regulated adaptor scaffolds which enable the formation of 

signalling complexes by recruiting proteins to activated GPCRs (Luttrell and Miller, 

2013).  
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Figure 1.12 GPCR regulation by GRKs and arrestins. 

Upon GPCR activation and G protein activation, agonist-occupied GPCRs are 

subsequently phosphorylated by GRKs in the third intracellular loop or C-terminal. 

Receptor phosphorylation increases the affinity for arrestin recruitment. This enables 

arrestin binding to the GPCR, which results in termination of G protein signalling, 

receptor desensitization, internalization, and initiation of G protein-independent 

signalling.  
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1.3.4.3. Multiple functions of GRK2 beyond GPCR desensitization  

The role of GRKs and arrestins in GPCR function are not limited to receptor 

desensitization, and previous evidence indicates that both GRKs and arrestins are capable 

of interacting with a diversity of cellular proteins. This implicated in signal transduction 

in a G protein-independent manner that is also called non-classical or non-canonical 

GPCR signalling. This could be involved in sustained GPCR effects (Shenoy and 

Lefkowitz, 2011, Penela et al., 2010a). As GRK2 a multiple domain protein (total of ~689 

residues, ~80 kDa), GRK2 is capable of having several forms of protein-protein 

interactions. As mentioned in Section 1.3.4.2, GRK2 binds directly to Gαq subunits via its 

N-terminal RH domain and can also bind to Gβγ dimers through its C terminal PH domain 

(Willets et al., 2004; Tesmer et al., 2005; Homan and Tesmer, 2014). Furthermore, GRK2 

can regulate the activity of some tyrosine kinase receptors such as the EGF, IGF-1, and 

PDGF receptors (Hildreth et al., 2004; Hupfeld and Olefsky, 2007; Chen et al., 2008). 

GRK2 can also phosphorylate non-receptor substrates such as  R-Smad, resulting in the 

prevention of R-Smad complex nuclear translocation (Ho et al., 2005a). Moreover, GRK2 

can modulate cellular responses in a phosphorylation-independent process, acting as a 

scaffold for a diverse number of proteins implicated in signalling pathways and 

trafficking (Penela et al., 2010b). Indeed, previous reports have shown that GRK2 can be 

associated directly with PI3K, clathrin, MEK and caveolin-1 (Shiina et al., 2001; Naga 

Prasad et al., 2002a; Schutzer et al., 2005; Jimenez-Sainz et al., 2006). Multiple 

phosphorylation-dependent and/or independent GRK2 interactions suggest that GRK2 

might act as an effector contributing to the regulation of various cellular signal 

transduction processes. Furthermore, alterations in GRK2 expression and activity are 

implicated in several pathological conditions, which implies that these GRK2 alterations 

could participate in disease onset or progression (Ribas et al., 2007; Penela et al., 2010b). 

For example, changes in GRK2 expression and/or activity have been reported in several 

diseases such as opioid dependence, heart failure, ovarian malignancies, Alzheimer’s 

disease, multiple sclerosis and rheumatoid arthritis (Lombardi et al., 2001; King et al., 

2003; Ferrer-Alcon et al., 2004; Iaccarino et al., 2005; Vroon et al., 2005; Obrenovich et 

al., 2009; Rengo et al., 2014). Interestingly, hypertension is associated with elevated 

levels of GRK2 expression in arterial smooth muscle (Gros et al., 1997; Gros et al., 

2000; Eckhart et al., 2002; Cohn et al., 2008; Cohn et al., 2009; Willets et al., 2015), 

which suggests that GRK2 may play a role in the development of this disease. Therefore, 
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the potential mechanisms by which GRK2 participates in hypertension and vascular 

remodelling will be discussed in the following section. 

 

 

 

 

Figure 1.13 Structure of GRK2 with Gβγ and Gαq interaction. 

Different GRK2 interactions with several signalling proteins may participate in various 

cellular functions. Crystal structure showing Gβγ interaction with the PH domain, Gαq 

interaction with the RH domain and ATP-binding site located in the catalytic domain 

Tesmer et al., 2005; Penela et al., 2010b. 
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1.3.4.4. What is known about the roles that GRK2 plays in hypertension and 

vascular remodelling? 

In VSMCs, continuous exposure to elevated circulating levels of vasoconstrictors 

such as ET1, AngII or UTP increases signalling through their cognate GPCRs (ETA, AT1 

and P2Y2), which couple to Gαq signalling that plays a major role in hypertension 

pathogenesis (Harris et al., 2007). Increased Gαq signalling elevates intracellular Ca2+ 

concentrations, leading to increased VSMCs contraction, increasing peripheral vascular 

resistance, and also contributes to vascular remodelling (Grassi, 2006; Harris et al., 

2008; Lymperopoulos and Bathgate, 2013). Existing evidence suggests that GRK2 is an 

important regulator of the sensitivity and responsiveness of these receptors in VSMCs, 

acting to prevent prolonged or inappropriate Gαq signalling. Indeed, previously published 

studies confirm that GRK2 is the key negative regulator for ETA and P2Y2 receptor 

mediated PLC activity in VSMCs (Morris et al., 2010; Morris et al., 2011). Moreover, 

GRK2 also regulates AT1 activity and has been shown to phosphorylate the AT1 

expressed in human embryonic kidney 293 (HEK293) cells and in cardiomyocytes 

(Oppermann et al., 1996; Rajagopal et al., 2006; Violin et al., 2006). Furthermore, 

Rainbow et al., 2018, reported that inhibition of GRK2 activity in VSMCs decreases the 

desensitization process of AngII and UTP-stimulated PLC-mediated arterial contractions, 

thus confirming GRK2 as the major regulator of vasoconstrictor GPCRs function in 

whole arteries (Rainbow et al., 2018). Therefore, GRK2 may show central roles in 

preventing the increased Gαq signalling observed during hypertension. Certainly, recent 

studies show that GRK2 expression is enhanced in hypertensive animal models (Gros et 

al., 2000; Eckhart et al., 2002; Cohn et al., 2008; Willets et al., 2015), as well as in 

hypertensive patients (Gros Robert, 1997; Cohn et al., 2009). Although it is not clear if 

the changes in GRK2 expression are a causal factor or a consequence of hypertension, it 

has been shown that enhanced vascular tone in hypertension can act as a promoter for 

GRK2 expression in aorta smooth muscle (Ramos-Ruiz et al., 2000). Moreover, Gαq 

mediated vasoconstriction increased GRK2-promotor activity in HEK293 cells (Ramos-

Ruiz et al., 2000), and Gαq-mediated activation of MAPK/ERK increased endogenous 

GRK2 protein expression in primary cardiomyocyte cells (Theilade et al., 2002; Theilade 

et al., 2005). Interestingly, GRK2 has been reported to inhibit endothelial NO production, 

highlighting another mechanism by which increased GRK2 expression could play a 

pathophysiological role in the development of hypertension (Feldman, 2002). 

Additionally, GRK2 is reported to mediate the desensitization of β-adrenoceptors, which 
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play a leading role in mediating vasodilation. Therefore, increased GRK2 expression may 

impair vasodilation in hypertension, which possibly contributes to the shifting in the 

balance between vasoconstrictors and vasodilators processes toward more 

vasoconstriction resulting in elevation of BP (Gros et al., 2000).  

At the level of vascular remodelling, GRK2 overexpression in VSMC resulted in a 

30% increase in vascular wall thickness (Eckhart et al., 2002), suggesting a link between 

GRK2 expression levels and agonist-induced VSMC proliferation (Ramos-Ruiz et al., 

2000). Although little is known about the molecular mechanisms by which GRK2 may 

regulate VSMC proliferation, there is some evidence showing that GRK2 plays an 

important role in cell proliferation. Penela et al., reported that cyclin-dependent kinase 2 

(CDK2) phosphorylates GRK2 and consequently interacts with the prolyl-isomerase 

promotes (Pin1), to promote cell cycle progression. This interaction results in temporary 

down-regulation in GRK2 expression in the G2 phase, which is important for normal cell 

cycle progression (Penela et al., 2010a). Moreover, GRK2 knockout results in embryonic 

lethal-hypoplasia of ventricular myocardium (Jaber et al., 1996). Collectively these 

findings suggest that GRK2 plays a key role in cell growth and development in the 

cardiovascular system. Many research articles describe the possible molecular 

mechanism by which vasoconstrictors can induce VSMC proliferation (Komuro et al., 

1988; Hirata et al., 1989; Muthalif et al., 1996; Wen et al., 1996; Qin et al., 2004; Lee et 

al., 2006; Ljuca and Drevensek, 2010). However, whether GRK2 (the main kinase 

regulator of vascular contractile GPCRs) over-expression in hypertension is involved in 

vasoconstrictor induced VSMC proliferation remains to be established.  

Overall, hypertension-induced vascular remodelling is the main contributor to end-

organ damage. It is characterized by an increase in vascular wall thickness and a reduction 

in lumen diameter, which is strongly associated with many cardiovascular diseases.  

Proliferation of VSMCs is one of the important changes during the development of 

hypertensive vascular remodelling. Hypertension is connected with increased circulating 

levels of many vasoconstrictors that leads to continuous activation of Gαq signalling, 

enhanced VSMCs contraction, and contributes to VSMC proliferation via activation of 

various signalling pathways. In addition, hypertension is associated with elevated levels 

of GRK2 in arterial smooth muscle cells, which is known to negatively regulate Gαq 

signalling. However, the roles of GRK2 protein in VSMC proliferation, associated with 

hypertensive vascular remodelling have not been extensively studied. This thesis aims to 
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examine the potential effects of GRK2 in vasoconstrictor-induced VSMC proliferation 

and remodelling that are associated with hypertension. 

 

 

 

 

 

Figure 1.14 Proposed relationship between GRK2 and vasoconstrictor GPCRs and 

proliferation of VSMC. 

Hypertension is associated with increased circulatory levels of vasoconstrictors, which 

mediate their vasoconstriction ability via Gαq stimulation, increased Gαq-related activation 

of MAPK/ERK and PI3K/Akt signal transduction that promote proliferation of VSMC. 

Consequently, over-stimulation of vasoconstrictor GPCR signalling leads to increased 

media/lumen ratios and reduced vessel inner diameter. As GRK2 is the main negative 

regulator of vasoconstrictor GPCR signalling it is possible that GRK2 plays a major role 

in hypertension-induced vascular remodelling. 
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1.4. Aims and objectives 

1.4.1.  Aims  

To investigate the roles that GRK2 plays in the control and regulation of 

vasoconstrictor-stimulated proliferation of VSMC. Furthermore, to characterise the 

possible molecular mechanisms underlying GRK2 regulation proliferation of VSMC, in 

particular to identify the effect of GRK2 on Gαq-mediated MAPK/ERK and PI3K/Akt 

signalling pathways. 

1.4.2.  Objectives  

1.4.2.1. Is GRK2 essential for vasoconstrictor-mediated VSMC proliferation?  

As hypertension is associated with increased circulatory levels of vasoconstrictors, 

initially the proliferative effect of vasoconstrictors (AngII, ET1, V, NA and UTP) on 

VSMCs will be investigated. Next, the requirement for GRK2 expression and/or its 

catalytic activity in vasoconstrictor-induced VSMC proliferation will be determined. To 

achieve this the effects of vasoconstrictors on VSMC proliferation will be determined 

using standard [3H]-thymidine incorporation assays. Also, the effect of these 

vasoconstrictors on the proliferative marker (Ki67) activation using 

immunocytochemistry technique will be investigated. After that, similar experiments will 

be conducted following specific inhibition of GRK2 kinase activity using compound 101 

(COMP101), a small molecule inhibitor (Lowe et al., 2015), and following depletion of 

GRK2 protein expression using siRNA techniques (Nash et al., 2018) to determine 

whether GRK2 expression and/or its catalytic activity regulate vasoconstrictor-stimulated 

VSMC proliferation.    

1.4.2.2. What are the molecular mechanisms underlying GRK2 in regulation of cell 

proliferation? 

Vasoconstrictors can activate several different signalling pathways that are linked 

to cell survival and proliferation including PI3K/Akt and MAPK/ERK (Takahashi et al., 

1999; Zhao et al., 2005). Standard western blotting techniques will be applied to study 

changes in the phosphorylated (active forms) of MAPKs in order to identify the possible 

pathways that are involved in the vasoconstrictor-mediated VSMC proliferation. GRK2 

expression levels/activity will be altered (using the techniques outline above) to 

determine whether this protein regulates pro-survival signalling pathways in VSMCs. 
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2. Materials and Methods 

2.1. Materials  

2.1.1. Materials for primary cell preparations, growth medium and supplements, 

peptides and inhibitors 

Angiotensin II (AngII), uridine-triphosphate (UTP), noradrenaline (NA), platelet-

derived growth factor-BB human (PDGF-BB), bovine serum albumin (BSA), digestive 

enzyme (papain) and anti-oxidant (dithiothreitol; DTT) were obtained from Sigma 

Aldrich, UK. Dulbecco’s phosphate buffered saline (PBS), Dulbecco's modified Eagle 

medium (DMEM-GlutaMAX) as well as their supplements including foetal calf serum 

(FCS), penicillin/ streptomycin (P/S), amphotericin B, and trypsin-EDTA were supplied 

from Gibco Life Technologies, UK. Endothelin-1 (ET1), vasopressin (V), paroxetine 

maleate, fluoxetine hydrochloride and compound 101 were purchased from Tocris 

Bioscience, UK. PD98059 were purchased from Cell Signaling Technology, USA. 

LY294002 was purchased from Cambridge Bioscience LTD, UK. Flou-4-AM was 

purchased from Life Technologies, USA.  Cell culture vessels including cell culture 

flasks (growth area: T25 and T175 cm²) and filter acrodisc tuffryn (0.2µm; st.25mm) were 

obtained from VWR International LTD, UK and multi well plates (6 well and 24 well) 

were from Greiner Bio-one LTD, UK. Tissue culture sterile polystyrene, non-pyrogenic 

individual wrap pipettes (0.1, 5, 10 and 25 ml) and filter pipette tips (10, 200 and 1000 

µl) were purchased from Fisher Scientific LTD, UK.  

2.1.2. Materials for cell proliferation assays 

Radioactive [3H]-thymidine (1mCi), Emulsifier-Safe™ and polyethylene liquid 

scintillation counting vials were provided by PerkinElmer, USA. ROCHE Cell 

Proliferation Kit I (MTT), trichloroacetic acid (TCA), potassium acetate, sodium-

hydroxide (NaOH), diethyl ether, ethanol and dimethyl sulfoxide (DMSO) were 

purchased from Sigma Aldrich, UK. 

2.1.3. Materials for protein knockdown  

AmaxaTM Basic NuclecofectorTM kit for primary smooth muscle cells was purchase 

from Lonza Bioscience, UK. Pre-designed silencers including a negative control siRNA, 

GRK2 ‘ARβBK1’ siRNA (ID:200413), GRK5 siRNA (ID: s222052), GRK5 siRNA 
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(ID:s222053), GRK6 siRNA (ID: s133079),  arrestin 2 ‘ARRβ1’ siRNA (ID:s1623) and  

arrestin 3 ‘ARRβ2’ siRNA (ID:s1626) were purchased from Invitrogen, Life 

Technologies, USA.  

2.1.4. Materials for immunoblotting  

ProtoGel (30% acrylamide to bisacrylamide stabilized solution at 37.5:1 ratio) was 

obtained from Geneflow LTD, UK. TRIS-glycine-SDS running buffer (10X), pH 8.3 and 

Tween 20 were purchase from Fisher Scientific LTD, UK. Bradford reagent, Tris HCl, 

glycine, Ponceau S solution, methanol, sodium dodecyl sulfate (SDS), ammonium 

persulfate (APS) and N,N,N',N'-tetramethylethane-1,2-diamine (TEMED)  were obtained 

from Sigma Aldrich, UK. ChameleonTM Duo pre-stained protein ladder and Odyssey 

blocking buffer were obtained from LI COR Biotechnology, USA. 

Gel casting accessories including casting stands, clamps, short plates, spacer plates, 

combs, extra thick blotting paper, nitrocellulose membrane (0.45 µm), electrophoresis 

chambers, semi-dry blotter and electrophoresis power supplies were obtained from Bio-

Rad Laboratories Ltd, UK. 

All antibodies used in this experiments including anti-phospho-Akt (Thr308), anti 

p44/42 MAP kinase, anti phospho-p44/42 MAPK (ERK1/2) (Thr202/Tyr204), anti-

GAPDH, anti-GRK2 (C-15), anti-GRK6, anti-GRK5, anti-β arrestin1/2 and the 

secondary antibodies anti-mouse IgG ‘DyLight™ 800 Conjugate’ and anti-rabbit IgG 

‘DyLight™ 680 Conjugate’ were purchased from Cell Signaling Technology, USA.  

2.1.5. Materials for immunocytochemistry  

Goat serum and Triton X100 were purchased from Sigma Aldrich, UK. Anti-Ki67 

antibody was obtained from Abcam Limited, UK. In addition, the secondary antibody 

donkey anti-rabbit IgG (H+L) Alexa Fluor 488, was purchased from Fisher Scientific 

LTD, UK. The goat anti-rabbit IgG (H+L) Alexa Fluor 594 secondary antibody was 

purchase from Life Technologies, UK. Anti-fade mountain medium VECTASHIELD® 

with propidium iodide (PI) and VECTASHIELD® with 4′,6-diamidino-2-phenylindole 

(DAPI) were purchased from Vector Laboratories LTD, UK. Slide adhesion Polysine 

GRND and round coverslips (13mm) were obtained from VWR International LTD, UK. 

Coverslips no.1 (22x40mm) were obtained from Scientific Lab Supplies LTD, UK.  

 



 

55 

 

2.1.6. Buffer and gel constituents 

Table 2.1 Buffer and gel compositions. 

Buffer Composition 

Low Ca2+ buffer 

(dissection buffer) 

In mM: 5.4 KCl, 137 NaCl, 0.44 Na2HPO4, 0.42 NaH2PO4, 

4 glucose, 6 mannitol, 10 HEPES, 1 MgCl2 and 0.1 CaCl2 

Krebs buffer 

(for cell imaging) 

In mM: 134 NaCl, 6 KCl, 1 MgCl2, 10 glucose, 10 HEPES, 

1.3 CaCl2, pH 7.4 

Krebs Buffer 

(for time-course 

stimulation) 

In mM: 118 NaCl, 4.7 KCl, 1.2 KH2PO4, 1.2 MgSO4, 1.3 

NaHCO3, 11.9 glucose, 10 HEPES and 1.3 CaCl2; pH 7.4 

1xSDS Lysis Buffer 

2% SDS, 100µM Tris HCl, 10% glycerol, 0.1% 

bromophenol blue, 10% DTT, dH2O, and 0.1% protease 

inhibitors; phenyl methane sulfonyl fluoride, leupeptin and 

benzamidine. 

5x Loading Buffer 
8% SDS, 50mM Tris HCl, 10% glycerol, 5% β-

mercaptoethanol and 0.005% bromophenol blue 

10% Running Gel 
7.9 ml dH2O, 6.7 ml acrylamide, 5 ml Tris (1.5M), 200µl 

SDS (10% w/v), 200µl APS (10% w/v) and 8µl TEMED 

Stacking Gel 
5.5 ml dH2O, 1.3 ml acrylamide, 1 ml Tris (1M), 80µl SDS 

(10% w/v ), 80µl APS (10% w/v) and 8µl TEMED 

Blotting Buffer 
Tris-base 48 mM, glycine 39 mM, SDS 0.037% and 

methanol (20% v/v) 

Tris Buffered Saline 

with Tween (TBST) 

20 mM Tris HCl, 150 mM NaCl with Tween 20 (0.05 % 

v/v); pH 7.5 

5% non-fat dry milk non-fat dry milk (5% w/v) in TBST 

4% Paraformaldehyde 
2 g paraformaldehyde in 20 ml Na2HPO4 (0.2M), 5 ml 

NaH2PO4 (0.2M) and 25 ml of dH2O 

2% Phosphate 

Buffered Saline with 

Triton-X100 (PBST) 

PBS and Triton-X 100 (0.2% v/v) 

10% goat serum PBST Goat serum in PBST (10% v/v) 
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2.2. Methods 

2.2.1. Preparation and culturing of rat aortic smooth muscle (RASM) cells 

2.2.1.1. Rat aorta enzymatic digestion and cells preparation  

Primary RASM from adult male Wistar rats aortas were prepared by enzymatic 

digestion as previously described (Xu et al., 2009). All procedures were carried out in a 

tissue culture hood using standard sterile tissue culture techniques. Adult male Wistar rat 

was euthanatized by cervical dislocation and then, placed in the supine position. Sterile 

forceps and scissors were used to open the chest and the thoracic aorta was isolated and 

placed in a culture dish containing sterile ice-cold, low Ca2+ buffer (described in Table 

2.1). After removal of blood, fat and surrounding tissue, the artery was placed in another 

cell culture dish containing fresh ice-cold low Ca2+ buffer (Figure 2.1). Next, the aorta 

was cut into small pieces (2mm thickness) and transferred into pre-warmed (37˚C) 

enzyme mix [contain papain (1.05 µg/µl) and dithiothreitol (0.9 µg/µl) dissolved in 

bovine serum albumin (BSA) [(0.1% w/v) in low Ca2+ buffer] and incubated in a water 

bath maintained at 37°C for 60 min. After that, aortic tissues were washed several times 

with BSA in low Ca2+ buffer, followed by several washes with low Ca2+ buffer to remove 

all remaining enzyme and prevent further digestion of the tissue. The tissue was then 

gently triturated with a wide-bore pipette into 3 ml of low Ca2+ buffer to release the cells 

from the tissue. The cells suspension was then transferred into a cell culture flask (T25) 

and 7 ml of Dulbecco's Modified Eagle Medium (DMEM-GlutaMAX) supplemented 

with penicillin/streptomycin (P/S) (1% v/v) and foetal calf serum (FCS) (10% v/v) added. 

The cells were maintained at 37˚C with 5% CO2 in a humidified air.  
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Figure 2.1 Rat aorta enzymatic digestion and cell preparation. 

Thoracic aorta (A) was cut into small pieces (B) and transferred into pre-warmed 

(37˚C) enzyme mix (C). Tissue was then incubated in a water bath at 37°C for 60 

min. (D). After that, tissue was triturated with a wide-bore pipette in 3ml of low Ca2+ 

buffer to release the cells from the tissue (E). The cells suspension was then 

transferred into a cell culture flask (T25) and 7 ml of DMEM-GlutaMAX 

supplemented with P/S and FCS was added. The cells were maintained at 37˚C with 

5% CO2 in humidified air. 

 

 

 

 

 

 



 

58 

 

2.2.1.2. Subculture of RASM cells  

On the second day, the cells were fed with fresh DMEM-GlutaMAX media 

supplemented with P/S and 10% FCS, and the media was replaced every 3-4 days. Once 

almost confluent (~80%), the cells were harvested and transferred to a T175 flask. After 

removing of the medium, the cells were washed with 6 ml phosphate buffer saline (PBS) 

to remove FCS, then incubated with 3 ml trypsin-EDTA (0.25%) at 37˚C with 5% CO2 

in humidified air for 1-2 min. The trypsinization process was terminated by addition of 7 

ml of 10% FCS/DMEM-GlutaMAX medium. After that, the cell suspension were 

collected and spun down (1000 xg for 5 min). The supernatant was carefully removed. 

Cell pellets were re-suspended in 5 ml of 10% FCS/DMEM-GlutaMAX medium before 

being transferred into a cell culture flask (T175). Next, 30 ml of DMEM-GlutaMAX 

supplemented with P/S and 10% FCS were added. The cells were maintained at 37˚C with 

5% CO2 in humidified air. Only RASM cells from passages 1-5 were used for 

experiments.  

 

 

 

 

Figure 2.2 Rat aortic smooth muscle cells. 

Representative phase-contrast images of primary RASM cells showing confluent 

cells using an inverted light microscope (objective 10x).  
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2.2.2. Concentrations of vasoconstrictors and inhibitors 

Applied concentrations of vasoconstrictors for live cell Ca2+ imaging were 

previously characterised in our laboratory as maximum concentrations of AngII (100 

nM); ET1 (100 nM) and UTP (100 µM) (Morris et al., 2010; Morris et al., 2011; Morris 

et al., 2012; Rainbow et al., 2018). Concentrations of vasoconstrictors used in the 

proliferation assays were indicated according to the published studies that used similar 

experimental methods in VSMC; AngII (100 nM) (Bokemeyer et al., 2000; Qin et al., 

2004); ET1 (100 nM) (Ljuca and Drevensek, 2010); NA (1 µM) (Li et al., 2008); 

vasopressin (100 nM) (Asano et al., 1999) or; UTP (100 µM) (Willets et al., un-

published). For immunoblotting experiments, the concentration of AngII (100 nM) was 

chosen to corresponding to published studies which used similar techniques to detect 

pERK (Eguchi et al., 2001; Qin et al., 2004) or pAkt (Schreiner et al., 2010) in VSMC. 

Moreover, previous experiments from our laboratory which conducted concentration-

response curves confirmed that 50 nM of ET1 and 100 µM of UTP were able to produce 

maximal ERK phosphorylation in arterial smooth muscle cells (unpublished 

observations). The concentrations of the MEK1/2 inhibitor (20 µM), PD98059 and the 

PI3K inhibitor LY294002 (20 µM) were dictated by previous experimental evidence from 

our laboratory (Willets, 2009; Morris et al., 2012) and from previous studies by other 

groups  (Zhao et al., 2001; Liu et al., 2010a; Fang et al., 2018). The GRK2 inhibitor 

Compound 101 was used at concentration of 30 µM, which was previously defined as a 

suitable concentration to completely block GRK2 activity (Lowe et al., 2015) and in our 

hands was able to completely block GRK2 mediated desensitization of P2Y2 receptor 

activity in arterial smooth muscle cells (Rainbow et al., 2018). The choice of paroxetine 

concentration (5 µM) was determined as the minimal concentration which completely 

blocked GRK2 mediated desensitization of both histamine H1 in uterine smooth muscle 

cells, and P2Y2 receptor desensitization in arterial smooth muscle, whilst having no effect 

upon the desensitization of GPCRs whose inactivation did not require GRK2 cells 

(Rainbow et al., 2018). As fluoxetine was included as a structurally dissimilar SSRI 

control to eliminate off-target effects, it was used at the same concentration as paroxetine. 

The chemical structures for GRK2 inhibitors COMP101 and paroxetine as well as 

fluoxetine are show in (Figure 2.3). 
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A) COMP101 B) Paroxetine  

C) Fluoxetine   

 

Figure 2.3 Chemical structures of COMP101, Paroxetine and Fluoxetine. 

A) Chemical structures of small molecule inhibitor of GRK2; CMPD101 which 

discovered by Takeda Pharmaceutical Company (Ikeda et al., 2007). B) Paroxetine, 

SSRI, with GRK2 inhibitory effect (Thal et al., 2012). C) Fluoxetine, SSRI, without 

GRK2 inhibitory effect. Structures adapted from National Center for Biotechnology 

Information, PubChem Database. 
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2.2.3. Single cell confocal imaging 

Primary RASM cells were prepared as mentioned in Section 2.1.1 and plated onto 

25mm round glass coverslips in 6 well plates and maintained at 37˚C and 5% CO2 for 3-

4 days. Before imaging, cells were loaded with the Ca2+ sensitive dye Flou-4 AM (4 µM) 

for 60 min in the dark, at room temperature. After loading, cells were maintained at 37˚C 

using a peltier unit, and constantly perfused with oxygenated Krebs buffer (Table 2.1).  

Real-time images were taken using an Olympus FV500 laser scanning confocal IX70 

inverted microscope (oil immersion objective x60). AT1 receptor desensitization was 

performed by subjecting RASM cells to challenge with AngII (100 nM, 30 s) (R1) and 

stimulating again 5 min later (R2). A similar desensitization protocol was used for ETA 

receptor, where RASM cells were challenge ET1 (50 nM, 30 s) (R1), washed for 5 min, 

and then re-challenged with same concentration of ET1 (R2). To induce P2Y2 receptor 

desensitization, UTP was added via the perfusion line for the following time periods; UTP 

(1 µM, termed R1) for 30 s, UTP (100 µM) for 1 min, and finally UTP (1 µM termed R2) 

for 30 s with 5 min washing between agonist additions. To assess the effect of GRK2 

inhibitors, the cells were pre-incubated with paroxetine (5 µM) or fluoxetine (5 µM) for 

1 h together with Fluo-4-AM. RASM was then subjected to the desensitization protocol 

outlined above. The changes in the intracellular Ca2+ level are characterized as the ratio 

of the fluorescence emission (F) over the initial basal fluorescence (F0) [F/F0]. Receptor 

desensitization was determined as the relative percentage change of R2 to R1. 

2.2.4. Small interfering RNA (siRNA) knockdown of endogenous GRKs levels in 

RASM cells  

GRKs expression was specifically depleted in RASM cells by nucleofection with a 

previously characterised anti-GRKs siRNA (Morris et al., 2010; Nash et al., 2018). 

RASM cells (~80% confluence) were harvested and used for siRNA transfection. The 

medium was discarded and the cells were washed with 10 ml PBS to remove FCS, then 

incubated with 5 ml trypsin-EDTA (0.25%) at 37˚C with 5% CO2 in humidified air for 1-

2 min. Trypsinization was stopped by addition of 15 ml of 10% FCS/DMEM-GlutaMAX 

medium and all the suspension transferred to a 30 ml universal tube before centrifugation 

(1000 xg for 5 min) to recover the cells. After removal of the supernatant, the cell pellet 

was re-suspended in 10 ml of 10% FCS/DMEM-GlutaMAX medium. Then the cells were 

counted using a haemocytometer. The required volume which containing 2x106 

cell/reaction were spun down and the medium was removed. On the cells pellet, 100µl of 
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transfection reagent with 10 nM of either negative-control (NC) siRNA or anti GRK 

siRNA (Table 2.2) were added. After that, the mixture was transferred to an Amaxa 

cuvette and electroporated (program #D003) using an Amaxa Nucleofector device. 

Immediately, transfected cells were removed from the cuvette using a pipette and 

transferred to 500 µl pre-warmed 10% FCS/DMEM-GlutaMAX medium. The cells then 

maintained at 37°C for 10 min prior to seeding in an appropriate cell culture plate.  

 

Table 2.2 Anti (target protein) siRNA sequences. 

siRNA Sequence Reference 

NC siRNA non-target scramble sequence  

anti GRK2 siRNA 5'-GCAGGUACCUCCAGAUCUCtt-3' (Morris et al., 

2010) 

anti GRK5 siRNA 5'-CAGUGGAAAUGGUUAGAAAtt-3′ (Nash et al., 

2018) 

anti GRK6 siRNA 5'-GACCAAGACUUCUACCAGAtt-3′ (Nash et al., 

2018) 

anti arrestin 2 

siRNA 

 5′-GCCACUGACUCGGCUACAAtt-3′ (Morris et al., 

2011) 

anti arrestin 3 

siRNA 

5′-GCCUUCUGUGCCAAAUCUAtt-3′ (Morris et al., 

2011) 
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2.2.5. Cell proliferation assays 

2.2.5.1. [3H]-thymidine incorporation assay 

Proliferation of RASM cells was determined using a [3H]-thymidine incorporation 

assay, which is a method for direct measurement of DNA synthesis, characterized by 

incorporation of radiolabelled thymidine into newly synthesized DNA during the S phase 

of the cell cycle. This method is suitable for quantifying cell proliferation in response to 

exogenous factors (Dawson and Young, 2001; Goncharova et al., 2006).  

2.2.5.2. Determination of the appropriate RASM cell number for the [3H]-thymidine 

incorporation assay 

To determine the optimal cell number to be used in these experiments, RASM cells 

were seeded at different densities in 24-well plates (1x104, 2x104, 3x104, 4x104, 5x104 

and 6x104 cells/well) in DMEM supplemented with P/S and 10% FCS for 24 h, then 

starved for 24 h. After that, the cells were incubated with DMEM with or without 10% 

FCS for further 24 h.  In the last 4 h, 0.5µCi/ml [3H]-thymidine was added. Cells were 

then washed twice with 1 ml serum-free medium and incubated in ice-cold trichloroacetic 

acid (TCA) (5% w/v) for 1 h on ice. Precipitates were incubated with cold ethanol 

containing 200 µM potassium acetate for 5 min. After that, the precipitates were washed 

twice with cold ethanol/diethylether (3:1). Finally, the precipitates were solubilized in 

500µl NaOH (0.5 M) for 10 min. The solution was transferred to scintillation tubes and 

4 ml of Emulsifier was added. Finally, [3H]-thymidine incorporation was quantified using 

liquid scintillation counting (Beckman Coulter LS6500 Multi-Purpose Scintillation 

Counter). 

2.2.5.3. Stimulation of RASM cells’ proliferation by different vasoconstrictors 

RASM cells were seeded in 24-well plates (5x104cell/well) in DMEM 

supplemented with penicillin, streptomycin and 10% FCS for 24 h, then starved for 24 h. 

After that, cells were treated with FCS or agonists: AngII (100 nM); ET1 (100 nM); NA 

(1 µM); vasopressin (100 nM) or; UTP (100 µM) in DMEM supplemented with 1%, 5%, 

10% FCS or serum-free. In addition, 0.5µCi/ml [3H]-thymidine per well was added and 

re-incubated for further 24 h.  After that, the procedure was completed as described above. 
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2.2.5.4. Inhibition of GRK2 catalytic activity prior to stimulation of RASM cells’ 

proliferation by vasoconstrictors 

Paroxetine and fluoxetine are selective serotonin reuptake inhibitors (SSRI) and 

previous reports indicate that paroxetine, but not the structurally distinct fluoxetine (used 

here as a control), can inhibit GRK2 activity (Thal et al., 2012). Furthermore, COMP101 

is a small molecule that has previously been described as an inhibitor of GRK2 (Thal et 

al., 2011). To assess the effect of these putative GRK2 inhibitors on cell proliferation, 

serum-starved cells were pre-incubated with paroxetine (5 µM), fluoxetine (5 µM) or 

COMP101 (30 µM) for 45 min. After that, cells were treated with FCS ± agonist [AngII 

(100 nM), ET1 (100 nM) or NA (1 µM)] in DMEM supplemented with 10% FCS. Where 

required paroxetine (5 µM), fluoxetine (5 µM) or COMP101 (30 µM) were also included 

throughout the experiment. Finally, [3H]-thymidine incorporation was determined as 

described above. 

2.2.5.5. Depletion of GRK2 protein prior of stimulation of RASM cells’ proliferation 

by vasoconstrictors 

In order to determine whether GRK2 expression affects vasoconstrictor-driven 

RASM cells proliferation, GRK2 expression was specifically depleted in RASM cells by 

nucleofection (described in section 2.3) using a previously characterised anti-GRK2 

siRNA (Morris et al., 2010). Then, RASM cells were seeded in 24 well plates (5 x 104 

cells/well). 24 h post-nucleofection, cells were serum-starved for a further 24 h, prior to 

stimulation with the vasoconstrictors: AngII (100 nM), ET1 (100 nM) and NA (1 µM) or 

with PDGF (40 ng/ml) in 10% FCS medium for 24 h. After that, [3H]-thymidine 

incorporation was determined as described above. 

2.2.6. Non-radioactive cell proliferation assay (MTT assay)  

The assay principle is based on measurements of the reduction in yellow 

tetrazolium MTT (3-(4, 5-dimethylthiazolyl-2)-2, 5-diphenyltetrazolium bromide) to 

purple formazan crystals by metabolically active cells. An increase in cells’ metabolic 

activity directly correlates to the amount of purple formazan crystals formed, which 

reflect the increase in the number of living cells (cell proliferation). RASM cells were 

cultured in a 96 well plate at a density of 1x103 cells/well. Cells were then serum-starved 

for 24 h prior to stimulation with 10% FCS or AngII (100 nM), ET1 (100 nM) or NA (1 

µM) in DMEM supplemented with 10% FCS or serum-free for 21 h. Then, 0.5 mg/ml 

MTT per well was added and re-incubated for a further 4 h. After that, the purple 
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formazan crystals were solubilized in DMSO. Then, sample absorbance was 

spectrophotometrically quantified at λ=550-575 nm using an ELISA reader. 

2.2.7. Immunoblotting 

2.2.7.1. RASM cells’ time-course stimulation and sample preparations 

Immunoblotting analysis was performed as described previously (Mahmood and 

Yang, 2012). RASM cells were plated into 6 well plates and incubated for 48 h, then, 

serum-starved for a further 24 h. After that, the cells were washed two times with pre-

warmed 1 ml Krebs buffer (Table 2.1) and incubated with 2 ml Krebs buffer at 37˚C for 

15 min. RASM were stimulated for  different time periods (0 ‘basal’, 5, 10, 15, 30, and 

60 min) with AngII (100 nM), ET1 (50 nM) or UTP (100 µM). When the time reached 

zero, the plate was transferred to ice and all buffers removed.  Cell lysates were prepared 

by addition of 1xSDS lysis buffer [2% SDS, 100µM Tris HCL, 10% glycerol, 0.1% 

bromophenol blue, 10% DTT, dH2O, and 0.1% protease inhibitors ‘phenyl methane 

sulfonyl fluoride, leupeptin and benzamidine’]. Cell lysate samples were collected into 

labelled Eppendorf tubes and stored at -20ºC. Prior to use, the sample was sonicated using 

an Ultrasonicator and the proteins were denatured by incubating the samples at 95 ºC for 

5 min.  

To assess the effect of GRK2 inhibitor on cell signalling, serum-starved cells were 

pre-incubated with either COMP101 (30µM) or DMSO (vehicle control) for 30 min. 

After that, cells were stimulated for different time periods (0 ‘basal’, 5, 10, 15, 30, and 

60 min) with AngII (100 nM), ET1 (50 nM) or UTP (100 µM). COMP101 (30 µM) and 

DMSO were included throughout the experiment. Cells were then lysed as described 

above. Furthermore, to determine whether GRK2 expression affects vasoconstrictor 

signalling, GRK2 was specifically depleted in RASM cells by nucleofection (described 

in Section 2.3) using a previously characterised anti-GRK2 siRNA (Morris et al., 2010). 

Then, either GRK2 siRNA or NC siRNA transfected cells were seeded in 6 well plates (1 

x 106 cells/well). 24 h post-nucleofection, cells were serum-starved for a further 24 h prior 

to stimulate with agonist at different time points as mentioned above. Additionally, GRK2 

was over-expressed by transfection of RASM cells by nucleofection (described in section 

2.3) using 2µg of eGFP-GRK2 construct, or eGFP plasmid as a control. Then, either 

eGPF-GRK2 or eGFP transfected cells were seeded into 6 well plates (1 x 106 cells/well). 

96 h post-nucleofection, cells were serum-starved for 24 h prior to stimulation with 

agonist and assayed as described above.  
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2.2.7.2. Sample preparation for GRK2 protein expression change during cell cycle 

phases 

Another method of sample preparation was performed to investigate GRK2 protein 

expression changes during G0/G1 and G2/M phases of the cell cycle. RASM cells were 

plated into 6 well plates and incubated for 48 h, then serum-starved for a further 24 h. 

After that, the cells were synchronized at G0/G1, by serum-starvation for a further 24 h. 

In addition, RASM cells also incubated with the cell cycle inhibitor nocodazol (1µM) for 

24 h to stop the cell cycle at the G2/M phase. Next, cells were washed twice with PBS 

before lysis with 100µl lysis buffer [8200µl dH2O, 200µl EDTA, 400µl NaCl (5M), 200µl 

Tris HCl (1M), 1000µl Triton X100 (10% v/v) and 10µl of each protease inhibitors 

(phenyl methane sulfonyl fluoride, leupeptin and benzamidine)]. The total protein amount 

in each sample was quantified using a Bradford Protein Assay. 

2.2.7.3. Bradford Protein Assay 

Initially, eight serial dilutions of BSA standards were prepared with a protein 

concentration range [2-0.064 µg/µl] as described in Table 2.3. After that, each unknown 

protein sample was diluted with 0.1M NaOH (dilution factor 8X). Aliquots of each 

standard and unknown protein samples (20µl) were mixed in a 1.5 ml cuvette with 1 ml 

of Bradford protein reagent. Protein standards were assayed in duplicate while unknown 

protein samples in triplicate. After 15 min incubation at room temperature, the absorbance 

of protein standards and unknown protein samples were recorded spectrophotometrically 

at a wavelength of λ=595nm. A protein standard curve was plotted (Figure 2.4) and 

unknown protein concentrations were interpolated from the curve (using GraphPad Prism 

v7). After that, samples were prepared for immunoblotting by mixing 40 µg of protein 

with 5x loading buffer (Table 2.1).   
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                       Table 2.3 BSA serial dilution. 

 

 

 

 

 

Figure 2.4 Bradford protein assay standard curve. 

The standard curve was generated to calculate unknown sample protein 

concentrations (µg/µl). R2 value of this curve was 0.9986, where y values 

are absorbance and x values are protein concentration. In each reaction, 20 

µl of each BSA concentration and unknown samples were mixed with 1ml 

of Bradford reagent and incubated for 15 min at room temperature. 

Absorbance was measured at 595 nm. 

 Concentration Serial Dilution in 0.1M NaOH 

1 2 µg/µl 2 µg/µl BSA in NaOH 

2 1 µg/µl 300µl 2 µg/µl BSA + 300µl NaOH 

3 0.5 µg/µl 300µl 1 µg/µl BSA + 300µl NaOH 

4 0.25 µg/µl 300µl 0.5 µg/µl BSA + 300µl NaOH 

5 0.125 µg/µl 300µl 0.25 µg/µl BSA + 300µl NaOH 

6 0.064 µg/µl 300µl 0.125 µg/µl BSA + 300µl NaOH 

7 0.032 µg/µl 300µl 0.064 µg/µl BSA + 300µl NaOH 

8 0.016 µg/µl 300µl 0.032 µg/µl BSA + 300µl NaOH 
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2.2.7.4. Protein separation using gel electrophoresis (SDS-PAGE) 

Sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE) was 

prepared (for two gels) 10% running gel as described in (Table 2.1) and poured into two 

1.5mm-spacer glass plates. Then, 1ml of isopropanol was added on the top of the gel to 

remove any air bubbles. Once the running gels had set, isopropanol was discarded and 

stacking gels were prepared as described in (Table 2.1) and poured on the top of the 

running gel. To produce wells, a 10 well comb was inserted in the stacking gel. After 

setting of the stacking gel, the glass plates were removed and fixed into a gel chamber 

and placed into a gel tank. After filling of the gel tank with 1x Tris-glycine-SDS running 

buffer, the combs were carefully removed. 5 µl of protein ladder (ChameleonTM Duo pre 

stained protein ladder) was loaded in the first lane of the gel followed by 40 µl of each 

cell lysate or equivalent amount to 40 µg protein in the rest of the lanes depending upon 

which lysis method had been used to prepare the samples.  Protein separation were 

performed at 140 volts for 100 min using a Bio-Rad Power-Supply. 

 

2.2.7.5. Protein transfer using semi-dry blotting system 

Separated proteins were transferred onto the nitrocellulose membranes using a 

semi-dry transfer system. At the same size as the running gel, two extra thick blotting 

papers were cut, along with 0.45m nitrocellulose membrane and immersed in blotting 

buffer (Table 2.1) for 5 min. On a semi-dry blotter, running gels were placed on the 

nitrocellulose membrane and located between two extra thick blotting papers in the form 

of a sandwich. After rolling out all air bubbles, the semi-dry blotter lid was attached and 

protein transfer performed at 21 volts for 30 min. Protein transfer efficiency was verified 

by staining of the nitrocellulose membrane with Ponceau S staining solution for 5 min 

(Figure 2.5). After staining, the membranes were washed with TBST (Table 2.1) 3x5 

min to remove all stain residues.   
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Figure 2.5 Ponceau S staining for nitrocellulose membranes. 

RASM cells lysate (40µl/ lane) was separated by SDS-PAGE and transferred to 

a nitrocellulose membrane. The membrane was stained with Ponceau S stain for 

1 min. Ponceau S, a negative stain, which binds to the positively charged amino 

groups of the proteins. It also binds non-covalently to non-polar regions in the 

protein. After that, the membrane was de-stained by 3x washing with TBST.  

 

2.2.7.6. Immunoblotting with primary and secondary antibodies 

Non-specific binding sites on the nitrocellulose membranes were blocked by 

incubation of the membrane in (5% w/v) non-fat dry milk in TBST or by Odyssey 

blocking buffer on a rocking platform for 1 h. After blocking, the membranes were 

washed with TBST for 2 min prior to incubation with primary antibodies (Table 2.4) with 

rocking overnight at 4°C. The next day, the membranes were washed with TBST three 

times, 5 min each. Then membranes were incubated away from light with fluorescence-

tagged secondary antibodies (Table 2.4) for 1 h. Finally, the secondary antibodies were 

washed with TBST, two times for 15 min each. 
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Table 2.4 Primary and secondary antibody dilutions. 

 

 

2.2.7.7. Band detection and quantification 

Band near-infrared fluorescence (NIR) fluorescent signals were detected using the 

Odyssey® CLx Imaging System and the protein of interest was identified by protein size 

according to the protein ladder used. Detected protein bands were analysed by Image J 

(1.51) software. The phospho-p44/42 MAP kinase bands were normalized relative to total 

p44/42 MAP kinase protein level and phospho-Akt were normalized to GAPDH.  

 

 

Antibody Dilution 

anti- phospho-Akt (Thr308) (1:1000) / BSA (5% w/v) 

anti-p44/42 MAPK (tERK1/2) (1:2000) / BSA (5% w/v) 

anti-phospho-p44/42 MAPK (pERK1/2) 

(Thr202/Tyr204) 
(1:3000) / BSA (5% w/v) 

anti-GAPDH (1:3000) / BSA (5% w/v) 

anti-GRK2 (C-15) (1:1000) / non-fat dry milk (5% w/v) 

anti-GRK6 (1:1000) / non-fat dry milk (5% w/v) 

anti-GRK5 (1:1000) / non-fat dry milk (5% w/v) 

anti-phospho-GSK3(α/β) (Ser21/9) (1:1000) / BSA (5% w/v) 

anti-β arrestin 1/2 (1:1000) / non-fat dry milk (5% w/v) 

anti-mouse IgG ‘DyLight™ 800 

Conjugate’ 
(1:15000) / TBST 

anti-rabbit IgG ‘DyLight™ 680 

Conjugate’ 
(1:15000) / TBST 
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2.2.8. Immunocytochemistry  

2.2.8.1. Coverslip preparation and cell stimulation with agonist 

RASM cells were seeded on glass coverslips (13mm) in 24-well plates (2x104 

cells/well) in DMEM supplemented with P/S and 10% FCS for 24 h. Cells were then 

washed twice with PBS and serum-starved for 24 h. After that, cells were stimulated with 

10% FCS or the agonists: AngII (100 nM), ET1 (100 nM) or UTP (100 µM) in serum-

free DMEM for a further 24 h. To assess the effect of GRK2 inhibitors on cell 

proliferation, serum-starved cells were pre-incubated with paroxetine (5 µM), fluoxetine 

(5 µM) or COMP101 (30 µM) for 45 min. After that, cells were treated with 10% FCS or 

one of the agonists in serum-free DMEM for a further 24 h. DMSO, paroxetine (5 µM), 

fluoxetine (5 µM) or COMP101 (30 µM) were included throughout the experiment. 

In order to determine whether GRK expression affected vasoconstrictor-stimulation 

of proliferative marker Ki67 expression, endogenous GRK expression was depleted in 

RASM cells by nucleofection as described in Section 2.2.3 using anti-GRK2 siRNA, anti-

GRK5 siRNA or anti-GRK6 siRNA. Then, RASM cells were cultured on 13 mm glass 

coverslips (2 x 103 cells/well). One day later, cells were serum-starved for a further 24 h 

prior to stimulation with the vasoconstrictors for 24 h. Finally, the immunocytochemistry 

protocol was performed as described above. 

2.2.8.2. Cell fixation and antibodies incubation 

After removal of the culture media, cells were fixed using freshly prepared 4% 

paraformaldehyde (Table 2.1) for 10 min at room temperature. After that, the cells were 

washed 3 times with PBS, before being permeabilized with PBST [PBS/Triton-X 100 

(0.2% v/v)] for 5 min. Next, non-specific binding sites were blocked with 10% goat 

serum/PBST for 5 min. Cells were incubated overnight at 4C with anti-proliferative 

marker Ki67 (1:400) in 10% goat serum PBST. On the next day the cells were washed 

twice with PBS and once with PBST. The cells were incubated away from light with a 

secondary anti-rabbit IgG Alexa Fluor 488 (1:400) for 40 min at room temperature. After 

washing with PBS, the cells incubated (permeabilized) with PBST for 10 min. 
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2.2.8.3. Preparation of the slides, imaging and quantification 

Each coverslip was inverted onto a microscope slide and mounted using 

VECTASHIELD® antifade Mounting Medium with propidium iodide (PI) as a nuclear 

counterstain. After that, colourless nail varnish was used to seal the coverslips onto slides 

and prevent sample dehydration. Slides were stored at room temperature overnight 

protected from light. On the next day, immunofluorescence pictures were captured using 

an Olympus FV500 laser scanning confocal IX70 inverted microscope (oil immersion 

objective x60). For each experimental condition, a total of ten images were taken from 

separate fields of 2 coverslips for four independent cell preparations. All images shown 

for Ki67 for the control groups vs. COMP101, paroxetine and fluoxetine pre-treated 

groups or negative control siRNA vs. GRKs siRNA knockdown cells were acquired with 

the same microscope settings.  

Ki67 immunofluorescence was quantified by two methods. Firstly, the percentage 

of active nuclei was calculated. This was performed by manual counting of the active 

nuclei (n) and the number of the total nuclei (N) in each field. After that, the percentage 

of active nuclei was calculated by using this equation [(n/N) x 100]. Alternatively, the 

mean of nuclear fluorescence intensity of Ki67 the immunofluorescence was assessed in 

the nuclei of all cells using Image J software (National Institutes of Health, Bethesda, 

MD). 

2.2.9. Statistical analysis 

All experiments were repeated ≥ 3 times from different cells preparations. 

Statistical comparisons were applied by unpaired Student’s t-test to compare the means 

of two groups (Kim, 2015). For parametric multiple data sets, one-way or two-way 

analysis of variance (ANOVA) was applied with appropriate post hoc testing (each test 

applied is outlined in the individual figure legends). The Tukey’s post hoc test was used 

to compares every mean with every other mean, allows for the possibility of unequal 

sample sizes (Hazra and Gogtay, 2016). The Dunnett’s post hoc test was used to compares 

every mean to a single control group mean (Dunnett, 1964). The Sidak’s post hoc test, 

alternative to Bonferroni, which has more power assumes that each comparison is 

independent of the others (Abdi, 2007). This test was used to compares between two 

means at specific time points. For non-parametric data, Kruskall-Wallis tests were applied 

with Dunn’s post hoc testing were used (Kruskal and Wallis, 1952; Dunn, 1964). Data 

are expressed as means ± SEM (standard error of the mean) for all experiments. The 
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results were considered statistically significant at a P value of <0.05. All statistical 

analyses were carried out using GraphPad Prism, version 7 (San Diego, CA, USA).  
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3. Identification and characterisation of optimal techniques to measure 

vasoconstrictor-stimulated RASM cell proliferation 

3.1. Introduction 

A major characteristic of VSMC is the ability to switch phenotypes, i.e. from a 

contractile ‘quiescent’ to a synthetic ‘activated’ phenotype, in response to various stimuli. 

Phenotypic switching results in downregulation of contractile markers, an upregulation 

of proliferative genes, increased migration capability and increased synthesis of extra 

cellular matrix components (Owens et al., 2004), all of which contribute to the vascular 

remodelling process. Although hypertension is a multifactorial disease, one major 

contributing factor is an associated rise in the levels of circulating vasoconstrictors, which 

consequently increases the activity of their cognate GPCRs, and over-stimulates Gαq 

mediated PLC-DAG-IP3 signalling (Bazan et al., 1992; Schiffrin, 1995; Bader et al., 

2001). Changes in vasoconstrictor homeostasis not only increases [Ca2+]i and amplifies 

VSMCs contractile responses (Kosch et al., 2001), but augments the downstream 

signalling pathways that mediate VSMC proliferation (Schiffrin, 1995; Mehta and 

Griendling, 2007). Indeed, over the years numerous studies have confirmed AngII and 

ET1 as pro-proliferative agents that contribute significantly to induce proliferation of 

VSMC (Watanabe et al., 2001; Daou and Srivastava, 2004; Qin et al., 2004; Huang et al., 

2011), and their effects can be blocked using pharmacological antagonists (Li et al., 

1996a; Mabrouk et al., 2001).   

A wide variety of assays have been utilised to study the effects of vasoconstrictors 

on proliferation of VSMC. Many of these assays measure either DNA replication or 

cellular metabolic activity. Indeed, proliferation of VSMC is commonly evaluated using 

the [3H]-thymidine incorporation assay, which quantifies radioactive thymidine 

incorporated into newly synthesised DNA during the S-phase of the cell cycle (Dawson 

and Young, 2001; Goncharova et al., 2006). In addition, the expression of proteins linked 

to the cell replication process, such as Ki67 and proliferating cell associated nuclear 

antigen (PCNA) have also been used as indicators for proliferation of VSMC (Clarke et 

al., 2006; Wang et al., 2009; Wu and Lu, 2013). The expression of Ki67 and PCNA is 

cell cycle-dependent and both are usually only detectable during the active phases of cell 
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growth (Jurikova et al., 2016). Ki67 antigen is a large protein (~345 kDa) that has a short 

half-life of ~1 h, whose expression is virtually undetectable in the resting G0 phase, but 

is markedly up-regulated in active cell cycle phases, with maximal expression found 

during the M phase (Gerdes et al., 1984; Zacchetti et al., 2003). Conversely, PCNA is a 

small protein component subunit (~36 kDa) of DNA polymerase-, and is important for 

DNA replication and repair. Unlike Ki67, PCNA has a relatively long half-life 8-20 h and 

its expression can be detected in early G0, peaks in G1 and S phases and diminishes in the 

G2 and M phases (Prelich et al., 1987; Zacchetti et al., 2003). Alternatively, the ability of 

mitochondria to metabolise the tetrazolium compound 3-[4, 5-dimethylthiazol-2-yl]-2, 5-

diphenyltetrazolium bromide (MTT), has been successfully applied to assesses cell 

growth, cell viability and proliferation, and is based on measurements of the reduction of 

tetrazolium MTT in the mitochondria of metabolically active cells (Tantini et al., 2005). 

Since a wide variety of different assays have previously been utilised to study cellular 

proliferation the aim of this chapter was to assess and develop reproducible, reliable 

proliferation assays to study the effects of different vasoconstrictors [AngII, ET1, 

noradrenaline (NA), vasopressin (V) and UTP] that activate Gαq coupled receptors on 

proliferation of VSMC. 

 

3.2. Aim 

To assess the effectiveness and reliability of existing proliferation assays and identify the 

most appropriate to study the effects of vasoconstrictors on growth of VSMC.  
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3.3. Results  

3.1.1. Characterization of RASM cells 

Vascular smooth muscle cells are one of the major vascular components, providing 

structural integrity to blood vessels and playing an important functional contractile role. 

In addition, VSMC are able to respond to different stimuli which alters their contractile, 

migratory and proliferative properties (Owens et al., 2004; Adhikari et al., 2015). It has 

commonly been assumed that VSMC play a critical role in various cardiovascular 

diseases, therefore they are central to cardiovascular research (Ray et al., 2001). 

Accordingly, primary culture of VSMC provides an appropriate tool to study vascular 

smooth muscle cell proliferation. Although our laboratory uses a long-established method 

for the isolation of RASM, I wished to confirm that my isolation techniques were indeed 

producing pure arterial smooth muscle cell cultures. 

Primary RASM cells were isolated from rat aortae by enzymatic digestion as 

described in Methods (Section 2.2.1). Three to four days after isolation, primary RASM 

cells were identified under an inverted phase contrast light microscope. RASM cells 

became approximately 90% confluent within about two weeks (Figure 3.1 A). Confluent 

RASM cell showed an elongated spindle shape, characteristic of smooth muscle cell 

cultures (Adhikari et al., 2015).  

In order to confirm that the enzymatic digestion isolation technique produced a pure 

population of RASM cells, I examined the presence of specific smooth muscle markers 

in RASM cells cultures. RASM cells were characterized by fluorescence 

immunocytochemistry with antibodies against smooth muscle cell markers such as 

smooth muscle alpha actin (SM α-actin) and calponin (Rensen et al., 2007). RASM cells 

obtained by enzymatic digestion showed a high degree of purity. Immunocytochemistry 

images confirmed that the vast majority of the cells (>95%) showed positive SM α-actin 

and calponin staining (Figure 3.1 B). Furthermore, immunoblotting was carried out on 

RASM whole cell lysates, and clear bands of SM α-actin and calponin were observed 

(Figure 3.1 C). Collectively, these results confirmed that our isolation technique 

routinely produced pure populations of RASM.  
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A) 

 

   

B)   

C)   

 

Figure 3.1 Morphological and immunofluorescence characterization of RASM 

cells. 

A) Representative phase-contrast images of RASM cells 3 days after isolation (left 

panel) and two weeks later showing confluent cells (right panel) using an inverted light 

microscope (objective 10x) (Scale bar is 40µm). B) Representative fluorescent 

immunocytochemistry staining for SM α-actin and calponin in RASM cells show pure 

cell populations. Images were taken using Nikon C1Si laser scanning confocal inverted 

microscope (oil immersion objective 60x) (Scale bar is 180µm). C) Immunoblotting of 

RASM whole cell lysates from different cell preparations show strong immunoreactive 

bands for calponin (left panel) and SM α-actin (right panel). 
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3.3.2. RASM cells AT1, ETA and P2Y2 receptor activation and desensitization 

Vasoconstrictors such as AngII, ET1 and UTP induce contraction of VSMC via 

activation of their cognate GPCRs. Several previous studies confirmed that AT1, ETA and 

P2Y2 receptors are expressed in VSMC (White et al., 1993; Freeman and Tallant, 

1994; Wang et al., 2002). In order to confirm that AT1, ETA and P2Y2 receptors are 

expressed endogenously in our RASM cells preparations and respond to vasoconstrictors, 

I examined whether AngII, ET1 and UTP could induce changes in intracellular Ca2+ 

[Ca2+]i signalling. To further confirm the presence of the correct receptor populations, the 

desensitization profiles of each agonist were determined and compared to previous 

findings using our standard (R1/R2) GPCR desensitization protocol (Morris et al., 

2010; Morris et al., 2011; Morris et al., 2012). In resting cells, the [Ca2+]i concentration 

is low. When the cells are excited by activation of Gαq-coupled GPCRs with agonist, this 

results in rapid increase in [Ca2+]i via PLC activation. The change in [Ca2+]i between the 

resting phase and excitation phase of the cells was measured using Fluo-4 with an 

excitation peak at 480 nm and emission peak at 525 nm. Fluo-4-AM is a cell permeable 

Ca2+ dye in acetoxymethyl ester form. Once inside the cell, cystolic esterases hydrolyse 

the ester, leaving free Fluo-4 which efficiently binds the Ca2+ inside the cell (Liu et al., 

2010c). 

AT1 receptor desensitization was performed by subjecting RASM cells to challenge 

with AngII (100 nM, 30 s) (R1) and stimulating again 5 min later (R2) which was 

decreased by ~45% compared with the R1 response (Figure 3.2 A). A similar 

desensitization protocol was used for ETA receptor, where RASM cells were challenge 

ET1 (50 nM, 30 s) (R1), washed for 5 min, and then re-challenged with same 

concentration of ET1 (R2). This resulted in a reproducible reduction in the R2 response 

of ~80% (Figure 3.2 B). In agreement to our previously published data in mesenteric 

arterial smooth muscle (Morris et al., 2010), the ETA receptor antagonist BQ123 blocked 

the ET1-induced Ca2+ signalling (data not shown), indicating that ETA receptors are the 

predominant mediator of ET1 responses in RASM cells.   

Our lab previously identified that P2Y2 receptor as the predominant mediator of 

UTP-stimulated Ca2+ signalling in mesenteric arterial smooth muscle (Morris et al., 

2011). Furthermore, data showed that application of repeated maximal concentrations of 



 

79 

 

UTP failed to produce observable reductions in the R1/R2 ratio, which can be explained 

by the presence of a significant P2Y2 receptor reserve expressed in RASM (Morris et al., 

2011). To uncover P2Y2 receptor desensitization, we applied a previously characterized 

P2Y2 receptor desensitization protocol where RASM cells were challenged with an 

approximate EC50 concentration of UTP (1 M) for 5 min before (R1) and 5 min after 

(R2) the addition of a maximal UTP challenge (Rmax;100 M) (Morris et al., 2011). As 

shown in Figure 3.2 C, R2 responses were reduced (by ~70%) following Rmax exposure 

compared with the R1 response. (Figure 3.2 C). Cumulative data show that the remaining 

receptor response (R1/R2 ratio) was ~45%, ~20% and ~30% for AT1, ETA and P2Y2 

receptors respectively (Figure 3.2 D). These results provide good evidence that AT1, ETA 

and P2Y2 receptors are expressed in RASM cells and respond well to AngII, ET1 and 

UTP to produce changes in Ca2+ signalling, which is a prelude to smooth muscle 

contraction. 
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Figure 3.2 AT1, ETA and P2Y2 receptor activation and desensitization in RASM 

cells. 

Representative traces from single cells showing activation and desensitization of AT1 

receptor (A), ETA receptor (B) and P2Y2 receptor (C) [Ca2+]i signals following AngII, 

ET1 or UTP challenge, respectively. Real-time images were taken using an Olympus 

FV500 laser-scanning confocal IX70 inverted microscope (oil immersion objective 

60x) to track [Ca2+]i. Receptor desensitization was determined as the percentage 

reduction of the R2/R1 ratio. (D) Cumulative data show the degree of AT1, ETA and 

P2Y2 receptor desensitization as means ± SEM from 14–16 cells prepared from three 

different animal preparations. 
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3.3.3. Determination of optimal VSMC cell number for the [3H]-thymidine 

incorporation assay 

Previous research shows the proliferative effect of contractile agonists in vascular 

smooth muscle cells (Hirata et al., 1989; Harper et al., 1998; Qin et al., 2004). Thus, I 

wished to develop a suitable, reproducible proliferation assay to measure this effect. The 

[3H]-thymidine incorporation assay is a commonly applicable experiment for the 

evaluation of smooth muscle cells proliferation rate in response to exogenous factors. The 

[3H]-thymidine incorporation technique is based on the direct quantification of 

radiolabelled thymidine in newly synthesized DNA (Dawson and Young, 

2001; Goncharova et al., 2006). To begin this process, I needed to determine the optimal 

RASM cell number to generate the largest signal to noise ratio. In order to determine the 

suitable cell density to be used in the assay, RASM were seeded in 24 well plates at 

different cell numbers (1x104, 2x104, 3x104, 4x104, 5x104 and 6x104 cell/well). After cell 

growth was arrested following 24 h serum-starvation, RASM cells were either stimulated 

with medium containing 10% FCS, or serum-free DMEM for 24 h. Assays were then 

completed as described in Methods (Section 2.2.5). As shown in Figure 3.3, there was a 

proportional relationship between cell number and the increase in cell proliferation. The 

degree of cell proliferation plateaued at around 5x104 cells per well, while the basal level 

of thymidine incorporation continued to increase as the plating density increased. 

Therefore, to provide an optimal signal to noise ratio, all further experiments were 

conducted using 5x104 cells per well.    
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Figure 3.3 Determination of the optimal plating density for the [3H]-thymidine 

incorporation assay. 

RASM cells were plated into 24-well plates at the following seeding densities 1x10
4
, 

2x10
4
, 3x10

4
, 4x10

4
, 5x10

4 
and 6x10

4 
cells/well. After 24 h serum-starvation, RASM 

were incubated with DMEM medium with or without 10% FCS. [
3
H]-thymidine 

incorporation assays were conducted as described in the Methods (Section 2.2.4). Data 

are shown as means ± SEM for 4 replicates from 4 different animal preparations. 

Statistically significant changes compared to serum-free incubated cells are shown as; 

*P<0.05, ***P<0.001 (two-way ANOVA, Sidak’s post-hoc test). 
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3.3.4. Comparative effects of 4 h or 24 h [3H]-thymidine pulsing on vasoconstrictor-

induced VSMC proliferation in serum-free DMEM 

After determination of the optimal RASM cells density, I next assessed [3H]-

thymidine incorporation in RASM cells in response to different vasoconstrictors. Some 

previously published protocols reported incubation of agonist-stimulated cells with 

[3H]-thymidine for 24 h (Goncharova et al., 2006), while others studies labelled cells 

with [3H]-thymidine in the last 2 h (Ediger and Toews, 2000) or last 4 h (Hirata et al., 

1989) before lysis of the cells. Thus, to determine the appropriate time required for 

[3H]-thymidine labelling and to maximise the level of [3H]-thymidine incorporation in 

response to vasoconstrictor in RASM cells, [3H]-thymidine incorporation assays were 

conducted using two different [3H]-thymidine labelling periods.  

Early passage (one or two) RASM cells were grown in 24-well plates and then 

serum-starved for 24 h to synchronize cells in the G0/G1 phase of the cell cycle. To 

determine whether vasoconstrictors promoted cell proliferation, RASM cells were 

stimulated with different vasoconstrictor [AngII (100 nM), ET1 (100 nM), NA (1 µM), 

V (100 nM) or UTP (100 µM)] in serum-free DMEM for 24 h. RASM cells were either 

incubated with [3H]-thymidine in the last 4 h or for 24 h, before cells were processed as 

described in the Methods (Section 2.2.5). Figure 3.4 A and B reveal that stimulation with 

10% FCS resulted in a marked increase in RASM proliferation in comparison to serum-

free conditions. Although, stimulation of serum-free incubated cells with different 

vasoconstrictors with 4 h or 24 h [3H]-thymidine incorporation did not detectibly increase 

the proliferation of RASM cells, 24 h [3H]-thymidine incubation showed greater levels of 

[3H]-thymidine incorporation than 4 h.   
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Figure 3.4 Comparative effects of 4 h or 24 h [3H]-thymidine pulsing on 

vasoconstrictor-induced VSMC proliferation. 

Serum-starved RASM cells were stimulated with 10% FCS alone, or vasoconstrictors 

[AngII (100 nM), ET1 (100 nM), NA (1 µM), V (100 nM) or UTP (100 µM)] in serum-

free DMEM medium. [3H]-thymidine was added either for the last 4 h (A) or throughout 

the 24 h time period (B). Data represent means ± SEM for 4 replicates for each 

experimental condition from 4 different cell preparations. Statistically significant changes 

compared to serum-free control unstimulated cells are shown as; ****P<0.0001 (one-way 

ANOVA, Dunnett’s post-hoc test). 
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3.3.5. Comparison of single and multiple applications of vasoconstrictors on VSMC 

proliferation in serum-free DMEM 

The findings in the above sections showed that stimulation of RASM cells with 

different vasoconstrictors in serum-free DMEM for 24 h did not show a measurable 

change in RASM cell proliferation. Most of these vasoconstrictors are peptides or labile 

compounds and one might expect them to rapidly degrade which may be why we were 

unable to measure their effects upon cell growth. To counteract this potential problem, I 

stimulated RASM three times within the 24 h period with different vasoconstrictors 

[AngII (100 nM), ET1 (100 nM), NA (1µM) or UTP (100 µM)] in serum-free DMEM 

medium, with [3H]-thymidine included for 24 h. Again the [3H]-thymidine incorporation 

assay was conducted as described in the Methods (Section 2.2.5). Figures 3.5 A and B 

reveal that stimulation with 10% FCS resulted in a marked increase in the proliferation 

of RASM in comparison to control cells, while stimulation of serum-free cells with 

different vasoconstrictors, either once or three times did not significantly affect the 

proliferation of RASM cells. Therefore, multiple addition of vasoconstrictors failed to 

induce RASM proliferation suggesting that the lack of effect was not due to ligand 

degradation.  
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Figure 3.5 Comparison of single and multiple applications of vasoconstrictors on 

VSMC proliferation. 

RASM cells were subjected to either a single or multiple stimulations with 

vasoconstrictors [AngII (100 nM), ET1 (100 nM), NA (1 µM) or UTP (100 µM)] in 

serum-free DMEM with [3H]-thymidine for 24 h. Single (A) or multiple (3x) (B) 

stimulation of RASM cells with vasoconstrictor did not produce a measurable increase 

in [3H]-thymidine incorporation when compared to controls. Data represent means ± 

SEM for 4 replicates for each experimental condition from 4 different cells preparations. 

Statistically significant changes compared to serum-free un-stimulated cells are shown 

as; ****P<0.0001 (one-way ANOVA, Dunnett’s post-hoc test). 
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3.3.6. Effects of different FCS concentrations on vasoconstrictor-induced VSMC 

proliferation 

It is well established that hypertensive vascular remodelling is a cumulative 

process, which manifests over a long time (Mulvany, 1999). In addition, as pervious 

research confirmed that AngII (Qin et al., 2004), ET1 (Hirata et al., 1989), vasopressin 

(Alonso et al., 2009) and UTP (Harper et al., 1998) induced VSMC proliferation, I 

conducted further experiments to determine the optimal [3H]-thymidine incorporation 

assay experimental conditions for vasoconstrictors in RASM cells. Our data in the 

previous section revealed that it was not possible to show a measurable response to 

vasoconstrictors and RASM cell proliferation in serum-free medium. Therefore, to 

hopefully uncover the anticipated effects of vasoconstrictors on RASM growth, I included 

various concentration of FCS to initiate RASM cell growth, and examine the cumulative 

effects of serum and vasoconstrictors. Growth-arrested RASM cells were stimulated with 

vasoconstrictors [AngII (100 nM), ET1 (100 nM), NA (1µM), V (100 nM) or UTP (100 

µM)] in the presence of increasing amounts (1, 5 or 10 %) of FCS prior to assessing 

proliferation using the [3H]-thymidine incorporation assay. As shown in Figure 3.6 B 

and C, the presence of 1% or 5% FCS, none of the vasoconstrictors increased [3H]-

thymidine incorporation above that observed in the control non-treated cells. However, 

when the level of FCS was increased to 10%, AngII (P<0.05), ET1 (P<0.01) and NA 

(P<0.01) produced significant increases in the level of [3H]-thymidine incorporation, 

when compared to 10 % FCS alone (Figure 3.6 D). In contrast UTP failed to stimulate 

[3H]-thymidine incorporation under any conditions.  
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Figure 3.6 Effect of different FCS concentrations on vasoconstrictor-induced VSMC 

proliferation. 

Stimulation of RASM cells with 10% FCS resulted in a significant increase in cell 

proliferation in comparison to serum-free (A), 1% FCS (B), 5% FCS (C) and serum-free 

(D). Stimulation of RASM cells with AngII, ET1 or NA in the presence of 10% FCS resulted 

in a significant increase in the cell proliferation in comparison to 10% FCS treated cells (D). 

Data shown are means ± SEM for 4 replicates for each experimental condition from 4 

different cells preparations. Statistically significant changes are shown as; *P<0.05, 

**P<0.01, ****P<0.0001 versus serum-free, 1% FCS, 5% FCS or 10% FCS (one-way 

ANOVA, Dunnett’s post-hoc test).  
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3.3.7. Effect of different vasoconstrictors on the induction of VSMC proliferation 

using MTT assay 

In order to confirm the thymidine assay findings, I identified additional cell 

proliferation assays and attempted to optimise them to measure the proliferative effects 

of vasoconstrictors on RASM. The MTT assay is a method that examines another index 

of cell growth, cell viability and proliferation, and is based on measurements of the 

reduction of tetrazolium MTT in the mitochondria of metabolically active cells (Tantini 

et al., 2005). Serum-starved RASM cells were stimulated either once or three times with 

the agonists including AngII (100 nM), ET1 (100 nM) or NA (1 µM) in DMEM medium 

with 10% FCS or in serum-free conditions. MTT reduction assays were then completed 

as described in Methods (Section 2.2.6). Sample absorbance values are generally accepted 

as reflections of RASM cell viability and number. My data revealed that using a single 

stimulation, FCS (10%) treatment significantly enhanced MTT reduction when compared 

to non-treated serum-starved RASM cells (Figure 3.7 A and B). However, no change 

was detected with vasoconstrictor-stimulated cells in serum-free medium (Figure 3.7 A) 

or in 10% FCS supplemented medium (Figure 3.7 B). Moreover, in studies where 

vasoconstrictors were added multiple times within the 24 h period, only NA was able to 

induce an increase in MTT reduction when added with or without serum (Figure 3.7 A 

and B). In contrast, even when multiple additions of AngII or ET1 were applied, this had 

little effect upon MTT reduction and cell growth (Figure 3.7 C and D). These results 

indicate that we were unable to detect reliable changes in cell growth using the MTT 

assay in our RASM cells.  
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Figure 3.7 Effect of different vasoconstrictors on the induction of VSMC proliferation 

using the MTT assay. 

Serum-starved RASM cells were stimulated with AngII (100 nM), ET1 (100 nM) or NA (1 

µM) in 10% FCS-containing DMEM or serum-free DMEM. The effects of a single 

stimulation with vasoconstrictor are shown in either serum-free (A) or 10% FCS-

supplemented DMEM (B). The effects of three times stimulations with vasoconstrictor in 

serum-free (C) or 10% FCS-supplemented DMEM (D) are shown. Data shown are 4 

replicates for 4 independent experiments, each using RASM cells prepared from a different 

animal. Bar graphs are representative of means ± SEM. Statistically significant changes are 

shown as ****P<0.0001, **P<0.01, *P<0.05 (one-way ANOVA, Dunnett’s multiple 

comparison post-hoc test). 
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3.3.8. Effect of different vasoconstrictors on proliferative marker (Ki67) 

The nuclear antigen Ki67 has been extensively used as a marker for cell 

proliferation (Li et al., 2015). Ki67 expression is typically un-detectable in resting G0 

phase but is intensely up-regulated in active cell cycle phases (Gerdes et al., 1984). 

Although the determination of Ki67 expression has been used extensively to study 

cancerous cell proliferation, previous studies have used expression of Ki67 as a marker 

for proliferation of VSMC (Clarke et al., 2006; Wang et al., 2009). Therefore, I evaluated 

the effects of vasoconstrictors on the proliferative marker, Ki67 expression to assess its 

suitability to measure the proliferative effects of vasoconstrictors on the growth of 

RASM. RASM cells were stimulated with 10% FCS or the agonists: AngII (100 nM), 

ET1 (100 nM) or UTP (100 µM) in serum-free DMEM. Ki67 expression was assessed as 

described in the Methods (Section 2.2.8). As shown in Figure 3.8 A, immunofluorescence 

immunocytochemistry images show that Ki67 was un-detectible in growth-arrested, 

synchronized cells (i.e. serum-free DMEM incubated cells). However, Ki67 expression 

was easily detectable in cells stimulated with 10% FCS, or in cells stimulated with AngII, 

ET1 or UTP in serum-free DMEM. To quantify the changes in Ki67 expression, Ki67 

immunofluorescence was measured as mean nuclear fluorescence intensity (MFI) using 

Image J (Figure 3.8 B). Ki67 expression was significantly increased in cells stimulated 

with 10% FCS versus serum-starved cells. Similarly, MFI was significantly increased in 

AngII- or ET1-stimulated cells in comparison to control.  

A commonly used Ki67 estimation method is through the calculation of the Ki67 

index which reflects the percentage of Ki67 active nuclei in immunoreactive cells 

(Klöppel and La Rosa, 2018). Therefore, a second set of analyses was performed to 

calculate the percentage of Ki67 active nuclei. This was performed by manual counting 

of active nuclei (n) and the number of total nuclei (N) in each field. After that the 

percentage of active nuclei was calculated by using of these equation [(n/N) x 100]. As 

shown in Figure 3.8 C, approximately 50% of the cells stimulated with 10% FCS showed 

Ki67 active nuclei in comparison to ~5% in serum-starved cells. Stimulation of RASM 

cells with AngII, ET1 or UTP resulted in ~20%, 40% and 25% activation, respectively. 

Using either of the two methods of analysis, it can be seen that stimulation of RASM cells 

with AngII or ET1 resulted in an increase in Ki67 expression while UTP showed a non-

significant increase in Ki67 expression in RASM cells. 
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Figure 3.8 Effect of different vasoconstrictors on the proliferative marker Ki67. 

Synchronized RASM cells were stimulated with AngII (100 nM), ET1 (100 nM) or 

UTP (100 M) in serum-free DMEM. RASM cells were fixed and incubated with anti 

Ki67. A)  Representative images for Ki67 expression in response to 10% FCS, AngII, 

ET1 or UTP. B) The activity of the proliferative marker Ki67 was measured as mean 

of nuclear fluorescence intensity using Image J. In addition, the activity of proliferative 

marker Ki67 was measured as a percentage of the number of active nuclei (C). Bar 

graphs are representative of means ± SEM. Statistically significant changes are shown 

as *P<0.05; **P<0.01; ****P<0.0001 versus serum-free incubated cells (Kruskal-Wallis, 

Dunn’s post-hoc test). 
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3.3.9. Effect of different vasoconstrictors on proliferative marker (PCNA) 

Proliferating cell nuclear antigen (PCNA) is a proliferative marker whose 

expression is very low in quiescent cells and markedly elevated during the S and G2 

phases of the cell cycle (Jurikova et al., 2016).  In addition, PCNA has been extensively 

used in cancer diagnosis and to monitor prognosis (Naryzhny and Lee, 2007), and has 

been previous used to investigate changes in VSMC growth and proliferation (Wu and 

Lu, 2013). Therefore, I assessed its usefulness in RASM to detect vasoconstrictor-

stimulated cell proliferation. Serum-starved RASM cells were stimulated either by 10% 

FCS or the agonists including AngII (100 nM) or ET1 (100 nM) in serum-free DMEM. 

After that, the immunoblotting procedure completed as described in Method (Section 

2.2.6). Total cell lysates were analysed by western blotting with anti-PCNA antibody and 

anti-GAPDH antibody as a loading control. Immunoblotting results illustrate that 

stimulation of RASM with 10% FCS, AngII or ET1 showed higher PCNA expression in 

comparison to control, unstimulated cells (Figure 3.9).  
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A) 

B)  

 

Figure 3.9 Effect of different vasoconstrictors on expression of the proliferative 

marker PCNA. 

Confluent serum-starved RASM cells were stimulated with AngII (100 nM), ET1 (100 

nM) and UTP (100 M) in serum-free DMEM 24 h. Total cell lysates were analysed 

by western blotting with anti-PCNA and anti-GAPDH antibodies. Data are shown for 

8 independent experiments, each using RASM cells prepared from a different animal. 

Bar graph is representative of mean ± SEM of densitometric analyses of PCNA band 

by Image J. Statistically significant changes are shown as *P<0.05; ***P<0.001 versus 

serum-free (control) cells (one-way ANOVA, Dunnett’s multiple comparison post-hoc 

test). 
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3.4.  Discussion  

Abnormal proliferation of VSMC plays an important role in vascular diseases 

(Rudijanto, 2007). Indeed, VSMC proliferation and migration are pathologic hallmarks 

of hypertensive vascular remodelling, atherosclerosis and restenosis after coronary 

angioplasty (Hahn et al., 1993).  Previous evidence suggests that GPCRs have a 

fundamental role in the pathogenesis of cardiovascular diseases (Premont and 

Gainetdinov, 2007; Brinks and Eckhart, 2010). As hypertension is associated with 

elevated levels of circulatory vasoconstrictors (Harris et al., 2008), the current chapter 

assessed the effects of vasoconstrictors on VSMC proliferation in isolated RASM cells. 

AngII, ET1 and UTP are potent vasoconstrictors which are known to induce arterial 

smooth muscle cell contraction through their binding to plasma membrane GPCRs; AT1, 

ETA and P2Y2 receptors respectively, all of which are known to couple to Gαq (Paul et al., 

2006; Huang et al., 2011; Morris et al., 2011). Gαq activation generates second 

messengers, elevates [Ca2+]i and consequently induces vasoconstriction (Wynne et al., 

2009). Since the [Ca2+]i is essential in the contractile process of VSMCs, initially, the 

endogenous expression of functioning AT1, ETA and P2Y2 receptors in an isolated RASM 

cells preparations and their response to vasoconstrictors was confirmed. This was 

performed by determining vasoconstrictor-mediated changes in the [Ca2+]i using standard 

GPCR desensitization protocols (Morris et al., 2010; Morris et al., 2011; Morris et al., 

2012). The effects of AngII/AT1, ET1/ETA and UTP/P2Y2 provoked PLC/Ca2+ signalling 

in isolated RASM cells were a rapid and transient increase in [Ca2+]i. The rapid increase 

in [Ca2+]i is mediated via Gαq-PLC-IP3 activation. IP3 acts on IP3Rs in the sarcoplasmic 

reticulum (SR) (a major Ca2+ source) resulting in Ca2+ release into the cytoplasm through 

the ryanodine receptor (RyR) (Lesh et al., 1998; Hill-Eubanks et al., 2011). Another 

mechanism by which [Ca2+]i is raised by DAG which causes activation of PKC. PKC 

influences vascular Ca2+ channels activity such as voltage-dependent L-type Ca2+ 

channels triggering Ca2+ influx (Jackson, 2000; Ghosh et al., 2017). Normally, GPCRs 

are subject to desensitization and loss of receptor responsiveness following repeated 

agonist stimulation (Hausdorff et al., 1990). The effects of AngII/AT1 and ET1/ETA 

provoked Ca2+ signalling in RASM cells revealed about 45% and 80% reduction in the 

R2/R1 ratio respectively, showing AT1 and ETA receptor desensitization. These results 

are consistent with previous reports which showed that AT1 receptors (Hein et al., 1997) 

and ETA receptor (Morris et al., 2010) are subject to rapid desensitization and 

internalization. In 2011, our lab identified that P2Y2 receptor is the predominant mediator 
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of UTP-stimulated Ca2+ signalling in mesenteric arterial smooth muscle. Moreover, they 

revealed that application of repeated maximum dose of UTP did not produce P2Y2 

receptor desensitization, which suggests the presence of a large P2Y2 receptor reserve in 

isolated RASM cells (Morris et al., 2011). Therefore, to uncover P2Y2 receptor 

desensitization, a previously utilised receptor desensitization protocol [R1/Rmax/R2] was 

applied (Morris et al., 2011). As expected, Ca2+ signals showed increased in [Ca2+]i 

reflecting amplification of the signals in the UTP-stimulated P2Y2 receptor-PLC 

signalling pathway. Re-challenging P2Y2 receptors (after Rmax exposure) resulted in a 

~70% reduction in Ca2+ signals indicating an extensive P2Y2 receptors desensitization. 

These results are consistent with our lab previous findings, where UTP stimulation caused 

the desensitization of both P2Y2 receptors and reduced arterial contraction to repeat 

stimulation in mesenteric smooth muscle cells (Morris et al., 2011; Rainbow et al., 2018). 

Overall, consistent with the literature, AT1, ETA and P2Y2 receptors are expressed in 

primary culture of enzymatically dissociated RASM cells and respond to the 

vasoconstrictor ligands (Gunther et al., 1982; Komuro et al., 1988; Govindan et al., 2010). 

Additionally, immunocytochemistry and immunoblotting data showed positive SM α-

actin and calponin, confirming that they display some of the same characteristics as 

contractile smooth muscle cells. Therefore, I confirm that my isolation techniques were 

indeed producing pure arterial smooth muscle cultures, the cells expressed 

vasoconstrictor GPCRs and their activation profiles were similar to those expected and 

similar to what our lab have previously produced. Accordingly, primary cultures of 

RASM cells provide an appropriate tool to study vascular smooth muscle cell 

proliferation.  

There are many different proliferation assays used for evaluation of cell growth. 

Cultured primary VSMC, as the passage passed, have been reported to undergo phenotype 

modifications which are characterized by reduced expression of smooth muscle cell 

contractile markers such as -actin and acquired the characteristics of active proliferative 

cells in a passage-dependent manner (Gabbiani et al., 1984; Barja et al., 1986; Chang et 

al., 2014). The loss of VSMCs’ contractile function and enhanced growth responsiveness 

has made it difficult to examine the proliferative effect of the weak mitogens i.e. 

vasoconstrictors, therefore, all proliferation experiments were conducted on early (≤ 2) 

passage cultured cells. The proliferative effect of different vasoconstrictors on VSMCs 

were initially evaluated by the [3H]-thymidine incorporation assay. VSMCs were 
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stimulated by the vasoconstrictors; AngII, ET1, NA, V or UTP. Firstly, [3H]-thymidine 

incorporation experiments were undertaken in serum-starved cells. However, in the 

absence of serum it was not possible to observe measureable changes in cell growth. This 

finding is consistent with that of Grainger et al. (1994) who reported that AngII and ET1 

did not stimulate DNA synthesis of VSMC in serum-free culture conditions (Grainger et 

al., 1994). Stimulation of quiescent VSMC with serum results in rapid changes in the c-

fos, c-myc and actin mRNA levels, indicating possible participation of these genes in the 

onset of VSMC proliferation (Kindy and Sonenshein, 1986). Evidence indicates that the 

vasoactive peptides AngII and ET1 also stimulate c-fos, c-myc and c-jun in VSMC 

(Komuro et al., 1988; Naftilan et al., 1989b; Naftilan et al., 1990). Accordingly, 

vasoactive agents that modify growth genes could be implicated in the regulation of 

smooth muscle cell proliferation. There are several possible explanations for our finding 

i.e. undetectable proliferative effect of vasoconstrictors in serum-deprived culture. A 

probable explanation for this might be the inability of [3H]-thymidine to incorporate in 

VSMC within 4 h. A number of published protocols incubated stimulated cells with 

[3H]-thymidine for different time periods such as 2 h, 3 h, 4 h and 24 h (Hirata et al., 

1989; Ediger and Toews, 2000; Goncharova et al., 2006; Walcher et al., 2006). Thus, 

[3H]-thymidine incorporation assays were conducted using two different [3H]-

thymidine labelling periods of 4 h and 24 h. The latter one (24 h), [3H]-thymidine 

incubation showed improved levels of [3H]-thymidine incorporation in RASM cells 

compared to 4 h, even though stimulation of serum-free incubated cells with different 

vasoconstrictors in both time periods did not increase RASM cell proliferation. These 

results seem to be consistent with other studies which measure the uptake of [3H]-

thymidine in VSMC for 24 h (Lu et al., 2003; Kim et al., 2005c). Another possible 

explanation for the undetectable changes in cell growth in response to vasoconstrictors 

could be the instability of vasoconstrictors. For instance, AngII displays rapid and 

extensive degradation in high density cell cultures. Indeed Bunkenburg et al. (1992) show 

that 76% of AngII degraded after just 1 h incubation at 37°C in serum-free medium, and 

after 24 h incubation only 1% of AngII remained (Bunkenburg et al., 1992). In an attempt 

to combat the instability of peptides such as AngII and ET1, repeated applications of 

vasoconstrictors were applied. However, in the absence of serum, multiple stimulations 

of RASM cells by vasoconstrictors failed to promote cell growth, indicating that the 

inability to produce detectable vasoconstrictor-promoted cell growth was unrelated to 

their instability. As most vasoconstrictors are weak proliferative agents that take many 
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years to promote VSMC growth and vascular remodelling, it is conceivable that they 

might struggle to counteract the effects of serum starvation after 24 h. To overcome this 

problem, the influence of vasoconstrictors on the proliferation of VSMC was studied in 

the absence or presence of different concentrations of FCS. VSMC were stimulated with 

agonists in the presence of 1, 5 or 10% FCS containing medium. The vasoconstrictors 

had no effect on the proliferation of VSMC in serum-free medium, 1% FCS or 5% FCS. 

However, stimulation of VSMC with agonist in 10% FCS medium revealed that AngII, 

ET1 and NA stimulated cell proliferation. I found that stimulation of isolated RASM cells 

with agonist in 10% FCS medium gave the most reproducible results. In agreement with 

this protocol, Campbell-Bos et al., studied the proliferative effects (via cell counting) of 

AngII and vasopressin on human arterial smooth muscle cells in 10% FCS medium, and 

they reported that the proliferative effect of the vasoconstrictors could be modulated by 

serum components (Campbell-Boswell and Robertson, 1981). Furthermore, Bunkenburg 

et al. (1992) reported that AngII required serum-containing factors to increase [3H]-

thymidine incorporation and VSMC proliferation (Bunkenburg et al., 1992). A possible 

explanation for the apparent proliferative effect of vasoconstrictors in the presence of 

FCS is the probability of the slow mitogenic action of vasoconstrictors and in this case, 

10% FCS can accelerate their effects on DNA synthesis. Several reports have shown that 

vasoactive GPCR agonists promote delayed mitogenic effects in VSMC (Weber et al., 

1994; Molloy et al., 1996; Pawlowski et al., 1997). Zhang et al. (2010), showed that AngII 

induced VSMC proliferation in 1% FCS medium after four days, when the cells were re-

stimulated every 24 h (Zhang et al., 2010). Furthermore, delayed proliferative responses 

might be correlated with the production of some substance that has mitogenic activity. 

For instance, vasoactive agonists such as AngII, ET1, and α-thrombin stimulate VSMC 

proliferation indirectly through regulation of epiregulin (a potent mitogen delivered by 

VSMC) that may contribute to VSMC proliferation and vascular remodelling (Taylor et 

al., 1999). Additionally, this could explain why hypertensive vascular wall thickness 

manifests over a long time period (Mulvany, 1999). One of the limitations with inclusion 

of 10% FCS is the potential difficulty to specify if the proliferative effect is due to 

vasoconstrictors alone, or as result of multiple interactions between the vasoconstrictor 

and FCS components. 

Our results may be explained by the fact that abnormal VSMC proliferation 

develops under certain pathological conditions such as hypertension, atherosclerosis and 
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restenosis after angioplasty (De Mey, 1995; Rudijanto, 2007; Marx et al., 2011). 

Consistent with the literature, our laboratory previously demonstrated that the 

proliferative potential of smooth muscle cells derived from SHR is greater than control 

cells (Tanner et al., 2003; Li et al., 2010). Also, stimulation of aortic SHR smooth muscle 

cells with AngII or ET1 significantly induced [3H]-thymidine incorporation and cell 

proliferation in serum-free culture (Willets et al., un-published). Moreover, hypertension-

associated structural wall changes, such as increased media layer thickness, have been 

observed in small resistance arteries especially mesenteric vessels (Rizzoni et al., 

1994; Dickhout and Lee, 1997). It is possible that our results would be different if we 

used VSMCs obtained from smaller resistance arteries, such as mesenteric or femoral 

arteries. However, I choose to use aorta for our cell preparations because it produced a 

reproducible good yield of cells. In conclusion, the [3H]-thymidine incorporation assay 

was optimized to examine the proliferative effect of vasoconstrictors on an isolated 

RASM cells. Optimum experimental conditions are using early (≤ 2) passaged cultured 

cells, seeding 5x104 cells per well, single stimulation with vasoconstrictor in 10% FCS 

DMEM medium and [3H]-thymidine incubation for 24 h (Figure 3.10). 
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Figure 3.10 Flow chart showing the optimization of the [3H]-thymidine 

incorporation assay. 

Different experimental conditions used to improve [3H]-thymidine incorporation in 

RASM cells. Optimum experimental conditions to study the effect of vasoconstrictor 

on RASM cells proliferation are seeding 5x104 cells per well, 24 h [3H]-thymidine 

incubation, single stimulation with vasoconstrictor and incubated in 10% FCS DMEM. 

 

 

Although the proliferative effect of AngII, ET1 and NA on VSMC proliferation has 

been confirmed, the exact mechanisms by which they induce DNA synthesis and 

proliferation in VSMCs is a subject of debate. My finding have shown that AngII 

stimulates VSMC proliferation which are consistent with data observed in earlier studies 

(Hahn et al., 1993; Qin et al., 2004; Yu et al., 2018). Proliferative effects of AngII 

mediated via AT1 receptor could be blocked by AT1 antagonists such as losartan or 

valsartan (Zhang et al., 2010; Liao et al., 2012; Valente et al., 2012). AngII has been 

reported to induced cell proliferation through the production of reactive oxygen species 

(ROS) and subsequent activation of ERK1/2 and p38 MAPK (Yaghini et al., 2010) and 

the stimulation of ET1 gene expression (Hong et al., 2004), induction of ET1 biosynthesis 

and production (Sung et al., 1994) in VSMC which may contribute to cell proliferation. 

Optimal experimental 
conditions for RASM 

cells

10% FCS DMEM

Single stimulation

24 h [3H]-thymidine 
labelling

5x104 cells per well Determine the suitable cell density 

Compare 4 h / 24 h [3H]-thymidine labelling
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Compare the vasoconstrictors-proliferative effect 
in serum-free, 1%, 5% and 10% FCS DMEM

5x104 cells per well, 24 h [3H]-thymidine 
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Furthermore, AngII plays an important role in cell cycle regulating particularly by 

increasing CDK2 activity (Kubo et al., 2000) and down-regulating Mfn2 expression (Liao 

et al., 2012) to induce VSMC proliferation. In contrast, several reports showed that AngII 

alone was not mitogenic, but did have the ability to induce VSMC proliferation in 

response to other growth factors such as PDGF and EGF in SHR-derived cells 

(Bunkenburg et al., 1992; Stouffer and Owens, 1992). Moreover, AngII has been reported 

to promote cellular protein synthesis in VSMC, which resulted in cellular hypertrophy, 

but not hyperplasia (Geisterfer et al., 1988). This combined with increased expression of 

growth factor genes including c-fos, c-myc, and c-jun and increased PDGF-AA mRNA 

secretion (Kawahara et al., 1988; Naftilan et al., 1989a; Naftilan et al., 1990). Therefore, 

it seems highly likely that AngII has multiple actions which combine to stimulate cellular 

growth. Indeed, Gibbons et al. (1992) revealed that AngII has a bifunctional effect on 

VSMC growth, i.e. activates proliferative and anti-proliferative pathways. The anti-

proliferative effect occurrs through enhancing TGF-β1 production, which counteracts the 

growth stimulating effects of  AngII, with cell hypertrophy being the resultant effect 

(Gibbons et al., 1992). Furthermore, they reported that the anti-proliferative effect of 

AngII could be inactivated under certain pathological conditions (Gibbons et al., 1992). 

This may explain why AngII induced [3H]-thymidine incorporation and cell proliferation 

in the present of 10% FCS in our experiments. 

My data showed that ET1 mediated mitogenesis and [3H]-thymidine incorporation. 

This is in line previous studies that demonstrate ET1 to have proliferative effects on 

VSMC (Komuro et al., 1988; Hirata et al., 1989; Ohlstein et al., 1992; Ljuca and 

Drevensek, 2010). Evidence indicates that ET1-stimulated growth in VSMC is mediated 

through its effect on ETA receptors in VSMC, which could be inhibited by BQ123, a 

selective ETA receptor antagonist (Ohlstein et al., 1992). Additionally, ET1 results reflect 

other work that also found that ET1 stimulated DNA synthesis, cell number and increased 

cyclin D1 expression in arterial smooth muscle cells. Elevated levels of cyclin D1 

consequently accelerate the G0/G1 to S phase transition in the cell cycle. Moreover, ET1 

is a powerful co-mitogen for other growth factors such as PDGF and EGF (Quelle et al., 

1993; Hafizi et al., 1999; Wedgwood et al., 2001). ET1 exerts a potentiating effect on 

DNA synthesis in pulmonary arterial smooth muscle cells through stimulation of early 

response genes (c-fos and c-myc) and thereby promotes the transition from G0 to G1 phase 

of the cell cycle (Komuro et al., 1988; Janakidevi et al., 1992; Biasin et al., 2014). 
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Moreover, stimulation of human pulmonary arterial smooth muscle cells with FCS 

resulted in release of endogenous ET1, which might be responsible for the observed 

serum-induced cell proliferation (Wort et al., 2001). As there are currently limited 

published data describing the effects of NA on VSMC proliferation, it is difficult here to 

compare my findings with other work on the same cell type. Recent data show that NA 

can induce PCNA expression, cell cycle progression and proliferation via interaction with 

the α1D-adrenoceptor in pulmonary arterial smooth muscle cells (Liu et al., 2017; Luo et 

al., 2018), which mirrors our findings in VSMC. Furthermore, our findings support the 

results obtained in human osteoblasts, cardiac fibroblasts and human corneal epithelial 

cells in which it was shown that NA stimulates cell proliferation (Murphy et al., 

1998; Leicht et al., 2003; Kodama and Togari, 2013). 

Although UTP (Harper et al., 1998) and vasopressin (Alonso et al., 2009) have been 

shown to induce a proliferative response, in this study they did not stimulate VSMC 

proliferation. In agreement with our findings, vasopressin can inhibit human arterial 

smooth muscle cell proliferation (Campbell-Boswell and Robertson, 1981). It has been 

suggested that vasopressin exerts diverse actions on VSMC proliferation. Vasopressin 

increased the proliferation of adult rat aortic smooth muscle cell although it markedly 

attenuated the proliferation of the A10 cell line that is derived from foetal rat aorta 

(Nagano et al., 2000). In accordance with the present results, studies have demonstrated 

that UTP has an anti-proliferative effect on human vascular smooth muscle cells (White 

et al., 2000). Moreover, previous studies reported that the effect of extracellular 

nucleotides on P2Y2 receptors causes cell cycle arrest, and anti-proliferative effects in 

human oesophageal carcinoma cells (Maaser et al., 2002) and in colorectal cancer cells 

(Hopfner et al., 2001). At present the explanation for these contradictory responses 

remains unclear. However, a possible explanation for these results is that the anti-

proliferative effect of UTP might be due to its effect on other receptors. It is known that 

P2Y2, P2Y4, P2Y6, and P2Y12 are expressed in VSMC (Erlinge and Burnstock, 2008). 

Another possible reason is that the anti-proliferative effect might be related to the ability 

of UTP to activate alternative signaling pathways. For instance, Murthy et al., reported 

that P2Y2 receptors coupled to PLC-β1 via Gq/11 and to PLC-β3 via Gβγi3 (Murthy and 

Makhlouf, 1998). As previous studies indicate that PLC-β3 can act as negative regulator 

of endothelial cell proliferation (Bhattacharya et al., 2009), this might suggest that UTP 

could activate this pathway in VSMCs and prevent cell growth.  
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To confirm our [3H]-thymidine incorporation assay finding, I used an alternative 

proliferation assay, which did not just measure DNA synthesis. Thus, I used the MTT 

assay, which measures mitochondrial activity and thus cellular metabolism. Since growth 

requires energy then generally greater metabolic rate should reflect more cells and 

therefore an increase in cellular growth. Unfortunately, with an exception to NA 

stimulation, the MTT assay were unable to detect reliable changes in RASM cell 

number/growth in serum-free or with 10% FCS containing medium. Even though 

previous work showed that NA stimulated MTT reduction and promotes pulmonary 

arterial smooth muscle cells viability through activation of α1D- adrenoceptor (Liu et al., 

2017), it has also been reported that using the MTT assay to examine human airway 

smooth muscle cells proliferation might not be an accurate way under certain conditions 

(Zhang and Cox, 1996). This is particularly true when the mitogenic agent can influence 

other enzymes and factors that accelerate MTT reduction in addition to their effect in 

increasing cell proliferation (Zhang and Cox, 1996). For example, NA is likely to 

stimulate mitochondrial metabolism through activation of β-adrenoceptor (Case et al., 

2016), therefore the reported effects might not be related to cellular proliferation. 

Even though, the [3H]-thymidine incorporation assay was a potentially useful 

method to evaluate the proliferative effect of vasoconstrictors, the requirement for serum 

inclusion to display the proliferative effects of vasoconstrictors is open to criticism. 

Therefore, another technique is required to assess cell proliferation without the need for 

serum. I have established the mitogenic potential of AngII, ET1 on RASM cells by 

investigating their effect on commonly used proliferative markers in serum-free culture. 

Detection of proliferating smooth muscle cells was performed by determining the 

expression of nuclear antigen Ki67 and PCNA (Jurikova et al., 2016). In agreement with 

our [3H]-thymidine incorporation assay findings, AngII and ET1 induced activation of 

Ki67 in serum-deprived cultures confirming their mitogenic potency. Numerous reports 

have used expression of Ki67 as a marker for VSMC proliferation in response to other 

stimuli such as visfatin (Wang et al., 2009), during atherosclerotic plaque development 

(Clarke et al., 2006) or after arterial injury (Aoyagi et al., 1995). Currently, there are no 

published data describing the effects of vasoconstrictors on Ki67 expression in VSMC, 

thus, it is difficult here to compare the data in this thesis with other work on smooth 

muscle cells. However, my findings broadly support the work of other studies, albeit in 

different cell backgrounds, which correlate vasoconstrictor treatment to increased Ki67 
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expression. AngII has been reported to induce Ki67 expression in human umbilical vein 

endothelial cells, which could be blocked by the AT1 receptor antagonist candesartan 

(Herr et al., 2008). Moreover, ET1 increased Ki67 expression and cell proliferation in rat 

cortical astrocyte cells (Gadea et al., 2008). Although there is no reported relationship 

between UTP level and Ki67 expression, Qiu et al. (2018) identified a negative correlation 

between P2Y2 receptor expression, Ki67 index and the histological grade of breast cancer, 

which suggested that the P2Y2 receptor may contribute to tumour cell migration and 

invasion, but not proliferation (Qiu et al., 2018). In agreement with data presented in this 

thesis, recent evidence revealed that AngII stimulated PCNA expression in the A7r5 rat 

VSMC line (Yu et al., 2018), and both AngII and ET1 promote PCNA expression in 

primary cultures of VSMC (Li et al., 2013; Zhang et al., 2016).  

In summary, it has been shown in this chapter that isolated RASM cells are pure 

aortic smooth muscle cells cultures that express functional vasoconstrictor GPCRs.  

Furthermore, this chapter has assessed the suitability and reproducibility of a number of 

different proliferation assays. I have shown that optimized [3H]-thymidine incorporation 

assay is effective, however, there are certain drawbacks associated with the addition of 

serum to uncover the effects of vasoconstrictors. I have also shown that Ki67 and PCNA 

assays are sensitive enough to observe proliferative effects of vasoconstrictors alone in 

serum-free conditions. On the other hand, the MTT assay did not show any changes on 

cell growth and was not a suitable assay to use. Since different assays have been assessed 

and the reproducible and reliable proliferation assays were developed to study the effects 

of vasoconstrictors on VSMC growth, the next chapter describes the effect of GRK2 on 

vasoconstrictor-induced proliferation of VSMC. 
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4. Impact of GRK2 on cell proliferation 

4.1. Introduction 

G protein coupled receptor kinase 2 (GRK2) is a member of the GRK family and is 

a serine/threonine protein kinase able to phosphorylate and desensitize the active 

configuration of GPCRs (described earlier in Section 1.3.4.2). The classical role of GRK2 

has been explained as GRK2-mediated GPCR desensitization (Brinks and Eckhart, 2010). 

It has been believed that the traditional function of GRK2 is as part of a protective 

mechanism for the cell against overstimulation, however, this mechanism is impaired 

with the progression of certain diseases such as heart failure and hypertension (Choi et 

al., 1997; Cohn et al., 2009). It is now well defined that its role is not limited to receptor 

regulation. Indeed, GRK2 is able to interact with, regulate, or be regulated by a variety of 

non-receptor substrates (Section 1.3.4.3), (Willets et al., 2003; Tesmer et al., 

2005; Homan and Tesmer, 2014). GRK2 has high physiological importance, as 

alterations in GRK2 expression and/or kinase activity implicated in several pathological 

conditions (Ribas et al., 2007; Penela et al., 2010b). Moreover, GRK2 depletion or 

inhibition differentially changes the GPCR-mediated vasoconstrictor effects (Rainbow et 

al., 2018), indicating that changes in GRK2 levels or catalytic activity might mediate 

important effects in hypertension pathophysiology.  

It has been reported that hypertension is correlated with elevated GRK2 expression 

(Cohn et al., 2008; Cohn et al., 2009; Willets et al., 2015). Although the exact mechanism 

by which hypertension is associated with increased GRK2 expression is not yet fully 

understood, a complex interaction of diverse GPCR and non-GPCR signal transduction 

pathways appears to be able to modulate GRK2 expression in vascular cells (Ramos-Ruiz 

et al., 2000; Eckhart et al., 2002; Penela et al., 2010b). For example, continuous Gαq 

activation enhances GRK2 promoter transcriptional activity and increases GRK2 

expression in VSMCs (Ramos-Ruiz et al., 2000). Additionally, TGF-β has been reported 

as a regulator for GRK2 expression in VSMCs, enhancing both mRNA expression and 

protein levels (Guo et al., 2009). Together with multiple phosphorylation-dependent 

(such as phosphorylation of R-Smad) and/or independent GRK2 interactions (such as 

direct interaction with MEK and caveolin-1) (Shiina et al., 2001; Naga Prasad et al., 
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2002a; Schutzer et al., 2005; Jimenez-Sainz et al., 2006), we propose that GRK2 might 

act as an effector, contributing to the regulation of VSMC proliferation. Changes in GRK2 

expression or its catalytic activity might mediate important effects in hypertensive 

vascular remodelling. Here, in Chapter Four, the previously characterised proliferation 

assays (Chapter 3, Section 3.4) were utilised to determine whether GRK2 plays a role in 

vasoconstrictor-stimulated cell growth. 

 

4.2. Aim 

To objectively measure and assess the effect of GRK2 expression and its catalytic 

activity on vasoconstrictor-induced RASM cell proliferation. 
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Figure 4.1 Diagram for the proposed effects of altered GRK2 expression and 

activity on proliferation of VSMC. 

Hypertension associated with elevated GRK2 expression (Gros et al., 2000). Proposed 

effect of GRK2 on cell proliferation might be through its effect on vasoconstrictor-

stimulated Gαq-dependent or independent mediated different signalling pathways 

induced cell proliferation. Another proposed effect via regulation of cell cycle 

progression; down-regulated GRK2 expression during cell cycle progression (Penela 

et al., 2010a), could mediate the proliferation of VSMC. 
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4.3. Results 

4.3.1. Paroxetine inhibits UTP-induced P2Y2 desensitization in RASM cells 

siRNA techniques have been previously utilised to suppress GRK2 expression and 

thus identify its role in the regulation of P2Y2 and ETA receptor signalling (Morris et al., 

2010; Morris et al., 2011). These findings identified GRK2 as the key kinase that induces 

receptor desensitization and regulates Ca2+
 signalling mediated by these receptors in 

VSMC (Morris et al., 2010; Morris et al., 2011). In addition, the SSRI paroxetine has 

been identified as a GRK2 inhibitor (Thal et al., 2011), and more recent evidence from 

our laboratory shows that paroxetine can inhibit GRK2-mediated desensitization of P2Y2 

and AT1 receptor induced contractions in isolated mesenteric smooth muscle cells and 

arteries (Rainbow et al., 2018). Therefore, as GRK2 is the key kinase in the 

desensitization of P2Y2 receptor signalling (Morris et al., 2012) in RASM cells, I 

determined the effectiveness of paroxetine to inhibit GRK2-mediated P2Y2 receptor 

desensitization in RASM cells.  

RASM cells were pre-incubated with either paroxetine (5 µM) or fluoxetine (5 µM) 

which is a SSRI that does not inhibit GRK2 activity and thus acts as a control for off-

target (non-GRK2) effects (Thal et al., 2011). A standard, previously characterized 

desensitization protocol was used to induce P2Y2 receptor desensitization, where RASM 

cells were challenged with an approximate EC50 concentration of UTP (1 M) for 5 min 

before (R1) and 5 min after (R2) the addition of a maximal UTP challenge (Rmax;100 M) 

(Morris et al., 2011). As shown in Figure 4.2 A, comparison of the R2/R1 ratio indicated 

that in control (DMSO treated cells) the ratio was 30% indicating a level of 70% P2Y2 

receptor desensitization. In addition, pre-incubation with paroxetine resulted in a 

significant increase in the R2/R1 ratio showing reduced P2Y2 receptor desensitization, 

possibly through inhibition of GRK2 activity. Pre-incubation of RASM with fluoxetine 

had no effect upon P2Y2 receptor desensitization. These results revealed that paroxetine, 

but not fluoxetine, attenuates UTP-induced P2Y2 receptor desensitization likely via 

inhibition of GRK2. 
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Figure 4.2 Paroxetine inhibits UTP-induced P2Y2 receptor desensitization. 

RASM cells pre-incubated with (5 µM) paroxetine (B) or (5 µM) fluoxetine (C) for 1 h before 

being subjected to standard R1/Rmax/R2 (UTP) desensitization protocol. Representative traces 

from single cells show P2Y2 receptor Ca2+ signal desensitization following UTP challenge in 

vehicle control (A), paroxetine (B) or fluoxetine (C) pre-incubated cells. Real-time images 

were taken using an Olympus FV500 laser-scanning confocal IX70 inverted microscope (oil 

immersion objective 60x) to track [Ca2+]i. (D) Cumulative data indicate the degree of P2Y2 

receptor desensitization (means ± SEM from 14–16 cells prepared from three different 

animals). ****P<0.0001 in comparison to control; ####P<0.0001 in comparison to paroxetine 

(one-way ANOVA, Tukey’s multiple comparison post-hoc test). 
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4.3.2. Paroxetine inhibits vasoconstrictor-induced VSMC proliferation 

As the previous results (Section 4.3.1) and our published work (Rainbow et al., 

2018) indicate that paroxetine inhibits GRK2 mediated P2Y2 and AT1 receptor 

desensitization, paroxetine was subsequently used to inhibit GRK2 function and 

determine whether GRK2 activity affected vasoconstrictor-induced RASM cell 

proliferation. Serum-starved RASM cells were pre-incubated with (5 µM) paroxetine or 

(5 µM) fluoxetine for 30 min, before addition of vasoconstrictors [AngII (100 nM), ET1 

(100 nM) or NA (1µM)] in 10% FCS (DMSO was used as the vehicle control). The effects 

of paroxetine or fluoxetine on 10% FCS and different vasoconstrictor-induced RASM 

cell proliferation are shown in Figure 4.3. In agreement with previous data (Section 

3.3.6), addition of the vasoconstrictors AngII, ET1 or NA increased the level of [3H]-

thymidine incorporation above that seen with 10% FCS alone. Treatment of RASM cells 

with paroxetine resulted in a significant reduction in [3H]-thymidine incorporation/cell 

proliferation rate induced by 10% FCS, AngII, ET1 and NA compared to control cells 

(Figure 4.3). Whereas, fluoxetine had no effect on [3H]-thymidine incorporation/cell 

proliferation induced by any of the stimulants. These results suggest that paroxetine, but 

not fluoxetine, inhibits vasoconstrictor-induced RASM cell proliferation, highlighting a 

potential role for GRK2 in cellular proliferation.  
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Figure 4.3 Paroxetine inhibit vasoconstrictor-induced VSMC proliferation. 

Serum-starved RASM cells were pre-treated with paroxetine (5 µM) or fluoxetine (5 

µM) for 30 min, prior to stimulation with vasoconstrictors [AngII (100 nM), ET1 (100 

nM) or NA (1µM)] in 10% FCS containing paroxetine (5 µM) or fluoxetine (5 µM) for 

24 h. Paroxetine significantly inhibited 10% FCS, AngII, ET1 or NA induced RASM 

cells proliferation.  Data represent means ± SEM for 4 replicates for each experimental 

condition from 4 different cells preparations. Statistically significant changes compared 

to serum-free control unstimulated cells are shown as; *P<0.05, ****P<0.0001 (two-

way ANOVA, Tukey’s post-hoc test). 
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4.3.3. The small molecule GRK2 inhibitor COMP101 attenuated vasoconstrictor-

induced VSMC proliferation 

To further confirm whether inhibiting GRK2 activity could prevent 

vasoconstrictor-driven RASM cell proliferation, the effect of an alternative GRK2 small-

molecule inhibitor COMP101 (Thal et al., 2011) on agonist-stimulated [3H]-thymidine 

incorporation was tested. Serum-starved RASM cells were pre-incubated with COMP101 

(30 µM) for 30 min prior to vasoconstrictor stimulation [AngII (100 nM), ET1 (100 nM) 

or NA (1µM)]. As shown in Figure 4.4, in the presence of DMSO, the profile of 

vasoconstrictor-stimulated [3H]-thymidine incorporation was similar to that observed in 

previous experiments (Section 3.3.6 and 4.3.2), where AngII, ET1 or NA stimulation 

produced higher levels of [3H]-thymidine incorporation than that seen with 10% FCS 

alone. In contrast, treatment of RASM cells with COMP101 significantly attenuated ET1 

and NA induced RASM cells proliferation when compared to control, but had no effect 

upon FCS induced cell proliferation. These results confirmed that inhibition of GRK2 

catalytic activity attenuated vasoconstrictor-induced [3H]-thymidine incorporation. 
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Figure 4.4 The small molecule GRK2 inhibitor COMP101 attenuated 

vasoconstrictor-induced VSMC proliferation. 

Serum-starved RASM cells were pre-treated with COMP101 (30 µM) for 30 min, prior 

to stimulation with the vasoconstrictors [AngII (100 nM), ET1 (100 nM) or NA (1µM)] 

in 10% FCS containing COMP101 (30 µM) for 24 h. Data show that COMP101 

significantly inhibited ET1 or NA induced RASM cells proliferation. Data represent 

means ± SEM for 4 replicates for each experimental condition from 4 different cells 

preparations. Statistically significant changes compared to serum-free control 

unstimulated cells are shown as; *P<0.05, **P<0.01 (two-way ANOVA, Sidak’s post-

hoc test). 
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4.3.4. siRNA-induced GRK2 knockdown attenuates vasoconstrictor-induced 

VSMC proliferation 

As the previous data (Section 4.2.2. and 4.2.3) indicated that GRK2 activity is 

implicated in vasoconstrictor-induced RASM proliferation, I next wanted to determine 

whether the presence of GRK2 in addition to its kinase functionality was important in 

mediating RASM proliferation. Here GRK2 expression was depleted using standard 

siRNA techniques (Morris et al., 2010) and the effects on vasoconstrictor-driven RASM 

cell proliferation was determined using the [3H]-thymidine incorporation assay. Briefly, 

GRK2 expression was selectively depleted in RASM cells using nucleofection with a 

previously characterised anti-GRK2 siRNA (Morris et al., 2010), as described in the 

Methods (Section 2.2.4). Twenty four hours post-nucleofection, cells were serum-starved 

for a further 24 h, prior to stimulation with the vasoconstrictors AngII (100 nM), ET1 

(100 nM), or NA (1 µM) in 10% FCS medium.  Numerous different agonists can induce 

RASM cell growth including PDGF which dose so by activating the tyrosine kinase-

coupled PDGF receptor (Kim et al., 2015). Interestingly, PDGF signalling has previously 

been reported to be regulated by GRK2 in VSMCs (Wu et al., 2005). Therefore, to further 

investigate whether the effects of GRK2 inhibition were selective for GPCR-driven 

proliferation, RASM growth was also stimulated with PDGF (40 ng/ml) in the presence 

and absence of GRK2 siRNA.  

Immunoblotting showed that treatment of RASM cells with anti-GRK2 siRNA 

produced a marked reduction ~80% (48 h) and ~70% (72 h) in GRK2 protein expression 

post-transfection (more validation in Section 4.3.6) confirming the effectiveness of the 

anti-GRK2 siRNA construct (Figure 4.5 A). Moreover, the profile of vasoconstrictor-

stimulated [3H]-thymidine incorporation in negative control (NC) siRNA transfected cells 

was equivalent to that detected in non-transfected cells (Section 3.3.6, 4.3.2 and 4.3.3).  

As expected, inclusion of AngII, ET1 or NA resulted in more [3H]-thymidine 

incorporation than that seen with 10% FCS alone (Figure 4.5 B). In contrast, depletion 

of GRK2 significantly attenuated 10% FCS, AngII, ET1 and NA induced [3H]-thymidine 

incorporation in RASM cells, but had no effect upon PDGF-induced cell proliferation 

(Figure 4.5 B). These data strongly suggest that GRK2 expression is essential to facilitate 

vasoconstrictor-induced RASM cells proliferation. 
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Figure 4.5 GRK2 siRNA knockdown attenuates vasoconstrictor-induced VSMC 

proliferation. 

 (A) GRK2 expression was specifically depleted by nucleofection with anti-GRK2 

siRNA (10 nM), leading to a reduction in GRK2 expression of ~80% after 48 h, and 

~70% after 72 h transfection. Cumulative data are represented as means ± SEM. (B) 

Serum-starved NC or anti-GRK2 siRNA treated RASM were stimulated with AngII 
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(100 nM), ET1 (100 nM), NA (1 µM) in 10% FCS or with PDGF (40 ng/ml) for 24 h. 

Cell proliferation was measured using the [3H]-thymidine incorporation assay. GRK2 

siRNA significantly inhibited 10% FCS, AngII, ET1 and NA induced [3H]-thymidine 

incorporation. Data shown are 4 replicates for 4 independent experiments, each using 

RASM cells prepared from a different animal. Cumulative data are shown as means ± 

SEM. Statistically significant changes compared to respective agonist-stimulated 

values in NC siRNA nucleofected cells are shown as; *P<0.05, **P<0.01 (one-way 

ANOVA, Dunnett’s post-hoc test (A) and Kruskal-Wallis, Dunn’s post-hoc test (B)). 
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4.3.5. What role does GRK2 catalytic activity play in vasoconstrictor-induced Ki67 

expression? 

Previous findings in Sections 4.3.2 and 4.3.3 showed that paroxetine and COMP101 

markedly inhibited vasoconstrictor-induced [3H]-thymidine incorporation in RASM 

cells. To confirm and expand on these data, the effects of GRK2 inhibitors on an 

alternative measure of cell proliferation (Ki67 expression) was conducted. RASM cells 

were pre-incubated with COMP101 (30 µM), paroxetine (5 µM) or fluoxetine (5 µM) for 

30 min prior to stimulation with 10% FCS or the agonists: AngII (100 nM) or ET1 (100 

nM) in serum-free DMEM containing the required concentration of inhibitor. Procedures 

were then completed as described in Methods (Section 2.2.8). In agreement with previous 

findings (Section 3.3.8), immunofluorescent immunocytochemistry images of control 

cells (DMSO-incubated cells) showed that Ki67 expression was un-detectable in growth 

arrested cells (i.e. serum-free DMEM incubated cells). In contrast, when RASM cells 

were incubated with 10% FCS, AngII or ET1, a marked increase in Ki67 expression was 

observed (Figure 4.6 A).  

When COMP101- or paroxetine-treated RASM cells were stimulated with 10% 

FCS, a significant reduction in the expression of Ki67 was detected (Figure 4.6 B). 

Likewise, COMP101 caused a significant reduction in AngII- or ET1-stimulated Ki67 

expression (Figure 4.6 C and D). These results are similar to those of [3H]-thymidine 

incorporation assay (Section 4.3.3). Another important finding was treatment of RASM 

cells with paroxetine significantly inhibited ET1 induced Ki67 expression (Figure 4.6 

D). Surprisingly, this inhibition of Ki67 expression was also replicated to a lesser extent 

by fluoxetine (Figure 4.6 D). On other hand, when RASM cells were stimulated with 

AngII in the presence of paroxetine or fluoxetine, no significant difference in the 

expression of Ki67 was detected (Figure 4.6 C).  
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Figure 4.6 GRK2 inhibitors prevent Ki67 expression. 

Growth-arrested RASM cells were pre-incubated with COMP101 (30 µM), paroxetine (5 

µM) or fluoxetine (5 µM) for 30 min prior to stimulation with 10% FCS, AngII (100 nM) or 

ET1 (100 nM). After 24 h, RASM cells were fixed and Ki67 expression determined using 

immunocytochemistry. A) Representative immunofluorescence images for Ki67 expression 

in control, COMP101, paroxetine and fluoxetine treated cells. The expression of the 

proliferative marker Ki67 was measured as fold over basal for mean of nuclear fluorescence 

intensity using Image J (N  500 cells). Cumulative data (means ± SEM) show that all 

inhibitors significantly decreased 10% FCS (B) and ET1 (D) induced Ki67 expression in 

comparison to control. However, only COMP101 significantly decrease AngII induced Ki67 
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expression (C). Statistically significant changes are shown as ****P<0.0001 versus control 

cells (Kruskal-Wallis, Dunn’s post-hoc test). 
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4.3.6. What roles do other GRKs play in vasoconstrictor-induced Ki67 expression? 

Cultured aortic smooth muscle cells not only express GRK2 but also GRK5 and 

GRK6 (Ishizaka et al., 1997; Morris et al., 2010). Interestingly, data from other cell 

backgrounds suggests a positive correlation exists between individual GRK isoform 

expression and Ki67 expression (Li, 2013; Nogues et al., 2016; Jiang et al., 2018). 

Therefore, the effects of altering GRK2, GRK5 and GRK6 expression on RASM cell 

growth were examined using Ki67 expression as a marker of cell proliferation.  

GRK2, GRK5 and GRK6 expression were selectively depleted in RASM cells 

using previously characterised anti-GRK2 (Morris et al., 2010), anti-GRK5 or anti-GRK6 

siRNAs (Nash et al., 2018), via the nucleofection technique described in the main 

Methods (Section 2.2.4). To determine the effectiveness of the individual siRNA 

constructs in depleting targeted GRKs cells were lysed 48 h after nucleofection and 

probed for GRK expression using selective anti-GRK2, anti-GRK5 or anti-GRK6 

antibodies. Immunoblotting data revealed that transfection of RASM cells with anti-

GRK2, anti-GRK5 and anti-GRK6 siRNAs caused ≥70% knockdown of the targeted 

kinase in comparison to NC siRNA transfected cells (Figure 4.7 B, C and D). 

Furthermore, knockdown of each targeted GRK was specific, i.e. without affecting the 

expression of other non-targeted GRKs expression (Figure 4.7 A). To further confirm 

siRNA transfection efficiency, GRK expression was visualised using 

immunocytochemistry techniques, which showed reduced GRK2, GRK5 and GRK6 

expression in ~70%-80% of transfected cells with corresponding anti-GRK siRNAs 

(Figure 4.8).  

After confirming the selectivity of individual GRK siRNAs, the effects of depleting 

individual endogenous GRK expression on the ability of vasoconstrictors to activate Ki67 

expression was examined next. In these experiments, growth-arrested cells (48 h post-

nucleofection) were stimulated with 10% FCS or AngII (100 nM) or ET1 (100 nM) in 

serum-free DMEM. Levels of Ki67 expression were assessed as described in the Methods 

(Section 2.2.7). Immunofluorescent immunocytochemistry images of control cells (NC 

siRNA transfected cells) showed FCS, AngII and ET1 increased levels Ki67 expression 

above the baseline (Figure 4.9 B, C and D), indicating that transfection of RASM with 

NC siRNA produced similar results to those obtained in non-transfected cells (Section 

3.3.8). In agreement with previous data (Section 4.2.4), where GRK2 knockdown 

considerably inhibited the effect of vasoconstrictor-induced [3H]-thymidine 
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incorporation, depletion of GRK2 resulted in a significant reduction in ET1 induced Ki67 

expression (Figure 4.9 D). Likewise, depletion of GRK6 resulted in a significant 

reduction (P<0.0001) in 10% FCS, AngII and ET1 induced Ki67 expression (Figure 4.9 

B, C and D). However, GRK5 knockdown markedly increased Ki67 expression in 10% 

FCS, AngII and ET1 treated cells (Figure 4.9 B, C and D).  
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Figure 4.7 Specific GRK siRNAs markedly deplete endogenous GRK2, GRK5 and 

GRK6 in RASM cells. 

Representative immunoblots showing relative GRK protein expression in RASM (A) 

treated with 10 nM of anti-GRK2 (lane 2), anti-GRK5 (lane 3), anti-GRK6 (lane 4) or NC 

(lane 1) siRNAs using the Lonza nucleofector system. Cumulative densitometric data 

showed a marked reduction in GRK2 (B), GRK6 (C) and GRK5 (D) protein expression 

compared to NC siRNA treated cells. Data show mean+SEM from four cell preparations. 

****P<0.0001 versus NC siRNA transfected cells  (one-way ANOVA, Dunnett’s post-

hoc test).  
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Figure 4.8 Effects of siRNA-mediated suppression of GRK levels in RASM cells. 

Representative immunocytochemistry images showing relative GRK protein expression 

in RASM treated with 10 nM of anti-GRK2, anti-GRK5, anti-GRK6 or NC siRNAs using 

the Lonza nucleofector system. Representative immunocytochemistry images of GRK2 

(A), GRK5 (B) and GRK6 (C) display a transfection efficiency of ~70-80% for each 

siRNA construct. Cumulative data showed a marked reduction in GRK2 (Di-ii), GRK5 

(Diii-iv) and GRK6 (Dv-vi) protein expression compared to NC siRNA treated cells. Data 

show mean+SEM from four cells. *P<0.05; **P<0.01;  ***P<0.001 versus NC siRNA 

transfected cells (unpaired t-test).  
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Figure 4.9 Depletion of endogenous GRK2, GRK5 and GRK6 affects on Ki67 

expression. 

RASM cells were nucleofected with (10 nM) anti-GRK2 siRNA, anti-GRK5 siRNA, anti-

GRK6 or NC siRNAs. 24 h later, cells were serum-starved and after another 24 h, 

stimulated with 10%FCS, AngII (100 nM) or ET1 (100 nM). A) Representative 

immunofluorescence immunocytochemistry images for Ki67 expression in anti-GRK2 

siRNA, anti-GRK5 siRNA, anti-GRK6 or NC siRNAs treated cells. The expression of the 

proliferative marker Ki67 was measured as fold over basal for mean of nuclear 

fluorescence intensity using Image J (N  500 cells). Cumulative data (means ± SEM) 

indicate that GRK2 depletion significantly decreased ET1 induced Ki67 expression in 

comparison to NC (D). Knockdown of GRK6 significantly decreased 10% FCS, AngII 
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and ET1 induced Ki67 expression (B, C and D), whereas GRK5 depletion significantly 

increased Ki67 expression in 10% FCS, AngII or ET1 treated cells (B, C and D). 

Statistically significant changes are shown as *P<0.05, ****P<0.0001 (Kruskal-Wallis, 

Dunn’s post-hoc test). 
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4.3.7. Effect of COMP101 on vasoconstrictor-induced PCNA expression 

Previous findings (Section 4.3.3 and 4.3.6) indicated that the small molecule GRK2 

inhibitor COMP101 inhibited vasoconstrictor-induced [3H]-thymidine incorporation and 

Ki67 expression in RASM cells. Actually, further confirmation was carried out by testing 

GRK2 catalytic activity on the expression of PCNA proliferative marker. RASM cells 

were pre-incubated with COMP101 (30 µM) for 30 min prior to stimulation with 10% 

FCS, AngII (100 nM) or ET1 (100 nM) in serum-free DMEM contain 30 µM COMP101. 

Procedures were then completed as described in the Methods (Section 2.2.7). Total cell 

lysates were analysed by western blot with an anti-PCNA antibody, and an anti-GAPDH 

antibody as a loading control. Consistent with previous findings (Section 3.3.9), 

immunoblotting results illustrate that stimulation of RASM with 10% FCS, AngII or ET1 

showed higher PCNA expression in comparison to control unstimulated cells (Figure 

4.10). Furthermore, inclusion of COMP101 did not inhibit agonist-stimulated changes in 

PCNA expression (Figure 4.10).  
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Figure 4.10 Effect of COMP101 on vasoconstrictor-induced PCNA expression. 

After 24 h serum-starvation, cells were pre-incubated with COMP101 (30 µM) or 

vehicle control (DMSO) for 30 min, before stimulation with 10% FCS, AngII (100 nM) 

or ET1 (100 nM) for a further 24 h. Total cell lysates were analysed by western blot 

with anti-PCNA and anti-GAPDH antibodies. Stimulation of RASM with 10% FCS, 

AngII or ET1 resulted in a marked increase in PCNA expression. Inhibition of GRK2 

kinase activity with COMP101 had no effect upon changes in PCNA level expression. 

Data are shown for 8 independent experiments, each using RASM cells prepared from 

a different animal. Bar graph is representative for mean ± SEM of densitometric 

analyses of PCNA band by Image J. Statistically significant changes for the control are 

shown as *P<0.05, ****P<0.0001 (one-way ANOVA, Dunnett’s post-hoc test). 
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4.3.8. GRK2 expression is downregulated during cell cycle progression 

According to Penela et.al, (2010), a study which described the complex GRK2 

interactions during the cell cycle progression, CDK2 can phosphorylate GRK2 at S670, 

resulting in a temporary suppression of GRK2 expression during the G2 phase of the cell 

cycle. Indeed, it was postulated that this reduction of GRK2 expression is important for 

normal cycle progression (Penela et al., 2010a). To investigate whether a similar 

reduction in GRK2 protein expression during G0/G1 and G2/M phases of the cell cycle is 

observed in RASM, GRK2 expression levels across the cell cycle were examined. In order 

to synchronize RASM cells at G0/G1, RASM cells were incubated in serum-free medium 

for 24 h. In addition, RASM cells were also incubated with the cell cycle inhibitor 

nocodazol (1 µM) for 24 h to arrest the cell cycle at the G2/M phase. After 24 h, total cell 

lysates were blotted for GRK2 expression, and GRK2 expression was significantly 

reduced at the G2/M phase and a non-significant reduction was seen at G0/G1 phase 

(Figure 4.11). To further investigate the relationship between GRK2 expression and cell 

cycle progression, the profile of GRK2 expression during the cell cycle was examined. 

Here RASM cell growth was synchronized by serum-starvation for 24 h, and cells were 

then released for senescence by stimulation with 10% FCS. Cells were lysed every 2 h 

after addition of serum and GRK2 expression determined by immunoblotting. As shown 

in Figure 4.12, little change in the expression of GRK2 was observed over the time course 

of the experiment, with the exception of a slight (non-significant) decrease in GRK2 

protein expression 10-12 h after release from senescence. Also, a non-significant increase 

in GRK2 protein expression 16 h after release from senescence.  
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Figure 4.11 GRK2 protein expression is downregulated during G2/M phase of the 

cell cycle. 

RASM cells were synchronized at G0/G1 phase by serum-starvation and at G2/M phase 

with nocodazol (1µM) for 24 h. Total lysates were analysed by western blot with anti 

GRK2 and anti GAPDH antibodies. A) Representative immunoblotting for RASM cells 

at G0/G and at G2/M phases. B) Cumulative data show that GRK2 protein expression 

significantly decreased at G2/M phase. Data are shown for 6 independent experiments, 

each using RASM cells prepared from a different animal. Bar graph is representative 

of densitometric analyses of bands by Image J and normalized to loading control. 

Statistically significant changes compared to DMSO incubated cells shown as: *P<0.05 

(one-way ANOVA, Tukey’s post-hoc test). 
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Figure 4.12 GRK2 protein expression level changes after releas of cells from 

serum-starvation. 

Growth-arrested RASM cells were stimulated with 10% FCS and cells were then 

harvested at 2 h intervals. Total cell lysates were analysed by western blot with anti-

GRK2 and anti-GAPDH antibodies. A) Representative immunoblots show GRK2 

expression up to 20 h after cell cycle release. B) Cumulative data show as mean ± SEM 

for 3 independent experiments, each using RASM cells prepared from a different 

animal. Bar graph is representative of densitometric analyses of bands by Image J and 

normalized to loading control (Kruskal-Wallis, Dunn’s post-hoc test).   
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Table 4.1 Summary of the data for the effect of GRKs on cell proliferation. 

Symbol: ↔ no change, ↓ significant decrease, ↑ significant increase and N/A not available

 [3H]-thymidine incorporation Ki67 expression 

 Paroxetine Fluoxetine COMP101 
GRK2 

siRNA 
Paroxetine Fluoxetine COMP101 

GRK2 

siRNA 

GRK5 

siRNA 

GRK6 

siRNA 

Basal ↔ ↔ ↔ ↔ ↔ ↔ ↔ ↔ ↑ ↔ 

FCS ↓ ↔ ↔ ↓ ↓ ↓ ↓ ↔ ↑ ↓ 

AngII ↓ ↔ ↔ ↓ ↔ ↔ ↓ ↔ ↑ ↓ 

ET1 ↓ ↔ ↓ ↓ ↓ ↓ ↓ ↓ ↑ ↓ 

NA ↓ ↔ ↓ ↓ N/A N/A N/A N/A N/A N/A 

PDGF N/A N/A N/A ↔ N/A N/A N/A N/A N/A N/A 
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4.4. Discussion 

Prior evidence suggests that GPCRs have a fundamental role in controlling 

cardiovascular disease (Premont and Gainetdinov, 2007; Brinks and Eckhart, 2010). 

Although GRK2 is a key GPCR regulator and terminator for G protein-dependent 

signalling, its role has expanded to include regulation of other G protein-independent 

signalling pathways (Reiter and Lefkowitz, 2006; Brinks and Eckhart, 2010; Evron et al., 

2012). Indeed, mounting evidence highlights GRK2 as the sole negative regulator of  α1D-

adrenoceptor (Mayor et al., 1998), ETA (Morris et al., 2010), P2Y2 (Morris et al., 2011) 

and possibly AT1 (Olivares-Reyes et al., 2001) receptors, all of which are known to couple 

to Gαq and induce vasoconstriction (Harris et al., 2008; Hill-Eubanks et al., 

2011; Lymperopoulos and Bathgate, 2013). Some previous evidence suggests that 

activation of Gαq signalling pathways increases GRK2 expression and activity in 

cardiovascular cells (Chuang et al., 1995; Ramos-Ruiz et al., 2000). Furthermore, it has 

been reported that GRK2 interacts with and phosphorylates many target proteins which 

are important in cell proliferation, in a G protein-independent manner (Reiter and 

Lefkowitz, 2006). For example, GRK2 can interact directly with PI3K (Naga Prasad et 

al., 2002a), ERK (Robinson and Pitcher, 2013) and Smad proteins (Ho et al., 2005b). 

Collectively these findings suggest that GRK2 may function not only as a negative 

regulator of GPCR signalling but has extended functions to regulate different downstream 

signalling pathways that mediate pathological processes in hypertensive vascular 

remodelling (Kamal et al., 2012). Together with elevated GRK2 levels and exaggerated 

GRK2 activity during hypertension (Gros Robert, 1997; Gros et al., 2000; Eckhart et al., 

2002; Cohn et al., 2008; Cohn et al., 2009), we hypothesized that GRK2 would display a 

significant effect on vasoconstrictor-induced VSMC proliferation. Therefore, the current 

chapter investigated the effects of GRK2 expression and its catalytic activity on 

vasoconstrictor induced VSMC proliferation. Since, AngII, ET1 and NA are stimulators 

of cell proliferation via their respective Gαq coupled GPCRs (reviewed in Section 3.4), 

these agonists were utilised to stimulate proliferation and to determine whether GRK2 

plays a role in vasoconstrictor-induced proliferation of VSMC. 

Although little is known about the molecular mechanisms by which GRK2 may 

regulate VSMC proliferation, there is some evidence indicating that GRK2 plays a 

fundamental role in cell proliferation. A strong relationship between GRK2 and cell cycle 
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progression has been previously reported (Penela et al., 2010a; Wei et al., 2013). For 

example, in breast cancer cells GRK2 is involved in complex cellular processes in cell 

cycle progression, where cyclin-dependent kinase 2 (CDK2) mediates GRK2 

phosphorylation, promoting its interaction with the Pin1. This interaction contributes to 

temporary GRK2 down-regulation at the G2 phase, which is important for normal cell 

cycle progression (Penela et al., 2010a). Moreover, reduced GRK2 protein cellular 

expression increases cyclin A, cyclin B and cyclin E expression to produce cell cycle 

arrest (Wei et al., 2013). In this regard, it has been described that GRK2 expression is 

required for cell cycle checkpoints and it regulates the cell cycle in numerous ways (Jiang 

et al., 2009; Penela et al., 2010b).  In the cardiovascular system, it has been reported that 

GRK2 activity is increased in idiopathic dilated cardiomyopathy patients (Ungerer et al., 

1993). Likewise, in the spontaneously hypertensive heart failure rat model (SHHF) left 

ventricular hypertrophy is associated with elevated GRK2 expression and activity, which 

is believed to be a key factor in the progression of heart failure (Anderson et al., 1999). 

Moreover, it has been reported that GRK2 knockout results in embryonic lethality-

hypoplasia of ventricular myocardium (Jaber et al., 1996). In addition, GRK2 

overexpression in VSMC results in increased arterial blood pressure and cell hypertrophy 

(Eckhart et al., 2002). Collectively, these findings indicate that GRK2 participates in cell 

growth and proliferation in the cardiovascular system. 

Building from the idea that GRK2 plays an essential role in cell proliferation, I 

investigated the effects of pharmacological inhibition of GRK2 by paroxetine or 

COMP101 on vasoconstrictor-induced VSMC proliferation. Both paroxetine and 

fluoxetine are SSRIs, and previous data indicate that paroxetine, but not fluoxetine, can 

bind directly to GRK2 to inhibit kinase activity (Thal et al., 2012). Here treatment of 

VSMC with paroxetine resulted in inhibition of vasoconstrictor-induced cell 

proliferation. Our results show that paroxetine (not fluoxetine) inhibits AngII, ET1, and 

NA induced [3H]-thymidine incorporation. These findings were further confirmed by 

Ki67 data which show that paroxetine attenuates ET1-induced Ki67 expression. 

Numerous previous studies have investigated the effects of paroxetine on cell growth in 

different cell types, but there are no published data examining the effect of paroxetine on 

VSMC proliferation (Sari and Zhou, 2003; Chou et al., 2007; Qiu et al., 2007; Schuster 

et al., 2007). For example, Qiu et al. demonstrated that paroxetine reverses the 

corticosterone-induced suppressive effect on hippocampal cell proliferation (Qiu et al., 
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2007). In contrast, Sari et al, reported that paroxetine inhibited 5-HT induced foetal heart 

cell proliferation (Sari and Zhou, 2003). Moreover, paroxetine-induced apoptosis in 

human MG63 osteosarcoma cells (Chou et al., 2007) and inhibited [3H]-thymidine 

incorporation and induced apoptosis in B-, T-lymphoid cells and in myeloid cell lines 

(Schuster et al., 2007). Although these studies utilised paroxetine as a 5-HT uptake 

inhibitor, our findings revealed that the anti-proliferative effect of paroxetine on AngII, 

ET1 and NA induced VSMC proliferation is possibly mediated via GRK2 inhibition. This 

idea was further supported by GRK2 depletion data which showed the same findings. In 

agreement with our findings, Schumacher et al, (2015) reported that paroxetine-mediated 

GRK2 inhibition in vivo reduced ventricular remodelling in mouse via an SSRI-

independent process, and this effect was specific to paroxetine in contrast to fluoxetine 

(Schumacher et al., 2015). Our suggestion for the anti-proliferative effects of paroxetine 

as a GRK2 inhibitor is supported by our [Ca2+]i imaging data. Our results revealed that 

treatment of VSMCs with paroxetine inhibited UTP-induced P2Y2 receptor 

desensitization, a process known to be regulated by GRK2 (Morris et al., 2011), whilst 

inclusion of fluoxetine had no effect. This also accords with our earlier observations, 

which confirmed that paroxetine functions as a selective GRK2 inhibitor for UTP-

mediated P2Y2 receptor desensitization in mesenteric arteries (Rainbow et al., 2018). 

Additionally, paroxetine inhibits GRK2-mediated β2-adrenoceptor phosphorylation, 

arrestin recruitment and receptor desensitization (Guo et al., 2017).  

Although strong evidence suggests that paroxetine inhibits GRK2 activity (Thal et 

al., 2011; Rainbow et al., 2018), it is important to consider that SSRIs are designed to 

inhibit serotonin transporter (SERT) activity, which will enhance serotonin (5-HT) 

bioavailability at the synaptic cleft (Leonard, 1995). Even though previous reports show 

that SERT is expressed in human coronary arterial smooth muscle cells (Baskar et al., 

2015), there is no published evidence confirming SERT expression in aortic smooth 

muscle cells in vitro. Moreover, although 5-HT receptors (such as the 5-HT2A receptor) 

are expressed in rat aorta (Watts et al., 2001), it is unlikely that such receptors would be 

activated in vitro because the lack of agonist (5-HT) in our experiments. Also, as  5-HT 

is a neurotransmitter released from presynaptic nerve terminals (Fink and Gothert, 2007), 

whether cultured smooth muscle cells are able to synthesise and release 5-HT in vitro is 

unknown. Therefore, the observed effects of SSRIs on VSMC may be unrelated to 

inhibition of 5-HT uptake and a subsequent increase in 5-HT bioavailability. Collectively, 
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these data strongly suggest that paroxetine prevents vasoconstrictor-stimulated VSMC 

growth by inhibiting GRK2 activity and not through blockade of 5-HT uptake.  

To further confirm that inhibition of GRK2 attenuates VSMC proliferation, we used 

another putative GRK2 inhibitor, COMP101 to suppress GRK2 activity (Lowe et al., 

2015). Similarly, treatment of the VSMCs with COMP101 resulted in inhibition of ET1 

and NA induced [3H]-thymidine incorporation. Furthermore, COMP101 attenuates AngII 

and ET1 induced Ki67 expression. These data indicate that pharmacologic inhibition of 

GRK2 by paroxetine or COMP101 attenuates vasoconstrictor-induced VSMC 

proliferation.  

Although [3H]-thymidine incorporation data did not show any effect for fluoxetine 

on cell proliferation, one unanticipated finding was that fluoxetine attenuates FCS and 

ET1 stimulated Ki67 expression. These results seem to be consistent with other research 

which found that long-term (chronic) fluoxetine treatment has a negative effect on Ki67 

expression and decreases neurogenesis in the subventricular zone area in adult mouse 

brain (Ohira and Miyakawa, 2011). The reason for the anti-proliferative effects of 

fluoxetine is not clear but it may have something to do with direct inhibitory effects on 

cell cycle progression. Indeed, Stepulak et al. (2008) reported that fluoxetine reduces cell 

cycle regulating gene expression such as c-fos, c-jun, cyclin A, cyclin D1, p53 and p21 

which resulted in a decrease in cell growth and proliferation of colon cancer and lung 

cancer cells (Stepulak et al., 2008). Moreover, inhibition of 5-HT transport by fluoxetine 

reduced human pulmonary arterial smooth muscle cell proliferation in vitro, implicating 

a SSRI-related mechanism in the regulation of growth (Eddahibi et al., 2006). Even 

though fluoxetine reduces FCS and ET1 promoted Ki67 expression, the observed effect 

seems to be un-related to GRK2 catalytic activity. This idea is supported by our [3H]-

thymidine incorporation finding, which revealed that fluoxetine had no effect on cell 

growth. Also, [Ca2+]i imaging revealed that treatment of VSMC with fluoxetine did not 

affect UTP-induced P2Y2 receptor desensitization, which is a GRK2-mediated 

mechanism (Morris et al., 2011; Rainbow et al., 2018). An explanation of these 

inconsistent findings for fluoxetine between the two different cell proliferation 

assessment methods is not clear. It might be that fluoxetine is not an appropriate control 

to be used in cell proliferation assays. In future investigations, it might be possible to use 

a different SSRI without any effect on cell cycle progression.   
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Further investigation to confirm the role of GRK2 in AngII, ET1 or NA induced 

cell growth have been undertaken in GRK2 depleted VSMCs cells. Consistent with our 

lab’s previous findings (Nash et al., 2018), anti-GRK2 siRNA knockdown (~70-80%) 

targeted GRK2 expression without affecting other non-targeted GRKs expression. siRNA 

knockdown of GRK2 reduced VSMC proliferation and attenuated activation of Ki67. 

Therefore, the process appears to be GRK2-dependent. The present findings show that 

depletion of GRK2 reduced AngII, ET1 and NA induced [3H]-thymidine incorporation. 

Consistent with the previous findings from our laboratory, which show ET1-stimulated 

VSMC proliferation is attenuated following genetic depletion of GRK2 (Willets et al., 

un-published). These results are further supported by research which reveals that AngII-

induced increases in media thickness in GRK2+/− mice, indicating that partial deletion of 

GRK2 exerts a protective effect against AngII-related hypertensive vascular remodelling 

(Avendano et al., 2014). Another study demonstrated the effect of GRK2 expression on 

cardiac hypertrophy, showing that siRNA GRK2 knockdown is associated with a 

significant reduction in phenylephrine-induced hypertrophy in cardiac myoblasts (H9C2) 

cells (Sorriento et al., 2015). Moreover, inhibition of GRK2 activity decreases left 

ventricular hypertrophy in SHR (Sorriento et al., 2015). Likewise, depletion of GRK2 

expression reduces the development of cardiac hypertrophy in GRK2 knockout mice (in 

vivo) (Schlegel et al., 2017). Furthermore, increased GRK2 expression in breast cancer 

patients correlates with increased Ki67 expression (Nogues et al., 2016). This idea is 

further supported by our previous laboratory findings which showed that GRK2 

expression is up-regulated (doubled) in arterial smooth muscle cells of SHRs in 

comparison to normotensive (WKY) smooth muscle cells at the early onset of the 

hypertensive phenotype (Willets et al., 2015; and unpublished data). Elevated GRK2 

expression in SHR is also associated with excessive MAPK/ERK signalling (Kim et al., 

1997; Kubo et al., 2002; Roberts, 2012) and consequently enhanced cell proliferation (see 

Chapter 5). Collectively, these published data together with our findings, indicate a 

positive relationship between GRK2 expression/activity and cell proliferation. 

On the contrary, it has been reported that GRK2 over-expression exerts a negative 

effect on [3H]-thymidine incorporation and cell proliferation. Thus, over-expression of 

GRK2 attenuated agonist-induced proliferative signalling pathways in VSMC and 

reduced neointimal hyperplasia (Peppel et al., 2000; Peppel et al., 2002). A possible 

explanation for this might be due to the use of different species as the cells were isolated 
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from white rabbit aorta, and GRK2 was over-expressed by adenoviruses encoding GRK2. 

Moreover, smooth muscle cell proliferation was evoked with a combination of PDGF 

together with either ET1, thrombin agonist peptide or thromboxane A2 resulting in 

activation of Gαq receptors and receptor tyrosine kinase at the same time. Even though 

ETA receptors and PDGF receptors have been reported to be regulated by GRK2 (Wu et 

al., 2005; Morris et al., 2010), it seems that over-expression of GRK2 diminishes PDGF-

related proliferative signalling pathways (powerful proliferative agonist) and thereby 

decreases cell proliferation.  

Although my data show that depletion of GRK2 attenuates FCS-induced [3H]-

thymidine incorporation, the Ki67 data showed that siRNA GRK2 knockdown does not 

have an effect on FCS-induced Ki67 expression. This is consistent with our lab’s previous 

findings that siRNA GRK2 knockdown does not affect FCS-induced [3H]-thymidine 

incorporation in RASM cells (Willets et al., unpublished). Furthermore, inhibition of 

GRK2 catalytic activity by paroxetine attenuated FCS-stimulated [3H]-thymidine 

incorporation. Moreover, both paroxetine and COMP101 attenuate Ki67 expression. It is 

clear from FCS data that both GRK2 expression and activity influence the FCS 

component. FCS comprises of a wide-verities of proteins content such as albumin, 

immunoglobulins, lipoproteins, growth factors, hormones and protease inhibitors (Pieper 

et al., 2003; Zheng et al., 2006; Issaq et al., 2007). Some components of  FCS such as 

lysophosphatidic acid (LPA), can bind to and activate GPCRs (Riaz et al., 2016). 

Furthermore, FCS contains many growth factors that can activate tyrosine kinase 

receptors such as the transforming growth factor-β1 (TGF-β1) and the insulin‐

like growth factor (IGF) receptors (Hubbard and Miller, 2007). It has been reported that 

GRK2 regulates IGF receptor signalling (Zheng et al., 2012). Therefore, the observed 

effect of GRK2 depletion or inhibition on FCS-induced cell proliferation could be related 

to its effect on one or more of the receptor signalling pathways activated by components 

of FCS. Further investigation was undertaken to examine whether the inhibitory effects 

of GRK2 depletion were selective for GPCR-driven proliferation. Even though the PDGF 

receptor has been reported to be regulated by GRK2 (Wu et al., 2005), our results show 

that depletion of GRK2 level had no effect on PDGF-induced cell proliferation, which 

suggest that the growth promoting effects of GRK2 appear to be GPCR-specific and not 

a general effect.  
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It appears that GRK2 mediated proliferative effects are GPCR subtype specific i.e. 

AT1, ETA and α1D-adrenoceptors. This could be explained by a process that is a receptor, 

G-protein, GRK2 and arrestins specific, i.e. the effect of GRK2 on cell proliferation is a 

result of specific barcoding. This barcode forms a complex interaction of active 

conformation (agonist-bound) receptor with GRK2, G-proteins as well as arrestins 

(Zhang et al., 2015). Further research should be undertaken to investigate whether GRK2 

proliferative effects are specific to vasoconstrictor GPCR or not. Also, whether the 

observed GRK2-related proliferative effects are associated with a specific cell type 

(VSMC) or are a common feature facilitating cell growth and proliferation require further 

investigation. Taken together, the results suggest that GRK2 expression and kinase 

activity are required to mediate vasoconstrictor-stimulated VSMC proliferation. Thus, the 

increased expression of GRK2 observed in vessels from different models of hypertension 

(Gros et al., 2000; Eckhart et al., 2002) can be an underlying factor for increases in 

vascular wall thickness and therefore contributes to hypertensive vascular remodelling.  

Another important question is what the effect of other GRKs which are expressed 

in smooth muscle cells on vasoconstrictor-stimulated cell proliferation?  Prior studies 

have noted the GRK5 and GRK6 are express in cultured aortic smooth muscle cells 

(Ishizaka et al., 1997; Morris et al., 2010). Therefore, the effects of altering GRK5 and 

GRK6 expression on smooth muscle cell proliferation was examined using Ki67 

expression as a marker of cell proliferation. In accordance with our lab’s previous work  

(Nash et al., 2018), I have demonstrated that using anti-GRK5 and anti-GRK6 siRNA 

specifically knocked down (~70-80%) of each targeted GRK without affecting the 

expression of other non-targeted GRKs. Here selective depletion of GRK5 enhanced 

basal, FCS, AngII and ET1 induced Ki67 expression, which is consistent with previous 

laboratory findings which revealed that siRNA GRK5 knockdown increases FCS or 

agonist-induced [3H]-thymidine incorporation in RASM cells (Willets et al., un-

published). Collectively, these data indicate that GRK5 depletion has a general 

stimulatory effect on smooth muscle cell growth. This finding broadly supports the work 

of other studies linking GRK5 with cell cycle regulation and proliferation (Michal et al., 

2012). GRK5 can phosphorylate various proteins that can interact with other proteins that 

regulate cell proliferation such as p53, IκBα, PDGF-β and HDAC5 (Wu et al., 

2006; Martini et al., 2008; Chen et al., 2010; Islam et al., 2013). Indeed, in the carotid 

arterial wall, specific depletion of GRK5 in GRK5-/- mice enhances PDGF receptor 
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activation, NF-κB dependent gene expression and atherosclerosis development, 

indicating that GRK5 expression has an anti-atherogenic effect on the blood vessels (Wu 

et al., 2012). Furthermore, GRK5 can act as a class II HDAC kinase, targeting HDAC5 

in cardiomyocyte nuclei, indicating that GRK5 plays an important role in pathological 

cardiac hypertrophy in a non-canonical GPCR-independent manner (Martini et al., 

2008; Traynham et al., 2015). Additionally, our findings suggest that GRK5 has opposing 

effects to GRK2 on cell proliferation. In accordance with this idea, Metaye et al. (2002) 

indicate that GRK2 and GRK5 have an opposite effect on cancer cell growth regulation 

(Metaye et al., 2002). Interestingly, siRNA mediated knockdown of GRK6 markedly 

decreased FCS, AngII and ET1 induced Ki67 expression in VSMC, indicating that GRK6 

depletion has a general inhibitory effect on VSMC proliferation. In contrast, no effect of 

GRK6 knockdown on [3H]-thymidine incorporation was detected (Willets et al., un-

published). The reason for these contradictory results is still unclear. However,  in 

agreement with our Ki67 results, a positive correlation between GRK6 expression and 

Ki67 expression in hepatocellular carcinoma cells has been identified (Li, 2013). 

Similarly, increased GRK6 expression in papillary thyroid carcinoma cells directly 

stimulates cancer cell proliferation (Che et al., 2018). Whether the observed GRK5 and 

GRK6 effects are correlated to GPCR activation or a common feature on cell proliferation 

requires further investigation. 

Numerous studies have illustrated the complex GRK2 interactions during cell cycle 

progression (Jiang et al., 2009; Penela et al., 2010a; Wei et al., 2013). GRK2 protein 

expression during G0/G1 and G2/M phases of the cell cycle in VSMC were examined. 

VSMCs were synchronized at G0/G1 by serum-starvation for 24 h and cells were then 

released form cell cycle arrest by stimulation with 10% FCS. The GRK2 protein 

expression profile during the cell cycle showed a slight (non-significant) decrease in 

GRK2 protein expression 10-12 h after release from senescence. Cells were also 

synchronize at G2/M phase by cell cycle inhibitor nocodazol, a G2/M phase inhibitor. This 

induces cell cycle arrest at the G2/M phase via its action as an inhibitor of microtubule 

polymerization (Blajeski et al., 2002). Our data revealed that GRK2 expression was 

reduced at the G2/M phase of the cell cycle. These results seem to be consistent with other 

research which found GRK2 expression showed a temporary decrease during G2 phase 

of the cell cycle (Penela et al., 2010a). At present, there are still many unanswered 

questions about the relationship between GRK2 expression and cell cycle progression. 
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Further research should be undertaken to investigate the effect of GRK2 protein 

expression and catalytic activity on each phase of cell cycle progression, cell-cycle 

checkpoints, cell cycle regulating genes and cyclin-dependent kinases (CDKs).  

Overall, the data demonstrate that suppression of GRK2 expression or inhibition its 

catalytic activity effectively attenuates vasoconstrictor-mediated VSMC proliferation. 

Also, it appears that GRK2’s ability to affect VSMC growth is GPCR specific. This 

indicates the potential connectivity of GRK2 with hypertension-induced changes in 

vascular wall thickness. Moreover, up-regulated GRK2 expression in VSMC in 

hypertension may drive the enhanced proliferation and increased wall thickening seen in 

vascular remodelling. Thus, pharmacological intervention of GRK2 will provides a novel 

concept in preventing pathological VSMC proliferation. Certainly, the picture is unclear 

regarding GRK2-related molecular mechanisms affecting proliferation of VSMC. As 

GRK2 levels are up-regulated in hypertension, it is important to identify GPCR-GRK2 

related signalling cascades. In the chapters that follow, I present underlying mechanisms 

that may explain the role of GRK2 in vasoconstrictor stimulated proliferative signalling 

pathways.  
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5. Do AngII and ET1 utilize MAPK/ERK signalling to mediate GRK2-

dependent VSMC proliferation? 

5.1. Introduction 

Many research articles describe the possible molecular mechanisms by which 

vasoconstrictors can induce VSMC proliferation (Ljuca and Drevensek, 2010, Lee et al., 

2006, Qin et al., 2004, Muthalif et al., 1996, Wen et al., 1996, Hirata et al., 1989, Komuro 

et al., 1988). The MAPK/ERK signalling pathway, which consists of a series of protein 

kinase cascades, is known to play important roles in the regulation of cellular proliferation 

(Zhang and Liu, 2002) and is one of the important intracellular signalling transduction 

cascades in VSMC growth and proliferation (Nelson et al., 1998, Bornfeldt et al., 1997). 

MAPK signalling functions as a regulator of gene expression in response to extracellular 

stimuli (Treisman, 1996) and previous findings report that AngII and ET1 promote 

VSMC proliferation via the MAPK/ERK signalling pathway (Huang et al., 2011, Zhao et 

al., 2005). AngII or ET1-stimulated Ras-Raf-MEK-ERK signalling occurs through many 

pathways including Gαq coupled receptor-induced PLC-mediated DAG-PKC and IP3-

Ca2+ activation or through tyrosine kinase ‘EGFR’ transactivation (Ohtsu et al., 2006, 

Schonwasser et al., 1998, Muthalif et al., 1996). All of these pathways subsequently 

phosphorylate p44/p42 MAPK (ERK1/2) at threonine 202 and tyrosine 204 (see Section 

1.3.3.1) (Xu et al., 2001), to activate ERK1/2, which then translocates to the nucleus and 

acts as transcription factors mediating changes in gene expression that stimulate cell 

growth and proliferation (Zhang and Liu, 2002). Furthermore, enhanced ERK1/2 

expression has been reported in hypertensive animal models (SHR) (Kim et al., 2005b, 

Kim et al., 1997) and ERK signalling is implicated in both vasoconstriction (Oeckler et 

al., 2003, Klemke et al., 1997) and proliferation of VSMC (Roberts, 2012, Yamanaka et 

al., 2001, Watts, 1998).  

Increased GRK2 expression and altered functionality have been found in 

pathological conditions such as hypertension (Cohn et al., 2009, Cohn et al., 2008), where 

abnormal GRK2 expression or activity appears to contribute to disease progression by 

situation-specific molecular mechanisms. Together with multiple non-receptor substrates 

(Jimenez-Sainz et al., 2006, Schutzer et al., 2005, Naga Prasad et al., 2002, Shiina et al., 
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2001), GRK2 can interact directly with ERK (Robinson and Pitcher, 2013). As 

hypertension is associated with elevated circulating levels of vasoconstrictors (Harris et 

al., 2008), persistent activation of the MAPK/ERK signalling pathways has been 

suggested to play a key role in hypertension-associated increased VSMC proliferation. 

Moreover, the data in Chapter 4 confirm that GRK2 expression and activity has a marked 

effect on vasoconstrictors-induced VSMC proliferation. Here, we hypothesize that GRK2 

is involved in proliferator responses downstream of GPCRs stimulated by 

vasoconstrictors, suggesting that GRK2 has a role in regulating the mechanism of 

vasoconstrictor-stimulated MAPK/ERK signalling in VSMC. Although ERK signalling 

can be stimulated by AngII, ET1 and UTP (Morris et al., 2012), previous data in this 

thesis (Chapter 3) indicates that AngII and ET1 but not UTP are pro-proliferative agents 

in RASM, therefore I hypothesise that the ability and consequences of these agonists to 

activate ERK are different. Furthermore, despite the fact that GRK2 regulates AT1, ETA 

and P2Y2 signalling, I hypothesise that GRK2 plays different roles in the regulation ERK 

signals produced by pro-proliferative and non-proliferative agonists. Therefore, the 

current chapter investigates the effects and the underlying mechanisms of GRK2 

expression and activity on vasoconstrictors mediating MAPK/ERK activation and its 

links to VSMC proliferation. 

 

5.2. Aim  

To investigate the molecular mechanisms underlying GRK2 regulation of VSMC 

proliferation, specifically the possible relationship between GRK2 expression/catalytic 

activity and vasoconstrictor-stimulated ERK signalling.  
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Figure 5.1 Schematic diagram showing the proposed G-protein 

dependent/independent pathways in the MAPK/ERK cascade activation by 

vasoconstrictors. 

Activation of vasoconstrictor GPCRs results in generation of the second messengers 

DAG and IP3, increases [Ca2+]i and activates the Ras/Raf/MEK cascade, which 

regulates a variety of nuclear genes which stimulate cell cycle progression. Moreover, 

GRK2 can mediate direct activation of ERK1/2 (Robinson and Pitcher, 2013). PLC, 

phospholipase C; PIP2, phosphatidylinositol 4,5-bisphosphate; DAG, diacylglycerol; 

IP3, inositol 1,4,5-trisphosphate; IP3R, inositol 1,4,5-trisphosphate receptors; PKC, 

protein kinase C. 
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5.3. Results 

5.3.1. Inhibition of ERK signalling attenuates vasoconstrictor-induced [3H]-

thymidine incorporation in RASM cells 

MAPK signalling pathways, which consist of a series of protein kinase cascades, 

are known to play important roles in the regulation of cellular proliferation (Zhang and 

Liu, 2002). Many previously published studies show the importance of the ERK 

signalling pathway in AngII- and ET1-induced VSMC proliferation (Zhao et al., 

2005; Ljuca and Drevensek, 2010). To examine whether the ERK pathway might be 

involved in the activation of VSMC proliferation induced by vasoconstrictors, PD98059, 

a potent and selective inhibitor of MEK1/2 [the kinase that phosphorylates ERK] which 

prevents ERK activation (Alessi et al., 1995), was used to study the effects of the ERK 

signalling pathway in vasoconstrictor-driven RASM cells proliferation using the [3H]-

thymidine incorporation assay. Briefly, serum starved RASM cells were pre-incubated 

with PD98059 (20 µM) for 30 min prior to stimulation with AngII (100 nM), ET1 (100 

nM), NA (1 µM) or UTP (100 µM) in 10% FCS containing medium.  Immunoblotting 

data show that treatment of RASM cells with the MEK1/2 inhibitor produced a marked 

reduction in ET1-induced ERK activation, confirming the effectiveness of PD98059 as a 

MEK1/2 inhibitor (Figure 5.2 A). Moreover, the prolife of vasoconstrictor-stimulated 

[3H]-thymidine incorporation in control (DMSO) incubated cells was comparable to that 

detected previously (Section 3.3.6, 4.3.2 and 4.3.3). As expected, inclusion of AngII, ET1 

or NA enhanced [3H]-thymidine incorporation above that seen with 10% FCS alone 

(Figure 5.2 B). Inhibition of MEK1/2 attenuated 10% FCS, AngII, ET1 and NA induced 

[3H]-thymidine incorporation in RASM cells (Figure 5.2 B). Moreover, the marked 

reduction of [3H]-thymidine incorporation seen in UTP/FCS stimulated cells, is likely due 

to the inhibition of FCS stimulated proliferation (Figure 5.2 B). These data strongly 

suggest that the ERK signalling pathway is involved in vasoconstrictor-induced VSMC 

proliferation. 
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A)  

 

  

B)  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.2 Inhibition of ERK signalling attenuates vasoconstrictor-induced 

VSMC proliferation. 

A) Confluent serum-starved RASM cells were stimulated with ET1 (50 nM), with or 

without PD98059 (20 µM) pre-treatment (30 min), before being lysed and assayed for 

ERK phosphorylation as an index of ERK activation. The representative immunoblot 

shows that PD98059 pre-treatment markedly reduced ET1-stimulated ERK 

phosphorylation. B) Serum-starved RASM cells were pre-treated with vehicle control 

or PD98059 (20 µM) for 30 min, prior to stimulation with vasoconstrictors [AngII (100 

nM), ET1 (100 nM), NA (1 µM) or UTP (100 µM) in 10% FCS]. PD98059 treatment 

inhibited 10% FCS, AngII, ET1, NA and UTP induced RASM cell proliferation.  Data 

represent mean ± SEM for 4 replicates for each experimental condition from 4 different 

cell preparations. Statistically significant changes control cells vs PD98059 treated are 

shown as; *P<0.05, **P<0.01, ****P<0.0001 (two-way ANOVA, Sidak’s post-hoc test). 

S
e ru

m
-F

r e e

1
0
%

 F
C

S

A
n

g
I I

E
T

1
N

A

U
T

P

0

5 0 0 0 0

1 0 0 0 0 0

1 5 0 0 0 0

2 0 0 0 0 0

[
3

H
]
-
T

h
y

m
id

in
e

 I
n

c
o

r
p

o
r

a
t
io

n

(
D

P
M

)

D M S O

P D 9 8 0 5 9

* * * *

* * * *
* * * *

* * * *

* * * *

*

* *

*

1 0 %  F C S

 

Time (min) 0 5 10 0 5 10 

44/42 kDa 

44/42 kDa 

pERK 

tERK 

DMSO PD98059 

ET1 



 

150 

 

 

5.3.2. GRK2 knockdown attenuates AngII- and ET1-induced ERK signalling 

activation 

The [3H]-thymidine incorporation results in the previous section (Section 5.3.1) 

revealed that ERK signalling is one important pathway involved in vasoconstrictor-

stimulated VSMC proliferation. In addition GRK2 also plays a central role in 

vasoconstrictor-stimulated VSMC proliferation (Section 4.3.4), which raises the 

possibility that GRK2 may interact with the ERK signalling cascade to regulate its effects 

on growth. Therefore, the effects of GRK2 protein expression on vasoconstrictor-induced 

ERK signalling was investigated. Initially, the temporal-profiles of vasoconstrictor-

stimulated ERK phosphorylation in GRK2 depleted RASM cells were examined. Briefly, 

GRK2 expression was suppressed using anti-GRK2 siRNA by nucleofection as described 

in Methods (Section 2.2.4). The efficiency of anti-GRK2 siRNA was previously 

confirmed (Section 4.3.4 and 4.3.6). After, 24 h transfection, cells were serum-starved for 

a further 24 h before being stimulated with AngII (100 nM), ET1 (50 nM) or UTP (100 

µM) for up to 1 h. Total cell lysates were analysed by western blotting with an anti-

pERK1/2 (Thr202/Tyr204) antibody and anti-tERK antibody as a loading control. 

Immunoblotting illustrated that stimulation of RASM with AngII, ET1 or UTP resulted 

in markedly increased ERK phosphorylation, which peaked at 5 min, followed by a 

gradual decline to a sustained level between 10 and 60 min. Quantitative analysis of the 

immunoblots revealed that depletion of GRK2 severely blunted the ERK temporal 

activation curve induced by AngII or ET1 in comparison to NC siRNA transfected cells 

(Figure 5.3 A and B). Conversely, knockdown of GRK2 enhanced UTP-stimulated ERK 

activation (Figure 5.4). These findings suggest that GRK2 expression is essential to 

facilitate AngII and ET1 induced ERK signalling in VSMC, whilst GRK2 negatively 

regulates UTP-mediated ERK signalling. 
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A)   

B)  

 

 

Figure 5.3 Depletion of GRK2 attenuates AngII- and ET1-induced ERK 

phosphorylation. 

RASM cells were transfected with either NC or anti-GRK2 siRNA (10 nM). After 24 h cells 

were serum starved for a further 24 h before addition of AngII (100 nM) or ET1 (50 nM) for 

the indicated times. Cells were lysed and immunoblotted for pERK and tERK as described 

previously. Representative immunoblots and cumulative data show the effects of GRK2 

knockdown on AngII (A) or ET1 (B) stimulated ERK phosphorylation.   Line graphs (right 

panels) are densitometric analyses of pERK immunoreactivity by Image J and normalized to 

the loading control for 6 independent experiments, each using RASM cells prepared from a 

different animal. Data are shown as mean ± SEM, statistically significant changes compared 

to respective agonist-stimulated values in negative-control siRNA nucleofected cells are 

shown as; *P<0.05, **P<0.01, ***P<0.001 (two-way ANOVA, Sidak’s post-hoc test).  
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Figure 5.4 Depletion of GRK2 expression enhances UTP-induced ERK activation. 

RASM cells were transfected with either NC or anti-GRK2 siRNA (10 nM). After 24 h cells 

were serum starved for a further 24 h before addition of UTP (100 µM) for the indicated 

times. Cells were lysed and immunoblotted for pERK and tERK as described previously. 

Representative immunoblots and cumulative data show the effects of GRK2 knockdown on 

UTP stimulated ERK phosphorylation. Line graphs (right panels) are densitometric analyses 

of pERK immunoreactivity by Image J and normalized to loading control for 4 independent 

experiments, each using RASM cells prepared from a different animal. Data are shown as 

mean ± SEM, statistically significant changes compared to respective agonist-stimulated 

values in control are shown as; *P<0.05, **P<0.01, ***P<0.001   (two-way ANOVA, Sidak’s 

post-hoc test).  
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5.3.3. COMP101 inhibits AngII- and ET1-induced MAPK/ERK signalling pathway 

activation 

The data in Section 4.3.3 and 4.3.5, highlighted a requirement for GRK2 catalytic 

activity to enable vasoconstrictors-stimulated VSMC proliferation. Therefore, the effects 

of inhibiting GRK2 catalytic activity on vasoconstrictor-induced MAPK/ERK signalling 

was also investigated. In order to determine whether inhibiting GRK2 catalytic activity 

could prevent vasoconstrictor-driven MAPK/ERK signalling pathway, confluent 

overnight serum-starved RASM cells were pre-incubated for 30 min with COMP101 (30 

µM) followed by stimulation at different time points (up to 60 min) with AngII (100 nM), 

ET1 (50 nM) or UTP (100 µM). Total cell lysates were analysed by western blot with 

anti-pERK antibody and anti-tERK antibody as a loading control. Immunoblotting results 

show that stimulation of RASM with AngII, ET1 or UTP result in a marked increase in 

ERK phosphorylation that peaked at 5 min followed by a gradual decline and then 

sustained pERK levels between 10 and 60 min. As shown in Figure 5.5 A and B, 

quantitative analysis of immunoblotting shows that inhibition of GRK2 catalytic activity 

results in a significant reduction in pERK activation curve induced by AngII or ET1 in 

comparison to DMSO incubated cells. On the other hand, UTP-induced ERK 

phosphorylation was enhanced and prolonged in the presence of COMP101 (Figure 5.6). 

This finding confirms that GRK2 catalytic activity is key to facilitating AngII and ET1-

induced ERK signalling, yet negatively regulates UTP-stimulated ERK signalling in 

VSMC. 
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A)  

 

B)  

 

 

Figure 5.5 Inhibition of GRK2 attenuates AngII- and ET1-induced ERK 

phosphorylation. 

Confluent, serum-starved RASM cells were pre-incubated with vehicle control or the GRK2 

inhibitor COMP101 (30 µM) for 30 min before stimulation with AngII (100 nM) or ET1 (50 

nM) for the indicated times. After agonist challenge cells were lysed and western blotted 

with anti-pERK and anti-tERK antibodies. Representative immunoblots (left panel) and 

cumulative data (right panels) show the effects of COMP101 on AngII (A) and ET1 (B) 

stimulated ERK phosphorylation. Cumulative data are representative of densitometric 

analyses of pERK immunoreactivity using Image J and normalized to loading control for 6 

independent experiments, each using RASM cells prepared from a different animal. Data are 

shown as mean ± SEM. Statistically significant changes compared to respective agonist-

stimulated values in vehicle control (DMSO incubated cells) are shown as; *P<0.05, 

**P<0.01, ***P<0.001, ****P<0.0001  (two-way ANOVA, Sidak’s post-hoc test).  
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Figure 5.6 Inhibition of GRK2 catalytic activity enhances UTP-induced ERK 

activation. 

Confluent, serum-starved RASM cells were pre-incubated with vehicle control or the GRK2 

inhibitor COMP101 (30 µM) for 30 min before stimulation with UTP (100 M) for the 

indicated times. After agonist challenge, cells were lysed and western blotted with anti-

pERK and anti-tERK antibodies. Representative immunoblots (left panel) and cumulative 

data (right panels) show the effects of COMP101 on UTP-stimulated ERK phosphorylation. 

Cumulative data (mean ± SEM) are representative of densitometric analyses of pERK 

immunoreactivity using Image J and normalized to loading controls for 4 independent 

experiments, each using RASM cells prepared from a different animal. Statistically 

significant changes compared to respective agonist-stimulated values in control (DMSO 

incubated cells) are shown as; **P<0.01, ***P<0.001, ****P<0.0001 (two-way ANOVA, 

Sidak’s post-hoc test).  
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5.3.4. GRK2 over-expression enhanced AngII-induced ERK phosphorylation 

Previous findings (Sections 5.3.2 and 5.3.3) showed that depletion of GRK2 

expression or inhibiting its catalytic activity markedly inhibited AngII and ET1-induced 

ERK activation, suggesting a strong relationship between GRK2 and MAPK/ERK 

activation in RASM cells. To confirm and extend our findings, GRK2 was over-expressed 

in RASM cells using a previously characterised GFP tagged GRK2 construct (GFP-

GRK2) via the nucleofection technique described in Methods (Section 2.2.4). To 

determine the effectiveness of the GFP-GRK2 construct in the up-regulation of GRK2 

protein levels, RASM cells were lysed 96 h after nucleofection and probed for GRK2 

expression using a selective anti-GRK2 antibody. Immunoblotting data revealed that 

transfection of RASM cells with GFP-GRK2 construct caused ≥70% over-expression of 

the targeted kinase in comparison to GFP-control transfected cells (Figure 5.7 A). To 

further confirm transfection efficiency, GFP-GRK2 transfected cells were visualised 

using confocal microscopy, which showed that GFP-GRK2 was expressed in ~60% of 

transfected cells (Figure 5.7 B). In an attempt to increase the transfection efficiency, cells 

were infected with an adenoviral GRK2 construct. The GRK2 adenovirus was 

previously prepared in our laboratory using the AdEasy kit. To assess the optimal 

infection conditions, RASM cells were infected with different amounts (2.5, 5 and 10µl) 

of GRK2 adenovirus stock. 48 h post infection, RASM cells were lysed and GRK2 

expression was determined. Immunoblotting data revealed that transfection of RASM 

cells with 5 or 10 µl GRK2-adenovirus caused ~60% GRK2 over-expression in 

comparison to control-virus transfected cells (Figure 5.8 A and B). To estimate the 

number of cells expressing the adenoviral GRK2 construct, infected RASM were fixed 

and processed for immunocytochemical detection of GRK (as described in Methods). 

Comparison of control virus and GRK2 adenoviral infected cells showed high GRK2 

expression in only ~50% (Figure 5.8 B). The degree of GRK2 overexpression was also 

quantitated using western blotting, which indicated about a three-fold higher level of 

GRK2 expression in cells infected with adenoviral GRK2 (Figure 5.8 C). 

Next, the effects of GRK2 over-expression on AngII-induced ERK activation were 

investigated. Overnight serum-starved, GFP-GRK2 transfected or GRK2-adenovirus 

infected RASM cells were stimulated with AngII (100 nM) at different time points up to 

60 min. Total cell lysates were analysed by western blot with anti-pERK antibody and 

anti-tERK antibody as a loading control. In agreement with previous data, 
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immunoblotting showed that stimulation of control RASM cells with AngII resulted in a 

marked increase in ERK phosphorylation that peaked at 5 min followed by a gradual 

decline and then sustained pERK protein between 10 and 60 min. Quantitative analysis 

of immunoblotting shows that ERK activation was enhanced in both GFP-GRK2 or 

GRK2-adenovirus over-expressed RASM cells (Figure 5.9 A and B). Although GRK2 

over-expression was not evident in 100% of cells, these results indicate that GRK2 over-

expression considerably enhances AngII-stimulated ERK signalling. 
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A) 

 

 

 

 

 

 

 

 

 

 

B)  

 

Figure 5.7 GFP-GRK2 mediated overexpression of GRK2 level in RASM cells. 

(A) Representative immunoblots (left panel) showing relative GRK2 expression in RASM 

cells transfected with 2µg of GFP-GRK2 using Lonza nucleofection. Cumulative 

densitometric data (mean ± SEM from 4 different cells preperations) shows significantly 

increased GRK2 expression compared to GFP transfected cells (right panel), ****P<0.0001 

GFP vs GFP-GRK2 transfected cells (unpaired t-test). (B) Confocal microscopy images of 

GFP (left panel) and GFP-GRK2 (right panel) transfected RASM cells 72 h post-

transfection. Images were taken using an Olympus FV500 laser scanning confocal IX70 

inverted microscope (objective x10). 
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A)  B)  C) 

D)   

  

 

 

 

 

 

 

 

 

Figure 5.8 Assessment of GRK2 overexpression after infection of RASM cells with 

adenoviral GRK2. 

Representative immunoblots (A and B) showing relative GRK expression in RASM cells 

treated with GRK2-adenovirus 48 h post-transfection. Cumulative densitometric data 

showed a large increase in GRK2 protein expression compared to control (C). (D) 

Representative immunocytochemistry images showing relative GRK protein expression in 

RASM treated with adenoviral GRK2, representative immunocytochemistry images for 

GRK2-overexpressed and un-likely-transfected cells (D; upper panels). Representative 

immunocytochemistry image (D; lower panels) display transfection efficiency (~50%) of 

the cells. Images were taken using an Olympus FV500 laser scanning confocal IX70 
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inverted microscope (oil immersion objective x60). Data show mean ± SEM from four 

different cells preparations. *P<0.05 vs control cells (un-paired t-test).  
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A)  

 

B)  

 

 

Figure 5.9 GRK2 over-expression enhances AngII-induced ERK phosphorylation. 

Serum-starved cells transfected with GFP-GRK2 (A) or infected with GRK2-adenovirus (B) 

were stimulated with AngII (100 nM) for up to 60 min.  Total lysates were analysed by 

western blot with anti-pERK and anti-tERK antibodies. Representative immunoblots (left 

panel) show the temporal prolife of AngII-stimulated ERK phosphorylation. Over-

expression of GRK2 enhanced and prolonged pERK signalling induced by AngII. Line 

graphs (right panel) are representative of densitometric analyses of pERK band by Image J 

and normalized to loading control for 4 independent experiments, each using RASM cells 

prepared from different animals. Data are shown as mean ± SEM, statistically significant 

changes compared to respective agonist-stimulated values in control cells are shown as; 

*P<0.05, **P<0.01, ***P<0.001 (two-way ANOVA, Sidak’s post-hoc test).  
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5.3.5. Arrestin2 is essential for AngII-stimulated ERK signalling 

Previous data (Section 5.3.2, 5.3.4 and 5.3.3) revealed that GRK2 protein 

expression and its catalytic activity are involved in AngII and ET1-stimulated ERK 

pathway activation. In addition, Morris et al. (2011), investigated the effects of arrestin2 

and arrestin3 on ET1 and UTP induced ERK activation, highlighting a differential 

arrestin-dependent regulation of ETA and P2Y2 receptor-stimulated ERK signalling 

(Morris et al., 2012). However, the effect of arrestin2 and arrestin3 on AngII/AT1 receptor 

stimulated ERK activation in VSMC was not investigated. To determine whether the 

presence of arrestin2 and arrestin3 are important in AngII mediating ERK activation, 

arrestin2 and arrestin3 expression were depleted using siRNA techniques, and the effects 

on AngII-driven ERK activation were determined using immunoblotting. Briefly, 

arrestin2 and arrestin3 expression were selectively depleted in RASM cells using 

nucleofection with a previously characterised anti-arrestin2 and anti-arrestin3 siRNA 

(Morris et al., 2012), as described in Methods (Section 2.2.4). Immunoblotting data show 

that treatment of RASM cells with anti-arrestin2 and anti-arrestin3 siRNA produced a 

marked reduction ~70% in arrestin2 and arrestin3 expression post-transfection, 

confirming the effectiveness of the anti-arrestin2 and anti-arrestin3 siRNAs (Figure 5.10 

B and C). For further experiments, cell were left forty-eight hours post-nucleofection, 

prior to serum-starvation for a further 24 h and AngII stimulation. Total cell lysates were 

analysed by western blot with anti-pERK antibody and anti-tERK antibody as a loading 

control. AngII-stimulation of NC transfected RASM cells produced the expected 

temporal profile of ERK phosphorylation, with a peak 5 min followed by a plateau phase 

between 10 and 60 min (Figure 5.11). Depletion of arrestin2 expression attenuated both 

the peak and plateau phases of AngII-induced pERK signalling, whilst arrestin3 

knockdown had no effect (Figure 5.11 A-C). These finding indicating that arrestin2 is 

essential for AngII-stimulated ERK signalling. 
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Figure 5.10 siRNA mediated suppression of arrestin2 and arrestin3 expression. 

RASM cells were transfected with NC, anti-arrestin2 or anti-arrestin3 siRNAs (10 nM). 

After 72 h cells were lysed and arrestin expression determined by western blotting. A) 

Representative immunoblots show changes in arrestin2 and arrestin3 expression 

following siRNA treatment. Cumulative data (means ± SEM) are shown for the 

densitometric analyses of arrestin2 (B) and arrestin3 (C) bands using Image J for 4 

independent experiments, each using RASM cells prepared from a different animal. 

Statistically significant changes vs NC siRNA nucleofected cells are shown as; 

***P<0.001, ****P<0.0001 (one-way ANOVA, Dunnett’s post-hoc test). 
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Figure 5.11 Depletion of arrestin2 attenutes AngII-stimulated ERK 

phosphorylation. 

Serum-starved anti-arrestin2, anti-arrestin3 or NC siRNA treated RASM cells were 

stimulated with AngII (100 nM) for the indicated time periods.  Total lysates were 

analysed by western blot with anti-pERK and anti-tERK antibodies. Representative 

immunoblots (left panel) show the temporal prolife of AngII-stimulated ERK 

phosphorylation. Cumulative data show the effects of arrestin2 or arrestin3 (right panel) 

depletion on AngII-induced ERK signalling. Data are representative of densitometric 

analyses of pERK bands by Image J and normalized to the loading control for 4 

independent experiments, each using RASM cells prepared from a different animal. Data 

are shown as mean ± SEM, statistically significant changes compared to respective 

agonist-stimulated values in control cells are shown as; **P<0.01, ***P<0.001  (two-way 

ANOVA, Sidak’s post-hoc test). 
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5.3.6. Does GRK6 affect ET1-induced ERK activation? 

Depletion of GRK6 attenuated the ability of vasoconstrictor to induce Ki67 

expression (Section 4.3.6), suggesting that GRK6 may regulate VSMC growth. Since 

ERK signalling is also a key regulator of VSMC growth it is possible that GRK6 may 

regulate vasoconstrictor-stimulated ERK phosphorylation to mediate its effect on Ki67. 

In order to investigate this possibility the ability of ET1 to stimulate ERK phosphorylation 

was determined in cells transfected with anti-GRK6 siRNA using the previously 

described nucleofection technique (Nash et al., 2018), as described in Methods (Section 

2.2.4). In comparison to NC transfected cells, transfection of RASM with anti-GRK6 

siRNA resulted in an approximate 70% deletion of the target protein 48 h post-

transfection in comparison to NC siRNA (Figure 5.12 A). For ERK studies, RASM cells 

were grown for 24 h in serum-containing media, then serum-starved for a further 24 h 

before being stimulated with ET1 (50 nM). Even though the ERK phosphorylation profile 

(plateau phase) was less pronounced in control cells, depletion of GRK6 had no effect 

upon  the ERK activation curve (Figure 5.12 B) induced by ET1, indicating that GRK6 

does not regulate ET1-stimulated ERK signalling and thus any GRK6-mediated effects 

on Ki67 expression are unlikely to involve ERK signalling.  
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A) 

 

 

 

 

 

 

 

B)   

 

Figure 5.12 Depletion of GRK6 does not affect the time course of ET1-induced ERK 

phosphorylation. 

A) Representative immunoblot and cumulative data show GRK6 expression after 

transfection of RASM cells with either NC or anti-GRK6 siRNAs (10 nM). Cumulative 

data show a marked reduction in GRK6 levels (A, right panel). Representative 

immunoblots (B, left panel) and cumulative data B, right panel) show the effects of GRK6 

knockdown on the temporal prolife of ET1 (50 nM)-stimulated ERK signalling in RASM 

cells. Total lysates were analysed by western blot with anti-pERK and anti-tERK 

antibodies. Data (B, right panel) are representative of densitometric analyses of pERK 

bands by Image J and normalized to loading control for 4 independent experiments, each 

using RASM cells prepared from a different animal. Data are shown as mean ± SEM. 

**P<0.01 (un-paired t-test (A) and two-way ANOVA, Sidak’s post-hoc test (B)).   
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5.3.7. What is the effect of COMP101 on vasoconstrictor-induced ERK signalling 

in VSMC from the spontaneously hypertensive rat (SHR)?  

Previous sections (Section 5.3.2 and 5.3.4) shown that GRK2 protein expression is 

implicated in AngII- and ET1-stimulated ERK pathway activation. Several reports have 

shown that ERK signalling is chronically elevated in aortic cells derived from 

spontaneously hypertensive rats (SHR) (Kim et al., 1997; Roberts, 2012). Additionally, 

Figure 5.13 provides data from our lab investigating GRK2 protein expression in WKY 

and SHR at different stages (6 weeks and 12 weeks old). Immunoblotting data shows that 

GRK2 expression was doubled in the arterial smooth muscle cells of SHR compared to 

WKY (control) normotensive animals. Moreover, this change only occurred at 12 weeks 

old when hypertension is established (Willets, un-published). Therefore, this model gives 

us an opportunity to assess ERK signalling in a model of hypertension which has elevated 

GRK2 expression. To know if this elevated GRK2 levels influence ERK activity in aortic 

smooth muscle cells of SHR, serum-starved aortic smooth muscle cells from 12 weeks 

old SHR or WKY rats were stimulated with AngII (100 nM), ET1 (50 nM) or UTP (100 

µM). Samples were processed and blotted for pERK and tERK as described previously. 

Immunoblotting data illustrate that higher basal ERK activation profile in SHR aortic 

smooth muscle cells stimulated with AngII or ET1 in comparison to (control) WKY aortic 

smooth muscle cells (Figure 5.14 C) and (Figure 5.15 C). However, UTP-stimulated 

SHR aortic smooth muscle cells does not show change in ERK activation curve in 

comparison to WKY (Figure 5.16 C). After that, we examined if COMP101 (as GRK2 

inhibitor) could reverse the enhanced ERK signal in the SHR aortic smooth muscle cells.  

In brief, serum starved aortic smooth muscle cells from 12 weeks old SHR or WKY rats 

were pre-incubated with COMP101 (30 µM) for 30 min followed by stimulation with 

AngII (100 nM), ET1 (50 nM) or UTP (100 µM). Samples were processed and blotted 

for pERK and tERK as described previously. In agreement to pervious finding (Section 

5.3.1.3), inhibition of GRK2 catalytic activity with COMP101 result in a significant 

reduction in AngII-induced ERK activation (Figure 5.14 D and E). Similarly, treatment 

of RASM cells with COMP101 results in marked reduction in ET1-induced ERK 

activation in both WKY and SHR smooth muscle cells (Figure 5.15 D and E). 

Conversely, inhibition of GRK2 catalytic activity enhanced UTP-induced ERK activation 

curve in both WKY and SHR smooth muscle cells (Figure 5.16 D and E). These results 

confirm that elevated GRK2 expression underlies the enhanced AngII and ET1 stimulated 

ERK activity seen in SHR.   
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Figure 5.13 GRK2 expression is upregulated in 12 weeks old SHR. 

RASM cells from WKY and SHR were lysed and GRK2 expression determined by 

western blotting. Representative immunoblot (A) and cumulative data (B) show the 

changes in GRK2 expression at 6 weeks and 12 weeks in WKY and SHR. Cumulative 

data (means ± SEM) are shown for the densitometric analyses of GRK2 bands using 

Image J for 4 independent experiments, each using RASM cells prepared from a 

different animal. Statistically significant changes vs WKY cells are shown as; **P<0.01 

(unpaired t-test) (Willets, unpublished). 
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A) B)  

C)  D)  

E)   

 

Figure 5.14 Inhibition of GRK2 catalytic activity attenuates AngII-induced ERK 

phosphorylation in SHR aortic smooth muscle cells. 

Confluent serum-starved WKY or SHR RASM cells were pre-incubated with vehicle 

control or the GRK2 inhibitor COMP101 (30 µM) for 30 min, before stimulation with 

AngII (100 nM) for the indicated time periods.  Total lysates were analysed by western 

blot with anti-pERK and anti-tERK antibodies. Representative immunoblots (A and B) 

show the temporal profile of AngII-stimulated ERK phosphorylation. Cumulative data 

show the comparative pERK profile in control SHR and WKY cells (C). The effects of 

COMP101 on AngII-induced ERK signalling are shown in (D) and (E). Data are 
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representative of densitometric analyses of pERK bands by Image J and normalized to 

the loading control for 5 independent experiments, each using cells prepared from a 

different animal. Data are shown as mean ± SEM, statistically significant changes 

compared to the respective agonist-stimulated values in control cells are shown as; 

**P<0.01, ***P<0.001, ****P<0.0001 (two-way ANOVA, Sidak’s post-hoc test). 
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A) B)  

C)  D)  

E)   

 

Figure 5.15 Inhibition of GRK2 catalytic activity decreases ET1-induced ERK 

phosphorylation in SHR aortic smooth muscle cells. 

Confluent serum-starved WKY or SHR RASM cells were pre-incubated with vehicle 

control or the GRK2 inhibitor COMP101 (30 µM) for 30 min, before stimulation with 

ET1 (50 nM) for the indicated time periods. Total lysates were analysed by western 

blot with anti-pERK and anti-tERK antibodies. Representative immunoblots (A and B) 

show the temporal profile of ET1-stimulated ERK phosphorylation. Cumulative data 

(C) show the comparative pERK profiles in control SHR and WKY cells. The effects 
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of COMP101 on ET1-induced ERK signalling in WKY (D) and SHR (E) cells are 

shown. Data are representative of densitometric analyses of pERK bands by Image J 

and normalized to loading control for 5 independent experiments, each using cells 

prepared from a different animal. Data are shown as mean ± SEM, statistically 

significant changes compared to respective agonist-stimulated values in control cells 

are shown as; *P<0.05, **P<0.01, ***P<0.001 (two-way ANOVA, Sidak’s post-hoc 

test). 
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A) B)  

C)  D)  

E)   

 

Figure 5.16 Inhibition of GRK2 catalytic activity enhances UTP-induced ERK 

phosphorylation in SHR aortic smooth muscle cells. 

Confluent serum-starved WKY or SHR RASM cells were pre-incubated with vehicle 

control or the GRK2 inhibitor COMP101 (30 µM) for 30 min, before stimulation with 

UTP (100 µM) for the indicated time periods. Total lysates were analysed by western 

blot with anti-pERK and anti-tERK antibodies. Representative immunoblots (A and B) 

show the temporal profile of UTP-stimulated ERK phosphorylation. Cumulative data 

show the change in pERK profile in control SHR and WKY cells (C). The effects of 

COMP101 on UTP induced ERK signalling in WKY (D) and SHR (E) cells are shown. 

0 1 0 2 0 3 0 4 0 5 0 6 0

0

1 0 0 0 0

2 0 0 0 0

3 0 0 0 0

T im e  (m in )

p
E

R
K

 I
m

m
u

n
o

r
e

a
c

ti
v

it
y

(
c

o
r

r
e

c
t
e

d
 f

o
r

 t
E

R
K

 e
x

p
r

e
s

s
io

n
)

W K Y

S H R

U T P  (W K Y /S H R )

0 1 0 2 0 3 0 4 0 5 0 6 0

0

1 0 0 0 0

2 0 0 0 0

3 0 0 0 0

T im e  (m in )

p
E

R
K

 I
m

m
u

n
o

r
e

a
c

ti
v

it
y

(
c

o
r

r
e

c
t
e

d
 f

o
r

 t
E

R
K

 e
x

p
r

e
s

s
io

n
)

W K Y  D M S O

W K Y  C O M P 1 0 1

U T P  (W K Y )

0 1 0 2 0 3 0 4 0 5 0 6 0

0

1 0 0 0 0

2 0 0 0 0

3 0 0 0 0

T im e  ( m in )

p
E

R
K

 I
m

m
u

n
o

r
e

a
c

ti
v

it
y

(
c

o
r

r
e

c
t
e

d
 f

o
r

 t
E

R
K

 e
x

p
r

e
s

s
io

n
)

S H R  D M S O

S H R  C O M P 1 0 1

* * *

*
*

U T P  (S H R )



 

174 

 

Data are representative of densitometric analyses of pERK bands by Image J and 

normalized to loading control for 4 independent experiments, each using cells 

prepared from a different animal. Data are shown as mean ± SEM, statistically 

significant changes compared to respective agonist-stimulated values in control cells 

are shown as; *P<0.05, ***P<0.001 (two-way ANOVA, Sidak’s post-hoc test). 
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5.4. Discussion 

Previous findings highlight the importance of the MAPK/ERK signalling pathway 

in VSMC proliferation (Wen et al., 1996; Bornfeldt et al., 1997; Nelson et al., 1998). 

VSMCs phenotype modulation from the contractile to a proliferative phenotype is 

associated with persistent MAPK/ERK signalling activation (Roy et al., 

2001).  Moreover, Gαq coupled vasoconstrictors such as AngII and ET1 promote VSMC 

proliferation via the ERK1/2 signalling pathway (Qin et al., 2004; Zhao et al., 2005; Ljuca 

and Drevensek, 2010). These studies were further confirmed by our [3H]-thymidine 

incorporation assay data, which show that inhibition of MEK1/2 (the kinase that 

phosphorylates ERK) (Alessi et al., 1995) attenuates VSMC proliferation. In accordance 

with the present results, previous studies have demonstrated that inhibition of MEK1/2 

attenuates ET1 and AngII dependent DNA synthesis in VSMC (Touyz et al., 1999; Chen 

et al., 2006). We report here that vasoconstrictors appear to exert their mitogenic effects 

through the activation of MEK1/2-ERK1/2 pathway to enhance DNA synthesis in 

cultured smooth muscle cells, suggesting that ERK signalling is involved in 

vasoconstrictor-induced VSMC proliferation, and may play an important role in the 

vascular wall structural changes seen in hypertension. Previous findings revealed that 

both GRK2 expression and its activity participated in VSMC growth (Chapter 4). Here, 

I propose that GRK2 plays an essential role in the MAPK/ERK signalling pathway 

linking to the proliferation process. This notion is supported by Ruiz et al., who reported 

that continuous Gαq activation enhances GRK2 expression in VSMC (Ramos-Ruiz et al., 

2000). In addition, GRK2 expression is enhanced in hypertension (Eckhart et al., 

2002; Willets et al., 2015). Although GRK2 is a critical regulator of vasoconstrictor’s 

GPCR signalling (Kim et al., 2009; Morris et al., 2010; Morris et al., 2011), the data has 

revealed a non-classical effect that GRK2 plays in MAPK/ERK signalling. I have 

identified that both GRK2 expression and activity are required for AngII and ET1 induced 

MAPK/ERK signalling activation, but are not required for UTP induced MAPK/ERK 

signalling.  

The data revealed that stimulation of RASM cells with AngII, ET1 or UTP resulted 

in significantly increased ERK phosphorylation, which peaked at 5 min, followed by a 

gradual decline to a sustained level between 10 and 60 min, which is in general agreement 

with earlier studies (Yoshizumi et al., 2001; Chen et al., 2009; Morris et al., 2012). 

GPCRs are capable of employing several diverse mechanisms to activate the MAPK/ERK 
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cascade (Pierce et al., 2001). Firstly, GPCRs can stimulate Gαq to activate PLC and PKC. 

PKC is able to phosphorylate various substrates, and initiates the MAPK/ERK signalling 

cascade (Zhao et al., 2005; Ljuca and Drevensek, 2010). Indeed, activated PKC is known 

to enhance ERK1/2 activity in VSMC, effects that can be blocked by PKC inhibition 

(Chen et al., 2009). Certainly, the PKC activator, phorbol 12-myristate 13-acetate (PMA) 

activates ERK, which can be blocked by inhibition of PKC (Wei et al., 2003). 

Additionally, the PKC inhibitor (Ro-31-8425) abolished AngII-induced early ERK 

activation (5 min), but had no effect on the later sustained phase (Ahn et al., 2004). The 

findings of Ca2+ imaging data (Section 3.3.2), which showed that the effects of AngII/AT1 

and ET1/ETA triggered PLC/Ca2+ signalling as a rapid and transient increase in [Ca2+]i, 

suggest that the early peak of ERK phosphorylation could be related to PLC-Ca2+-PKC 

activation. However, it is worth noting that AngII/AT1 and ET1/ETA mediated [Ca2+]i 

signals are transient, and underpinned by the receptor desensitization. Indeed, AngII or 

ET1-mediate [Ca2+]i signals return to basal within 3-5 minutes even in the continued 

presence of the agonist (Morris et al., 2010; Bernhem et al., 2017). Therefore, this 

suggests that AngII and/or ET1-stimulated prolonged (10-60 minutes) ERK activation is 

unlikely to be G protein-dependent. Interestingly, several alternative G protein-

independent processes have been described by which GPCRs can mediate prolonged 

ERK signalling. For example, both AT1 and ETA receptors are known to utilise arrestins 

as molecular scaffolds to enable prolonged cytosolic ERK signalling (Luttrell et al., 

2001; Lefkowitz and Shenoy, 2005; Morris et al., 2012). In addition, in RASM cells the 

sustained phase of UTP/P2Y2 mediated ERK signal activation cannot be inhibited by 

PKC inhibitors, indicating that UTP/P2Y2-mediated ERK activation is a G protein-

independent, Src-EGFR dependent process (Morris et al., 2012). Thus, in RASM cells 

the prolonged ERK activation is probably mediated via a G protein-independent 

mechanism. In general, therefore, it seems that the observed pERK curve is biphasic, with 

an acute phase mediated through PLC-Ca2+-PKC occurring within 2-5 minutes, and 

prolonged ERK activation sustained over one hour which likely modulates long-term 

responses, such as stimulation of cell proliferation. In support of this idea, previous 

studies have described that AngII produces a biphasic response in VSMC, where early 

pERK activity (within minutes) is induced via the G protein-dependent pathway, whereas 

late/sustained (within hours) activity is mainly mediated by G protein-independent 

mechanisms i.e. GRKs or arrestins (Griendling Kathy et al., 1997; Ahn et al., 

2004; Lefkowitz and Shenoy, 2005). Collectively, these data suggest that the observed 
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pERK activation curve for AT1, ETA and P2Y2 receptors in VSMC could result from a 

combination of Gαq dependent (rapid/transient) and independent (prolonged) mechanisms 

(Figure 5.17).  

  

 

Figure 5.17 Hypothetical diagram for biphasic ERK activation by distinct G-

protein-dependent/in-dependent pathways. 

The rapid and transient ERK activation is probably a G protein-dependent mechanism, 

requires PKC activation and can be inhibited by a PKC inhibitor (Chen et al., 2009). In 

contrast, the sustained response possibly represents G protein-independent mediated 

ERK signalling through, for example, arrestin (Ahn et al., 2004). 

 

Data in Chapter 4 illustrated the involvement of both GRK2 expression and kinase 

activity in VSMC proliferation. Thus, GRK2 may play an essential role in MAPK/ERK 

signalling to promote cell proliferation. Despite previous work highlighting a negative 

regulatory role for GRK2 on AT1 and ETA receptor activity in VSMC (Kim et al., 

2009; Morris et al., 2010), theoretically, manipulation of GRK2 expression/activity 

should increase GPCR activation and thus Gαq related signalling. However, depletion of 

GRK2 or inhibition of its catalytic activity markedly attenuated both the acute and 

sustained phases of ERK activation induced by AngII and ET1, suggesting that GRK2 

participates in MAPK/ERK signalling activation in a G protein-independent manner. 

Contrastingly, as P2Y2 receptor activation recruits GRK2 (Morris et al., 2011), GRK2 

knockdown or inhibition enhanced both the acute and sustained phases of UTP induced 

ERK activation. Since suppression of GRK2 expression inhibits UTP-induced P2Y2 

receptor desensitization (Morris et al., 2011), elevated ERK signalling probably reflects 

the lack of P2Y2 desensitization following GRK2 depletion or inhibition of its catalytic 
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activity. Indeed, deficiency of P2Y2 desensitization triggered increased PLC-Ca2+-PKC 

activation, which resulted in enhanced ERK signals in a G protein-dependent manner 

(Morris et al., 2012). This idea is consistent with earlier observations, which showed that 

UTP/P2Y2-mediated ERK phosphorylation is enhanced following inhibition of receptor 

desensitization (via arrestin2 depletion) (Morris et al., 2012). Interestingly, GRK2 

depletion/inhibition has been shown to downregulate AngII and/or ET1 (proliferative 

vasoconstrictors)-stimulated ERK signalling, yet this effect was not seen with UTP-

stimulated ERK signalling (non-proliferative agonist). Thus, the effects of GRK2 on 

MAPK/ERK signalling seems to be ligand and receptor specific.  

There are many possible mechanisms for the observed effect of GRK2 on the 

MAPK/ERK cascade. Indeed, a previous study has investigated the downstream effects 

of EGFR and has shown that GRK2 can regulate ERK signalling through direct 

interaction with Raf1, MEK1 and ERK2, suggesting that GRK2 acts as a scaffold protein 

for the MAPK/ERK cascade (Robinson and Pitcher, 2013). Further work is required to 

examine the direct interaction between GRK2 and MEK1/2 and ERK1/2 in response to 

AngII and ET1 in VSMC. There is, however, another possible mechanism, several 

published reports show that GPCR-stimulated ERK signalling can be mediated via RTK 

(such as EGFR and PDGFR) transactivation (Muthalif et al., 1996; Schonwasser et al., 

1998; Heeneman et al., 2000; Ohtsu et al., 2006). Liu et al., revealed that AngII induced 

ERK signalling in smooth muscle cells of SHR through EGFR transaction, as the effect 

could be attenuated by an EGFR inhibitor [AG1478] (Liu et al., 2010b). Also, ET1 has 

been reported to induce ERK phosphorylation via EGFR transactivation in VSMC 

(Iwasaki et al., 1999) and in mesangial cells (Hua et al., 2003). This suggests that AngII 

and ET1 mitogenic responses can be mediated via a GPCR-RTK-ERK pathway. GPCRs 

induce EGFR transactivation via different mechanisms, for instance, AngII/AT1 mediates 

EGFR transactivation via c-Src activation (Eguchi et al., 1999) or via ROS activation 

(Ushio-Fukai et al., 2001; Frank and Eguchi, 2003). After that, activated EGFR transmits 

its signal through phosphorylation of several tyrosine residues and formation of a 

complex with Shc, Sos and Grb2 leading to activation of the Ras-Raf-MEK-ERK cascade 

(Inagami and Eguchi, 2000). Moreover, GRK2 has been reported to mediate a regulatory 

role in EGF-stimulated ERK signalling (Gao et al., 2005). Additionally, GRK2 has been 

reported to regulate RTKs such as the PDGF receptor (Hildreth et al., 2004). Since GRK2 

also has been reported as a key factor that mediates the cross-talk between GPCRs and 
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RTKs (Chen et al., 2008; Guo et al., 2009), the possible interference of GRK2 in both 

RTK and GPCR-induced ERK signalling cannot be ruled out and requires further 

investigation. 

Prior studies have noted the importance of arrestins function as ligand-regulated 

adaptor scaffolds which facilitate downstream signalling from phosphorylated GPCRs 

(Luttrell and Miller, 2013). Several reports have shown that arrestins can act as scaffolds 

for ERK signalling (Luttrell et al., 2001; Ren et al., 2005). Moreover, arrestin2 directly 

interacts with MEK1 (Meng et al., 2009) indicating that arrestins play a role in ERK 

signalling. Therefore, it is important to ask, what is the role of arrestins in the GRK2-

mediated ERK activation process?  Morris et al. (2012) show that arrestin2 and arrestin3 

regulate ERK activation by UTP/P2Y2 and ET1/ETA receptors respectively in RASM 

cells (Morris et al., 2012). However, the effect of arrestin2 and arrestin3 on AngII/AT1 

receptor stimulated ERK activation has not been previously studied in VSMC. Here, 

knockdown of arrestin2 attenuated both the peak and plateau phases of ERK activation, 

whereas arrestin3 knockdown had no effect. Thus it would appear that arrestin2, rather 

than arrestin3, mediates AngII-induced ERK signalling, although at present the exact 

mechanism is unclear. This outcome is contrary to that of Kim et al. (2005) who found 

that AngII-induced ERK activation was markedly enhanced following knockdown of 

GRK2 (Kim et al., 2005a). Moreover, the sustained ERK signalling is arrestin3-

dependent not arrestin2-dependent (Ahn et al., 2004). This contradictory finding may be 

due to different cell backgrounds, i.e. HEK293 cells transfected with overexpressed 

exogenous AT1A, compared to endogenously AT1 receptors expressed in their native 

environment. Thus, the observed GRK2/arrestin2 effect on AngII-stimulated ERK 

signalling seems to be cell type specific. Additionally, previous work from our laboratory 

shows that ET1-stimulated ERK signalling was markedly reduced following arrestin3 

depletion in RASM cells (Morris et al., 2012). In general, therefore, it seems possible that 

GRK2 mediated phosphorylation of AT1 and ETA is required to enable arrestin 

recruitment and thus promote sustained ERK signalling. Therefore, ERK signalling seems 

to be GRK2-arrestin2-dependent for AngII/AT1 and GRK2-arrestin3-dependent in 

ET1/ETA-stimulated cells. Further research is required to delineate the molecular 

mechanisms that arrestins play in GPCR/GRK2-mediated ERK signalling. 

The findings in this chapter suggest a strong relationship between GRK2 and 

MAPK/ERK activation together with GRK2 up-regulation in hypertension, implying that 
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increased expression of GRK2 could be a key to enhancing MAPK/ERK signalling and 

thus increased VSMC proliferation. To further investigate this hypothesis two different 

ways to over-express GRK2 were utilised. The first technique was via the nucleofection 

using previously characterised GFP-tagged GRK2 construct (GFP-GRK2) which caused 

≥70% over-expression in ~60% of the cells. It seems probably that these relatively low 

increase in expression due to the large size of GFP-GRK2 construct (~33x103 bp) which 

may reduce the transfection efficiency. In an attempt to increase the number of cells 

overexpressing GRK2, cells were infected with an adenoviral GRK2 construct. 

Unfortunately, the adenovirus induced GRK2 overexpression in ~50% of the cells only. 

The reason for the low infection rate was not clear. Despite the lower than expected 

transfection/infection rates, GRK2 overexpression still considerably enhance both the 

peak and plateau phases of ERK signalling induced by AngII. These results support the 

idea of a positive relationship between GRK2 and MAPK/ERK activation.  

Interestingly prior studies have noted that GRK2 expression is increased in 

hypertensive animal models (Gros et al., 2000; Eckhart et al., 2002) and GRK2 

expression is up-regulated in the arterial smooth muscle cells of the SHR with the onset 

of the hypertensive phenotype (Willets et al., 2015). Thus, we used aortic smooth muscle 

cells isolated from SHR to assess ERK signalling as a model of hypertension to assess 

the effects of GRK2 overexpression on vasoconstrictor-stimulated ERK signalling and 

cellular proliferation. Several reports have shown that ERK signalling is chronically 

elevated in aortic cells derived from SHR (Kim et al., 1997; Kubo et al., 2002; Roberts, 

2012). Additionally, AngII-induced ERK activation is amplified in SHR VSMC (Touyz 

et al., 2001), which is known to contribute to hypertensive vascular remodelling in SHR 

(El Mabrouk et al., 2001). In agreement with published studies (Touyz et al., 2001; Zhu 

et al., 2015), our findings show that AngII and ET1 produce a higher ERK activation 

profile in SHR aortic smooth muscle cells, while UTP did not. Furthermore, inhibition of 

GRK2 catalytic activity markedly attenuated AngII/ET1-induced ERK activation and 

enhanced UTP-induced ERK activation in both WKY and SHR smooth muscle cells, 

indicating that the observed GRK2 effect on MAPK/ERK signalling is specific for AT1 

and /ETA receptors, not the P2Y2 receptor. Collectively these data strongly suggest that 

the elevated GRK2 level underlies the enhanced AngII and ET1 stimulated ERK activity 

seen in hypertension. 
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The ability of ERK to stimulate cell growth requires the nuclear translocation of 

ERK, where it subsequently promotes cell cycle progression (Brunet et al., 1999). Nuclear 

translocation of activated ERK occurs within 15 minutes (Yamamoto et al., 2006), a 

process mediated by passive diffusion, active transport, or by direct interaction with the 

nuclear pore complex (Adachi et al., 1999; Whitehurst et al., 2002). Upon translocation 

of activated ERK to the nucleus, it activates multiple transcription factors and ultimately 

stimulates cell proliferation (Mebratu and Tesfaigzi, 2009). Several published studies in 

different cell backgrounds reported that there is a strong correlation between sustained 

(but not transient) ERK signalling activation and its proliferative potential [i.e. induction 

of cell cycle progression] (Meloche et al., 1992; Cookonyx and McCormick, 

1996; Yamamoto et al., 2006). Indeed, prolonged ERK activation stimulates transition 

from G0/G1 phase to S phase by promoting cyclin D1 expression (Weber et al., 

1997; Roovers et al., 1999), downregulation of anti-proliferative genes such as AP-1 

(Yamamoto et al., 2006), hyper-phosphorylation and stabilisation of c-fos (Murphy et al., 

2002), and subsequently stimulating S phase entry. On other hand in HEK293 cells, 

AngII/AT1 mediated nuclear translocated ERK signalling is a G protein-dependent 

mechanism (Ahn et al., 2004), and the arrestin-mediated scaffolding of ERK (sustained 

effect) has been shown has not translocated to the nucleus and be restricted to the cytosol 

(Luttrell et al., 2001; Aplin et al., 2007). Despite this, to develop a fuller picture, further 

research should be undertaken to investigate the AngII/AT1 and ET1/ETA mediated ERK 

signals and nuclear translocation in both transient and sustained phases of ERK activation 

in VSMC. 

Findings from Section 4.3.6 revealed that GRK6 depletion attenuated the ability of 

vasoconstrictors to induce Ki67 expression, suggesting that GRK6 may regulate VSMC 

proliferation. However, depletion of GRK6 had no effect upon ET1-promoted ERK 

activation indicating that GRK6 does not regulate ET1-stimulated ERK signalling. This 

result seems to be consistent with the fact that GRK6 had no effect on the regulation of 

ETA receptor driven PLC/Ca2+ signalling in RASM (Morris et al., 2010). Thus the 

involvement of ERK signalling in GRK6-mediated effects on Ki67 expression is 

unexpected and at present unexplained.  

In summary, both GRK2 expression and catalytic activity are required for transient 

and sustained ERK activation induced by AngII and ET1 in VSMCs. Moreover, our 

findings indicate a proportional relationship between GRK2 expression and ERK signal 
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activation in SHR smooth muscle cells. Therefore, up-regulated GRK2 expression in 

hypertension could be an underlying factor for long-term MAPK/ERK signalling cascade 

activation or potentiation. Although activation of AT1, ETA and P2Y2 receptors recruits 

GRK2 (Kim et al., 2009; Morris et al., 2010; Morris et al., 2011), it is surprising that 

GRK2 only participates in proliferative vasoconstrictor (AngII and ET1) stimulated 

MAPK/ERK signalling and cell proliferation (Figure 5.18). The results demonstrate that 

GRK2 differentially alters ERK activation responses to different agonists, indicating that 

the role that GRK2 plays in hypertension is not limited to dysregulation of vasoconstrictor 

GPCR activation. Indeed, data from this chapter suggest that GRK2 may function as a 

scaffold protein for the MAPK/ERK cascade (GRK2-dependent), or alternatively mediate 

ERK signals through the recruitment of arrestins (GRK2-arrestin-dependent), or via 

mediating cross-talk with RTKs such as the EGFR (Figure 5.19). 
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Figure 5.18 Schematic diagram showing the role of GRK2 on AT1, ETA and P2Y2 receptor mediated MAPK/ERK cascade activation. 

Activation of vasoconstrictor GPCRs results in generation of second messengers DAG and IP3, which increase [Ca2+]i  in a G protein-dependent 

manner and mediate other G-protein independent pathways resulting in Ras/Raf/MEK cascade activation. Both GRK2 expression and catalytic 

activity are required for AngII and ET1 (not UTP) mediated ERK signal activation which may be via GPCR-GRK2-arrestins mechanism. 
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Figure 5.19 Summary of the possible mechanisms of GRK2 effects on ERK 

signalling pathway activation. 

Suggested mechanisms by which GRK2 may affect GPCR-mediated ERK activation 

via a GPCR-GRK2-arrestin dependent manner (1) (Morris et al., 2012). As GRK2 can 

interact with Raf1, MEK1 or ERK2 (Robinson and Pitcher, 2013) suggesting that ERK 

activation could be GPCR-GRK2-dependent (2) or via transactivation of the EGFR 

(Inagami and Eguchi, 2000) mediating ERK activation in GPCR-RTK-GRK2 

dependent mechanism (3). 
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6. Do AngII and ET1 employ the PI3K/Akt signalling pathway to 

mediate GRK2-dependent VSMC proliferation? 

6.1. Introduction 

PI3K/Akt signalling is one of the major signalling cascades that has been reported 

to be activated in cardiovascular diseases including hypertension and atherosclerosis 

(Carnevale and Lembo, 2012; Li et al., 2016). Moreover, PI3K/Akt signalling plays a 

critical role in regulating VSMC proliferation (Park et al., 2003; Chen et al., 2014), cell 

cycle progression (Braun-Dullaeus et al., 2001; Dugourd et al., 2003) and thus contributes 

to medial thickening and vascular remodelling (Stabile et al., 2003; Havelka and Kibbe, 

2011). Importantly, the Gαq coupled receptors that interact with vasoconstrictors are 

known to activate PI3K/Akt signalling (Murga et al., 1998; Takahashi et al., 1999; Ushio-

Fukai et al., 1999). PI3K is a lipid kinase that activates several downstream targets such 

as PIP3 and PDK1, which subsequently promotes translocation of Akt (PKB) to the 

plasma membrane and phosphorylation of Akt at Thr 308 (see Section 1.3.3.2) (Alessi et 

al., 1997; Vanhaesebroeck et al., 2001; Guillermet-Guibert et al., 2008). Once 

phosphorylated, Akt acts as a multifunctional protein kinase, which activates several 

proteins involved in controlling cell cycle progression, cell growth and survival processes 

(Datta et al., 1999; Bellacosa et al., 2004). Akt can mediate its proliferative effects via 

phosphorylation of GSK3 (Beurel et al., 2015). There are two isoforms of GSK3, GSK3-

α (∼51 kDa) and GSK3-β (~47 kDa) which have a high degree of similarity in their 

catalytic domains, (Markou et al., 2008). Akt phosphorylates GSK3-α  at Ser-21 and 

GSK3-β at Ser-9 residues resulting in inactivation of GSK3 (Beurel et al., 2015). 

Inactivation of GSK3 relieves its inhibitory effects on cyclin D1 and c-myc, resulting in 

increased their transcription (Chang et al., 2003; Liang and Slingerland, 2003), which 

subsequently promotes cell cycle progression and cell survival. 

In addition to multiple non-receptor substrates (Shiina et al., 2001; Schutzer et al., 

2005; Jimenez-Sainz et al., 2006), GRK2 can interact directly with PI3K (Naga Prasad et 

al., 2002b; Robinson and Pitcher, 2013) and Akt (Liu et al., 2005). Since hypertension is 

associated with the elevated circulatory levels of vasoconstrictors (Harris et al., 2008), 

continual activation of PI3K/Akt signalling pathways has been suggested to play a role 
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in hypertension-associated increases in VSMC cell proliferation and the development of 

vascular remodelling. Even though earlier findings (see Chapter 4) confirmed that GRK2 

expression and activity have effects on vasoconstrictor-induced VSMC proliferation, 

whether GRK2 can affect changes in AngII and ET1-stimulated cell growth through 

modulation of the PI3K/Akt signalling pathway remains to be elucidated. Here, I 

hypothesize that GRK2 is involved in the proliferator responses downstream of GPCRs 

stimulated by AngII and ET1 and that PI3K/Akt signalling may be involve in VSMC 

proliferation. Furthermore, despite the fact that GRK2 regulates AT1, ETA and P2Y2 

signalling (Kim et al., 2009; Morris et al., 2010; Morris et al., 2011), I hypothesise that 

GRK2 plays distinctive roles in the regulation Akt of signals produced by pro-

proliferative (AngII and ET1) and non-proliferative (UTP) agonists (see Chapter 3). 

Therefore, the current chapter investigates the roles of GRK2 and PI3K/Akt in 

vasoconstrictor-mediated VSMC proliferation. 

 

6.2. Aim 

To investigate the molecular mechanisms underlying GRK2 regulation of VSMC 

proliferation via examining the possible relationship between GRK2 expression/catalytic 

activity and vasoconstrictor-induced PI3K/Akt signalling.  
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Figure 6.1 Schematic diagram showing GPCR-mediated activation of the 

PI3K/Akt signalling pathway. 

Upon GPCR activation, PI3K converts PIP2 to PIP3, resulting in PDK1 membrane 

translocation and Akt phosphorylation at Thr 308 residue. pAkt mediates 

phosphorylation of GSK3 (inhibition) and thus regulates cell-cycle progression. PI3K, 

phosphoinositide 3-kinase; PIP2, phosphatidylinositol 4,5-bisphosphate; PIP3, 

phosphatidylinositol-3,4,5-trisphosphate lipid; PDK1, 3’ phosphoinositide dependent-

kinase 1;  GSK3, glycogen synthase kinase 3. 
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6.3. Results 

6.3.1. Inhibition of the PI3K/Akt signalling pathway decreased vasoconstrictor-

induced [3H]-thymidine incorporation in RASM cells 

The PI3K/Akt signalling pathway is one of the important cascades that is integrally 

linked to smooth muscle cell cycle progression and the promotion of cell proliferation 

(Stabile et al., 2003; Wang et al., 2018b). Furthermore, previously published studies show 

that PI3K/Akt signalling can be activated by AngII and ET1 in VSMC (Takahashi et al., 

1999; Huang et al., 2011). In order to examine whether PI3K/Akt signalling was involved 

in vasoconstrictor-induced VSMC proliferation, RASM growth was examined using the 

[3H]-thymidine incorporation assay in the presence or absence of LY294002; a potent 

PI3K inhibitor (Vlahos et al., 1994). Briefly, serum starved RASM cells were pre-

incubated with LY294002 (20µM) for 30 min prior to stimulation with the 

vasoconstrictors AngII (100 nM), ET1 (100 nM), NA (1 µM) or UTP (100 µM) in 10% 

FCS medium. Immunoblotting of phospho-Akt (pAkt) showed that pre-treatment of 

RASM cells with the PI3K inhibitor abolished ET1-induced Akt activation, confirming 

the inhibitory effect of LY294002 (Figure 6.2 A). The prolife of vasoconstrictor-

stimulated [3H]-thymidine incorporation in vehicle control (DMSO) incubated cells was 

similar to that observed previously (Section 3.3.6, 4.3.2 and 4.3.3), which showed that 

stimulation of RASM cells with AngII, ET1 or NA resulted in greater [3H]-thymidine 

incorporation than that seen with 10% FCS alone (Figure 6.2 B). However, inhibition of 

LY29002 significantly attenuated 10% FCS, AngII, ET1 and NA induced [3H]-thymidine 

incorporation in RASM cells. Collectively, these data strongly suggest that inhibition of 

the PI3K/Akt signalling pathway attenuated VSMC proliferation. 
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Figure 6.2 Inhibition of the PI3K/Akt signalling pathway attenuated 

vasoconstrictor-induced VSMC proliferation. 

A) Confluent serum-starved RASM cells were stimulated with ET1 (50 nM), with or 

without LY2904002 (20 µM) pre-treatment (30 min), before lysis and immunoblotting 

for Akt phosphorylation. A representative immunoblot shows that LY2904002 pre-

treatment blocked ET1-stimulated Akt phosphorylation. B) Serum-starved RASM cells 

were pre-treated with vehicle control or LY2904002 (20 µM) for 30 min, prior to 

stimulation with AngII (100 nM), ET1 (100 nM), NA (1 µM) or UTP (100 µM) in 10% 

FCS. LY2904002 treatment inhibited 10% FCS, AngII, ET1 and NA induced RASM 

cell proliferation.  Data are represented as mean ± SEM for 4 replicates for each 

experimental condition from 4 different cell preparations. Statistically significant 

changes, control cells vs LY2904002 treated, are shown as; *P<0.05, **P<0.01, 

****P<0.0001 (two-way ANOVA, Sidak’s post-hoc test). 
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6.3.2. What is the effect of AngII and ET1 on PI3K downstream signalling? 

The above findings (Section 6.3.1) indicated that inhibition of PI3K signalling by 

the PI3K inhibitor LY294002 had a global effect on cell growth. Therefore, in order to 

examine whether PI3K was involved in vasoconstrictor-driven VCMC proliferation, 

PI3K downstream substrates of Akt were examined. Serum-starved RASM cells were 

stimulated for up to an hour with AngII (100 nM) or ET1 (50 nM). Total cell lysates were 

then blotted for the phosphorylated Akt with GAPDH used as a loading control. As shown 

in Figure 6.3, stimulation of RASM cells with AngII or with ET1 induced 

phosphorylation of Akt that peaked at 5 min followed by gradual decline and sustained 

pAkt protein levels were observed between 10 and 60 min (Figure 6.3 A and B). The 

PI3K/Akt downstream substrate, GSK3-(α/β), was also investigated. Serum-starved 

RASM cells were stimulated for up to an hour with AngII (100 nM) or ET1 (50 nM). 

Total cell lysates were then blotted for the phosphorylated GSK3-α and β isoforms. GRK2 

used as a loading control. As shown in Figure 6.4, stimulation of RASM cells with AngII 

or with ET1 induced robust phosphorylation of both GSK3-α and GSK3-β proteins 

(Figure 6.4 A and B). Pre-incubation with LY294002 (20 M, for 30 min) showed that 

inhibition of PI3K attenuates AngII and ET1 induced GSK3-α isoform phosphorylation 

(Figure 6.5 B and E).  Moreover, a marked reduction in AngII and ET1 induced GSK3-

β phosphorylation was also observed (Figure 6.5 C and F). These results confirmed that 

AngII and ET1 activate PI3K/Akt downstream signalling which could be involved in 

vasoconstrictors-induced VCMC proliferation. 
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A)  

B)  

 

Figure 6.3 Temporal profile of AngII- and ET1-stimulated Akt phosphorylation 

in RASM cells. 

Confluent serum-starved (24 h) RASM cells were treated with AngII (100 nM) or ET1 

(50 nM) for the indicated times. RASM cells were then lysed and pAkt and GAPDH 

expression determined by western blotting. Representative immunoblots (left panel) 

and cumulative data (right panel) show that stimulation of RASM with AngII (A) or 

ET1 (B) resulted in Akt phosphorylation. Line graphs (right panel) are representative 

of densitometric analyses of the pAkt band by Image J and normalized to loading 

control for 4 independent experiments, each using RASM cells prepared from a 

different animal. Data are shown as mean ± SEM, statistically significant changes 

compared to values in control (basal) are shown as; *P<0.05, **P<0.01, ***P<0.001 

(one-way ANOVA, Dunnett’s post-hoc test). 
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A) 

 

B) 

 

 

Figure 6.4 Temporal profile of AngII- and ET1-stimulated GSK3 phosphorylation 

in RASM cells. 

Confluent serum-starved (24 h) RASM cells were treated with AngII (100 nM) or ET1 

(50 nM) for the indicated times. RASM cells were then lysed and pGSK3-, pGSK3-

 and GRK2 expression determined by western blotting. Representative immunoblots 

(left panels) and cumulative data (right panels) show that stimulation of RASM cells 

with AngII (A) or ET1 (B) resulted in GSK3-α and GSK3-β phosphorylation. Line 

graphs (right panel) are representative of densitometric analyses of pGSK3-α and β 

isoform bands by Image J and normalized to loading control for 4 independent 

experiments, each using RASM cells prepared from a different animal. Data are shown 

as mean ± SEM, statistically significant changes compared to values in control (basal) 

are shown as; *P<0.05, **P<0.01 (one-way ANOVA, Dunnett’s post-hoc test). 
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A) D) 

 

B)  

 

E)  

 

C)  
 

F)  

 

 

Figure 6.5 AngII and ET1 induce phosphorylation of GSK3-α and β isoforms 

through a PI3K-dependent mechanism. 

Confluent serum-starved (24 h) RASM cells were pre-incubated with LY294002 (20 

µM; 30 min) prior to stimulation with AngII (100 nM) or ET1 (50 nM) for the indicated 

times. RASM cells were then lysed and pGSK3-, pGSK3- and GRK2 expression 

determined. Representative immunoblots for AngII (A) and ET1 (D) and cumulative 

data for AngII (B and C) and ET1 (E and F) show the attenuation of the temporal profile 

of AngII and ET1-mediated GSK3- and GSK3- phosphorylation, respectively. Line 

graphs are representative of densitometric analyses of pGSK3-α and β isoform bands 
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by Image J and normalized to loading control for 4 independent experiments, each 

using RASM cells prepared from a different animal. Data are shown as mean ± SEM, 

statistically significant changes compared to respective agonist-stimulated values in 

(DMSO) control cells are shown as; *P<0.05, **P<0.01,  ***P<0.001, ****P<0.0001 

(two-way ANOVA, Sidak’s post-hoc test). 
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6.3.3. Suppression of GRK2 expression attenuates AngII- and ET1-induced Akt 

phosphorylation 

Both PI3K (Section 6.3.1 and 6.3.2) and GRK2 (Section 4.3.4) appear to play vital 

roles to facilitate vasoconstrictor-stimulated RASM cell growth. Furthermore, GRK2 is 

reported to interact with PI3K (Naga Prasad et al., 2002a), which suggests that GRK2 

could be regulating PI3K recruitment to AT1 and ETA receptor-induced Akt signalling in 

RASM cells. To examine this hypothesis, the effects of GRK2 protein expression on the 

temporal profiles of vasoconstrictor-induced PI3K/Akt signalling was determined. 

Briefly, GRK2 expression was depleted using anti GRK2 siRNA by nucleofection as 

described previously in Methods (Section 2.2.4). Serum-starved cells, 48 h post 

transfection, were stimulated with AngII (100 nM), ET1 (50 nM) or UTP (100 µM) for 

up to 60 min. Total cell lysates were analysed by western blot with anti-pAkt (T308) 

antibody and anti-GAPDH antibody as a loading control. Immunoblotting illustrated that 

stimulation of RASM with AngII, ET1 or UTP resulted in a marked increase in Akt 

phosphorylation that peaked at 5 min followed by gradual decline and sustained pAkt 

protein levels were observed between 10 and 60 min (Figure 6.6 and Figure 6.7). 

Quantitative analysis of the pAkt temporal profiles generated by AngII and ET1, revealed 

that depletion of GRK2 expression did not affect the peak phase (5 min), but resulted in 

a significant reduction in the prolonged phase response of Akt activation (Figure 6.6 A 

and B). In addition, depletion of GRK2 did not affect UTP-stimulated Akt 

phosphorylation (Figure 6.7). This finding highlights the importance of GRK2 

expression in the sustained Akt activation induced by pro-proliferative vasoconstrictors 

(i.e. AngII and ET1). 

 

 

 



 

196 

 

A 

 

 

 

 

B)  

 

Figure 6.6 GRK2 siRNA attenuates AngII- and ET1-induced sustained phase of 

Akt phosphorylation. 

RASM cells were transfected with either NC or anti-GRK2 siRNA (10 nM). After 24 

h, cells were serum-starved for a further 24 h before addition of AngII (100 nM) or ET1 

(50 nM) for the indicated times. Cells were lysed and immunoblotted for pAkt and 

GAPDH as described previously. Representative immunoblots (left panels) and 

cumulative data (right panels) show the effects of GRK2 knockdown on AngII (A) or 

ET1 (B) stimulated Akt phosphorylation. Line graphs (right panels) are densitometric 

analyses of pAkt immunoreactivity by Image J and normalized to loading control for 

6 independent experiments, each using RASM cells prepared from a different animal. 

Data are shown as mean ± SEM, statistically significant changes compared to 

respective agonist-stimulated values in negative-control siRNA nucleofected cells are 

shown as; *P<0.05, ***P<0.001 (two-way ANOVA, Sidak’s post-hoc test).  
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Figure 6.7 Depletion of GRK2 does not affect UTP-induced Akt activation. 

RASM cells were transfected with either NC or anti-GRK2 siRNA (10 nM). After 24 

h, cells were serum-starved for a further 24 h before addition of UTP (100 µM) for the 

indicated times. Cells were lysed and immunoblotted for pAkt and GAPDH as 

described previously. Representative immunoblots (left panel) and cumulative data 

show the effects of GRK2 knockdown on UTP-stimulated Akt phosphorylation. Line 

graphs (right panel) are densitometric analyses of pAkt immunoreactivity by Image J 

normalized to the loading control for 6 independent experiments, each using RASM 

cells prepared from a different animal. Data are shown as mean ± SEM (two-way 

ANOVA, Sidak’s post-hoc test). 
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6.3.4. Does GRK2 knockdown affect AngII- or ET1-induced GSK3 

phosphorylation? 

Since the expression of GRK2 appears to be vital to enable the sustained phase of 

AngII and ET1-stimulated Akt signalling (Section 6.3.3), and Akt is able to phosphorylate 

GSK3, it is likely that suppression of GRK2 expression may also affect agonist-induced 

GSK3 phosphorylation. To investigate this hypothesis, the profiles of AngII and ET1-

stimulated GSK3-α and β phosphorylation in GRK2-depleted RASM cells were 

examined. Briefly, GRK2 expression was suppressed using anti GRK2 siRNA by 

nucleofection as described previously in Methods (Section 2.2.4), and assayed and 

immunoblotted for GSK3 phosphorylation as described earlier (Section 6.3.2). 

Stimulation of NC siRNA transfected cells with AngII or ET1 induced a similar pattern 

of GSK3-α and β phosphorylation as that observed in non-transfected cells (Section 

6.3.2). Depletion of GRK2 level resulted in a significant reduction in AngII induced 

GSK3-α and GSK3-β phosphorylation (Figure 6.8 A-C). Furthermore, knockdown of 

GRK2 expression caused a significant reduction in ET1-induced GSK3-α and GSK3-β 

phosphorylation (Figure 6.8 D-F). These results confirm that GRK2 expression plays an 

important role in PI3K/Akt downstream signalling to GSK3.  
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A) D)  

 

B) AngII (pGSK3-α)  

 

E) ET1 (pGSK3-α)   

 

C) AngII (pGSK3-β)  

 

F) ET1 (pGSK3-β)  

 

Figure 6.8 GRK2 depletion attenuated AngII- and ET1-induced GSK3 (α/β) 

phosphorylation. 

RASM cells were transfected with either NC or anti-GRK2 siRNA (10 nM). After 24 

h, cells were serum-starved for a further 24 h before addition of AngII (100 nM) or ET1 

(50 nM) for the indicated times. Cells were lysed and immunoblotted for pGSK3-, 

pGSK3- and GRK2 expression. Representative immunoblots for AngII (A) and ET1 

(D) and cumulative data for AngII (B and C) and ET1 (E and F) show the attenuation 

in the temporal profile of AngII and ET1-mediated GSK3- and GSK3- 

phosphorylation respectively. Line graphs are representative of densitometric analyses 

of pGSK3-α and β isoform bands by Image J and normalized to the loading control for 
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4 independent experiments, each using RASM cells prepared from a different animal. 

Data are shown as mean ± SEM, statistically significant changes compared to 

respective agonist-stimulated values in negative-control siRNA nucleofected cells are 

shown as; *P<0.05, **P<0.01,  ***P<0.001 (two-way ANOVA, Sidak’s post-hoc test). 
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6.3.5. COMP101 does not affect AngII, ET1 or UTP induced PI3K/Akt activation 

Initial data confirmed that inhibition of GRK2 catalytic activity was essential to 

enable vasoconstrictor-stimulated VSMC proliferation (Section 4.3.3 and 4.3.5), and was 

also vital for the prolonged phase of AngII and ET1-stimulated ERK signalling (Section 

5.3.3). Therefore, to examine the possibility that GRK2 activity may also be required to 

facilitate vasoconstrictor induced PI3K/Akt signalling, confluent serum-starved RASM 

cells were pre-incubated with COMP101 (30 µM, 30 min) before stimulation with AngII 

(100 nM), ET1 (50 nM) or UTP (100 µM). Total cell lysates were analysed by western 

blot with an anti-pAkt antibody and anti-GAPDH antibody as a loading control. 

Stimulation of vehicle-treated (DMSO) RASM cells with AngII or ET1 induced a peak 

of Akt phosphorylation at 5 min, which declined to a more sustained plateau phase for up 

to 60 min (Figure 6.9 A and B) and was similar to previous findings in NC siRNA-

treated cells (Section 6.3.3). Pre-treatment of RASM cells with COMP101 had no effect 

upon AngII, ET1 or UTP induced Akt phosphorylation (Figure 6.9 A, B and C), 

indicating that GRK2 catalytic activity does not affect PI3K/Akt signalling. 
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A)  

B)  

C)  

 

Figure 6.9 Inhibition of GRK2 activity does not affect AngII, ET1 or UTP induced 

Akt phosphorylation. 

Confluent serum-starved RASM cells were pre-incubated with vehicle control or the 

GRK2 inhibitor COMP101 (30 µM) for 30 min, before stimulation with AngII (100 

nM), ET1 (50 nM) or UTP (100 µM) for the indicated times. After agonist challenge, 

cells were lysed and western blotted with anti-pAkt and anti-GAPDH antibodies. 

Representative immunoblots (left panels) and cumulative data (right panels) show the 

effects of COMP101 on AngII (A), ET1 (B) and UTP (C) stimulated Akt 

phosphorylation. Cumulative data are representative of densitometric analyses of pAkt 

immunoreactivity using Image J and normalized to the loading control for 4 
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independent experiments, each using RASM cells prepared from a different animal. 

Data are shown as mean ± SEM (two-way ANOVA, Sidak’s post-hoc test). 
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6.3.6. Does GRK6 affect ET1-induced Akt activation? 

In order to investigate whether the effect of AngII and ET1 on pAkt is GRK2 

specific, the effect of vasoconstrictor (ET1) on PI3K/Akt signalling was assessed in 

GRK6 depleted cells. Briefly, GRK6 expression was selectively depleted in RASM cells 

using nucleofection with a previously characterised anti-GRK6 siRNA (Nash et al., 

2018), as described in Methods (Section 2.2.4). Twenty four hours post-nucleofection, 

cells were serum-starved for a further 24 h before being stimulated with ET1 (50 nM) and 

the temporal profile of Akt phosphorylation determined. Depletion of GRK6 had no effect 

upon ET1-stimulated Akt phosphorylation (Figure 6.10). These results indicate that 

GRK6 does not play a role in ET1-induced PI3K/Akt signalling. 
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Figure 6.10 Depletion of GRK6 does not affect ET1-induced Akt activation. 

RASM cells were transfected with either NC or anti-GRK6 siRNA (10 nM). After 24 

h, cells were serum-starved for a further 24 h before stimulation with ET1 (50 nM) for 

the indicated times. Cells were lysed and immunoblotted for pAkt and GAPDH.  

Representative immunoblots (left panel) and cumulative data (right panel) show the 

effects of GRK6 knockdown on the temporal prolife of ET1-stimulated Akt signalling 

in RASM cells. Data (right panel) are representative of densitometric analyses of pAkt 

band by Image J and normalized to loading control for 4 independent experiments, each 

using RASM cells prepared from a different animal. Data are shown as mean ± SEM 

(two-way ANOVA, Sidak’s post-hoc test).   
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6.3.7. Are arrestin2 and/or arrestin3 essential for AngII-stimulated Akt activation? 

A variety of studies suggest that arrestins can regulate AngII and ET1 stimulated 

Akt signalling (Cianfrocca et al., 2010; Kendall et al., 2014). Therefore, I next tested 

whether arrestin2 and arrestin3 are necessary for AngII-induced PI3K/Akt signalling. To 

determine whether arrestin2 and/or arrestin3 mediate AngII-induced Akt 

phosphorylation, arrestin2 and arrestin3 expression were depleted using previously 

characterised anti-arrestin2 and anti-arrestin3 siRNAs (Morris et al., 2012), as described 

in Methods (Section 2.2.4). Serum-starved RASM cells (72 h post-nucleofection) were 

stimulated with AngII (100 nM) for up to 60 min and total cell lysates were blotted for 

pAkt and GAPDH. Stimulation with AngII (Figure 6.11), caused an increase in Akt 

phosphorylation that peaked at 5 min followed by a gradual decline and sustained pAkt 

level over the 60 min time course. Depletion of arrestin2 or arrestin3 did not affect pAkt 

activation (Figure 6.11). These finding indicating that arrestin2 and arrestin3 had no 

effect AngII-stimulated PI3K/Akt signalling. 
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Figure 6.11 Effect of arrestin2 and arrestin3 on AngII-stimulated Akt activation. 

Serum-starved anti-arrestin2, anti-arrestin3 or NC siRNA treated RASM cells were 

stimulated with AngII (100 nM) for the indicated time periods.  Total lysates were 

analysed by western blot with anti-pAkt and anti-GAPDH antibodies. Representative 

immunoblots (left panel) show the temporal prolife of AngII-stimulated Akt 

phosphorylation. Cumulative data show the effects of arrestin2 or arrestin3 (right panel) 

depletion on AngII-induced Akt signalling. Data are representative of densitometric 

analyses of pAkt bands by Image J and normalized to the loading control for 4 

independent experiments, each using RASM cells prepared from a different animal. 

Data are shown as mean ± SEM, statistically significant changes compared to 

respective agonist-stimulated values in control cells are shown as; **P<0.01, ***P<0.001  

(two-way ANOVA, Sidak’s post-hoc test). 
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6.4. Discussion 

Prior studies have noted that the PI3K/Akt signalling pathway is implicated in 

VSMC proliferation and cardiovascular diseases (Muto et al., 2007; Liu et al., 2010a). 

The involvement of PI3K/Akt in cardiovascular disease was suggested from studies in 

which enhanced PI3K (p110γ and p110β) activity and expression were observed in aortae 

of hypertensive rats (Northcott Carrie et al., 2002). Furthermore, PI3K has been reported 

to mediate VSMC proliferation and arterial wall thickening after balloon injury 

(Shigematsu et al., 2000). In addition, PI3Kγ deficiency protects against AngII-mediated 

mesenteric arterial wall structural remodelling in PI3Kγ
-/- mice (Vecchione et al., 2005), 

and inhibition of PI3K significantly reduced VSMC proliferation and neointimal 

formation in the mouse femoral artery injury model (Fang et al., 2018). Based on 

published findings, the PI3K downstream mediator Akt acts as a potent promotor of cell 

survival and proliferation (Fernandez-Hernando et al., 2009). Indeed, enhanced Akt 

activity is also associated with AngII-induced hypertension (Ljuca et al., 2001). 

Moreover, inhibition of Akt signalling with a dominant negative Akt mutant (AA-Akt) 

effectively attenuated G1/S transmission, DNA synthesis and proliferation of VSMC 

(Stabile et al., 2003). Additionally, stenting-associated mechanical stretch activates the 

PI3K-Akt-GSK3 signalling pathway and induces neointimal formation in the stented rat 

aorta (Zhou et al., 2003). Overall, these data emphasise the important role that the 

PI3K/Akt signalling plays in VSMC proliferation and vascular remodelling.  

GPCR activation of the PI3K/Akt pathway is achieved via activation of PI3Kγ 

(p110γ) by the Gαq subunit (Murga et al., 1998; Xie et al., 2000) and by βγ subunits 

(Stoyanov et al., 1995; Stephens et al., 1997). Indeed, Liu et al. (2003) reported that 

ET1/ETB-mediated NO production through βγ subunits recruitment and activation of 

PI3K with downstream phosphorylation of Akt (Liu et al., 2003). Furthermore, infection 

of endothelial cells with an adenovirus expressing the carboxyl terminus of GRK2 

(GRK2CT), which binds to βγ subunits and prevents their downstream signalling (Koch 

et al., 1993), abolished ET1-induced Akt phosphorylation (Liu et al., 2003). The ability 

of GPCRs to activate PI3K was further confirmed by our finding, which shows that AngII, 

ET1 and UTP all induced PI3K/Akt signalling pathway activation. Stimulation of RASM 

cells with AngII and/or ET1 activates Akt producing a peak at 5 min followed by a 

sustained phase of pAkt between 10 and 60 min. These results are supported by the 

previous observations that Akt was phosphorylated after a 5 min stimulation with AngII 
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(Ushio-Fukai et al., 1999) or ET1 in VSMC (Daou and Srivastava, 2004). Furthermore, 

our findings show that AngII/AT1 and ET1/ETA phosphorylate PI3K/Akt downstream 

substrates GSK3-α and GSK3-β. In accordance with the present results, previous studies 

have demonstrated that PI3K/Akt signalling can be activated by AngII and ET1 in VSMC 

(Takahashi et al., 1999; Huang et al., 2011; Jia et al., 2012). Hence, these data suggested 

that the PI3K/Akt pathway is involved in vasoconstrictor-driven VSMC proliferation. 

This idea was further confirmed by the data from [3H]-thymidine incorporation assay, 

which showed that LY294002, a potent PI3K inhibitor (Vlahos et al., 1994), attenuated 

AngII, ET1 and NA induced cell proliferation. This finding is in line with earlier reports 

showing that inhibition of PI3K attenuates GPCR-stimulated VSMC proliferation 

(Saward Peter Zahradka, 1997; Liu et al., 2010a). 

Although GSK3 exists as two closely related isoforms GSK3-α and GSK3-β, each 

isoform displays distinct roles in many diverse cellular processes and physiological 

functions (Lee et al., 2007; Pardo et al., 2016). GSK3-α has been reported to regulate 

inflammatory responses (Silva-García et al., 2018), hepatic glucose metabolism 

(MacAulay et al., 2007) and glycogen metabolism in cardiac myocytes (Mora et al., 

2005). While GSK3-β has been reported play roles in regulating cardiac myocyte growth 

and development (Haq et al., 2000; Hardt and Sadoshima, 2002; Michael et al., 2004), 

and participates in hippocampal neural precursor cell proliferation (Pardo et al., 2016). 

Moreover, knockout of GSK3-β led to embryonic lethality in GSK3-β-/- mice (Hoeflich 

et al., 2000). It has been revealed that Akt, a major upstream regulator of GSK3, controls 

cell cycle progression via GSK3-β inactivation (Liang and Slingerland, 2003). Such 

evidence suggests that GSK3-β isoform may participates in vasoconstrictors-stimulated 

cell proliferation as a down-stream modulator from PI3K/Akt pathway. This idea was 

further confirmed by findings that the PI3K inhibitor, LY294002, blocked AngII and 

ET1-induced GSK3-β phosphorylation. This is consistent with other studies which 

showed that LY294002 abolished Akt phosphorylation as well as downstream GSK3 

phosphorylation in VSMC (Ushio-Fukai et al., 1999; Zhou et al., 2003; Rahmani et al., 

2005). Collectively, these data strongly suggest that PI3K-Akt-GSK3 signalling plays a 

fundamental role in vasoconstrictor-stimulated VSMC proliferation.  

As previously stated, GRK2 expression is upregulated in hypertension (Eckhart et 

al., 2002; Willets et al., 2015), a process regulated by a complex interaction of diverse 

signal transduction pathways (Ramos-Ruiz et al., 2000; Penela et al., 2010b). 
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Interestingly, PI3K/Akt activation diminishes GRK2 degradation (Salcedo et al., 2006), 

suggesting that enhanced PI3K/Akt activity in hypertension (Ljuca et al., 2001; Northcott 

Carrie et al., 2002) could contribute to the up-regulation of GRK2 expression observed 

in hypertension. Moreover, GRK2 expression and its activity are required for VSMC 

growth (see Chapter 4) which combined with reports that GRK2 interacts directly with 

PI3K (Naga Prasad et al., 2002a; Robinson and Pitcher, 2013), suggests that GRK2 could 

be regulating PI3K recruitment to AngII/AT1 and ET1/ETA induced Akt signalling in 

VSMC. Here, I propose that GRK2 plays an essential role in the PI3K/Akt signalling 

process to mediate proliferation. Furthermore, I hypothesise that increased GRK2 

expression in hypertension may participate in VSMC proliferation, vascular wall 

thickening, and ultimately hypertensive vascular remodelling via PI3K-Akt-GSK3 

activation. The effect of GRK2 on AngII, ET1 and UTP induced Akt activation have been 

investigated in GRK2-depleted RASM cells. Consistent with previous findings (Nash et 

al., 2018), anti-GRK2 siRNA knockdown reduced GRK2 expression by ~70-80% without 

affecting other non-targeted GRK expression (see Section 4.3.6). siRNA knockdown of 

GRK2 did not affect the peak phase (5 min) of Akt activation, but a significantly reduced 

in the prolonged phase response to AngII and ET1, but not UTP. These findings highlight 

the importance of GRK2 expression in the sustained Akt activation induced by pro-

proliferative vasoconstrictors (i.e. AngII and ET1). To further validate the potential role 

of GRK2 expression in AngII and ET1 stimulated PI3K/Akt signalling activation, I 

examined the effect of GRK2 knockdown on GSK3-β as a downstream mediator from 

PI3K/Akt. Depletion of GRK2 expression resulted in a marked reduction in AngII and 

ET1 induced GSK3-β phosphorylation. These results confirm that GRK2 expression 

plays an important role in PI3K/Akt downstream signalling to GSK3-β. Therefore, the 

process of AngII/AT1 and ET1/ETA induced sustained PI3K/Akt signalling activation 

appears to be GRK2 dependent. This finding is consistent with that of Schlegel et al. 

(2017) who showed that AngII-promoted cardiac myocyte hypertrophy is mediated via 

GRK2-PI3Kγ-Akt pathway activation and subsequently inactivation of GSK3-β, also that 

GRK2-PI3Kγ interaction was enhanced following GRK2 overexpression. Furthermore, 

they revealed that PI3Kγ-Akt pathway activation was enhanced by GRK2 overexpression 

and attenuated by GRK2 depletion in neonatal rat ventricular cardiac myocytes (Schlegel 

et al., 2017). Moreover, elevated GRK2 expression is associated with enhanced PI3K 

activity, particularly the PI3Kγ isoform, in the porcine heart failure model (Perrino et al., 

2005). Consistent with this notion, Nogues et al., (2016) noted that GRK2 overexpression 
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correlated with Akt activation in breast cancer cells (Nogues et al., 2016). These studies 

highlight a positive relationship between GRK2 expression and PI3K/Akt activation, and 

together with our results, suggest a strong relationship between GRK2 expression and 

PI3K-Akt-GSK3 activation. 

Additionally, the findings in this chapter revealed that inhibition of GRK2 activity 

with COMP101 resulted in a slight (non-significant) increase on AngII, ET1 or UTP 

induced Akt activation. This result may be explained by the fact that activation of AT1, 

ETA and P2Y2 receptors recruits GRK2 (Kim et al., 2009; Morris et al., 2010; Morris et 

al., 2011), consequently inhibition of GRK2 catalytic activity resulted in increased AT1, 

ETA and P2Y2 receptor activity, and enhanced Akt signalling via G protein-dependent 

mechanism. Thus, GRK2 catalytic activity is not required for vasoconstrictor-induced 

prolonged Akt phosphorylation which indicates that the involvement of GRK2 in the 

PI3K/Akt signalling cascade is via phosphorylation-independent mechanisms. Moreover, 

as GRK2 interacts directly with PI3K (Naga Prasad et al., 2002a; Robinson and Pitcher, 

2013), the results provide evidence for the function of GRK2 expression as a scaffold 

involved in AngII/AT1 and ET1/ETA mediated PI3K/Akt signalling. Thus, I propose a 

model in which AngII/AT1 and ET1/ETA stimulation would cause Gβγ-dependent 

translocation of GRK2 to the plasma membrane (Tesmer et al., 2005) and GRK2-

mediated recruitment and interaction with PI3K (Naga Prasad et al., 2001). GRK2-PI3K 

interaction enables phosphorylation of downstream targets Akt and GSK3 resulting in 

activation of VSMC proliferation process. This model predicts that alterations in GRK2 

protein expression would alter GRK2-dependent PI3K/Akt signalling. Therefore, 

increased expression of GRK2 in hypertension could be a key to enhancing PI3K/Akt 

signalling and thus increased VSMC proliferation. In future investigations, to further 

validate the idea of a positive relationship between GRK2 expression and PI3K/Akt 

activation in VSMC, it might be possible to examine the effect of GRK2 over-expression 

on AngII and ET1-stimulated PI3K/Akt signalling activation, which could be achieved 

by infection of RASM cells with adenoviral GRK2 constructs or using aortic smooth 

muscle cells isolated from SHR, in which GRK2 expression is already elevated. 

Additionally, in this context, further experiments are needed to identify the potential 

interaction between GRK2 and PI3K, and how this interaction influences Akt activation 

in response to pro-proliferative vasoconstrictor stimuli.  
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In contrast, to the data indicating a positive relationship between GRK2 expression 

and PI3K/Akt activation in VSMC, previous reports suggest that GRK2 plays a negative 

role in modulating endothelial cell function and endothelium-dependent relaxation via its 

effect on Akt/endothelial nitric oxide synthase (eNOS) signalling (Taguchi et al., 

2011; Taguchi et al., 2012; Taguchi et al., 2014). Furthermore, GRK2 has been shown to 

directly interact with Akt and inhibit eNOS generation in cardiac myocytes (Brinks et al., 

2010; Huang et al., 2013). It has been reported that elevated GRK2 expression and 

activity attenuates Akt phosphorylation and reduces eNOS activity in diabetic mouse 

aortae (Taguchi et al., 2011). These contradictory results may highlight alternative 

regulatory processes in different cell types, e.g. endothelial cells or cardiac myocytes, 

and/or changes in signalling patterns under different pathological conditions. Even 

though these studies show a negative effect of GRK2 on Akt activation, they indicate that 

GRK2 is a central player in PI3K/Akt signalling. Taguchi et al., (2011) reported that Gβγ 

subunits mediate the membrane localization and activation of GRK2 (Taguchi et al., 

2011), thereby supporting our hypothesis that GRK2 acts as scaffold for GPCR mediated 

PI3K/Akt signalling. 

Published studies emphasise the importance of PI3K/Akt in the phosphorylation 

and inactivation of GSK3-α and GSK3-β by GPCRs agonists (Takahashi et al., 

1999; Morisco et al., 2000). However, GSK3 may be regulated, phosphorylated and 

inactivated by other protein kinases (Beurel et al., 2015). For example, Moore et al., 

(2013) demonstrated that PKC and Akt regulate and phosphorylate GSK3-α and GSK3-

β in thrombin-mediated (via the AP1 receptor) platelet activation (Moore et al., 2013). 

Even though the observed effects of AngII and ET1 on GSK3-α and GSK3-β are mediated 

through AT1 and ETA receptors, the involvement of PKC in GSK3-α, and GSK3-β 

phosphorylation may not be needed since our results show that inhibition of PI3K 

markedly attenuates both GSK3-α and GSK3-β isoforms phosphorylation. Additionally, 

similar effects were seen following GRK2 depletion, indicating that GSK3-α and GSK3-

β isoform phosphorylation is mediated through the GRK2-PI3K-Akt pathway, not PKC. 

Furthermore, it has been reported that GRK2 regulates GSK3 via its effect on RTK 

downstream signalling (Usui et al., 2004). For example, GRK2 negatively regulates 

insulin-induced GSK3-α phosphorylation to regulate glycogen synthesis in liver cells 

(Shahid and Hussain, 2007). Therefore, in VSMC, GRK2 could be a novel regulator of 

GSK3-α as well as GSK3-β signalling stimulated through a GPCR or RTK-dependent 
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process. Thus, GRK2-dependent regulation of GSK3 in the response to various stimuli 

highlights GRK2 as a fundamental player in GSK3-mediated diverse cellular processes, 

physiological functions and pathological conditions.  

Results from Section 4.3.6 revealed that GRK6 depletion attenuated the ability of 

vasoconstrictors to induce Ki67 expression, suggesting that GRK6 may regulate VSMC 

proliferation. However, depletion of GRK6 had no effect upon ET1-promoted Akt 

activation indicating that GRK6 does not regulate ET1-stimulated PI3K/Akt signalling. 

Thus, the involvement of PI3K/Akt signalling in GRK6-mediated effects on Ki67 

expression is unexpected and at present unexplained in VSMC. Even though several 

published reports show that GRK6 expression is correlated with cell proliferation in some 

types of cancer (Li, 2013; Xu et al., 2017; Che et al., 2018), there is no published evidence 

which investigates the relation between GRK6 expression and PI3K/Akt signalling. A 

further study with more focus on the effect of GRK6 on cell proliferation is therefore 

suggested. 

Prior evidence suggests that arrestins can regulate AngII and ET1 stimulated Akt 

signalling (Cianfrocca et al., 2010; Kendall et al., 2014). Of particular interest in this 

regard, is that PI3K and Akt can be activated in an arrestin-dependent manner (Mehta and 

Griendling, 2007). Hence, arrestins might be involved in vasoconstrictor-mediated 

activation of GRK2-PI3K-Akt signalling in VSMC. To interrogate this hypothesis the 

effect of arrestins on AngII induced Akt activation were examined in arrestin2 and 

arrestin3 depleted VSMCs cells. Consistent with previous findings (Morris et al., 2012), 

anti-arrestin2 and anti-arrestin3 siRNA reduced targeted arrestin expression by ~70-80% 

(see Section 5.3.5). Even though arrestin3 has been shown to mediate AngII-stimulated 

Akt activation in VSMC (Ahn et al., 2009), our data show that arrestins depletion had no 

effect on Akt phosphorylation. However, it should be noted that in these experiments 

AngII-stimulated Akt phosphorylation curves were different, displaying an absence of 

the sustained phase of Akt signalling. Thus it is difficult to accurately determine whether 

depletion of arrestins played any role in Akt signalling. These differences can possible be 

explained by the fact that the arrestin experiments were conducted on higher passage 

cells, and subsequently we later discovered that younger RASM cells (passage 1-4) 

produced optimal results for PI3K/Akt/GSK3 studies. Therefore, in order to further verify 

the effect of arrestins on vasoconstrictors stimulated PI3K/Akt signalling, it would be 

prudent to repeat these experiments using a lower passage RASM cells. 
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Overall, this chapter illustrated three key aspects of PI3K/Akt signalling in VSMC. 

Firstly, that vasoconstrictors can activate PI3K-Akt-GSK3 signalling in VSMC, 

indicating that PI3K/Akt signalling participates in vasoconstrictor-induced VSMC 

proliferation. Secondly, these data highlight the essential requirement for GRK2 

expression to enable pro-proliferative agonists such as AngII and ET1 to stimulate 

prolonged Akt signalling, thus identifying a novel molecular mechanism by which GRK2 

expression can regulate RASM cell growth. To our knowledge, this is the first report 

documenting a mechanism linking GRK2 expression directly to vasoconstrictor-mediated 

Akt and GSK3 phosphorylation in VSMCs, thus we postulate that AngII and ET1 might 

stimulate VSMC proliferation via GRK2-PI3K-Akt-GSK3 signalling pathway (Figure 

6.12). Thirdly, GRK2 catalytic activity had no effect on vasoconstrictor-stimulated Akt 

phosphorylation in VSMCs. Therefore, as GRK2 interacts directly with PI3K (Naga 

Prasad et al., 2002a; Robinson and Pitcher, 2013), GRK2 is likely acting as a scaffold for 

PI3K to enable AngII/AT1 and ET1/ETA mediated PI3K/Akt signalling. Therefore, it is 

probable that increased GRK2 expression observed in hypertension (Willets et al., 2015) 

may contribute to VSMC proliferation, vascular wall thickening, and ultimately 

hypertensive vascular remodelling via PI3K-Akt-GSK3 activation.  
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Figure 6.12 Hypothetical model for the possible role of GRK2 in AngII and ET1-

mediated PI3K/Akt signalling in VSMC.  

Suggested mechanisms by which AngII/AT1 and ET1/ETA mediate PI3K-Akt-GSK3 

cascade activation. Peak (5 min) Akt activation possibly is G protein-dependent in 

where G protein subunits activate PI3K (Stephens et al., 1997; Murga et al., 1998), 

resulting in Akt activation, phosphorylation of GSK3 (inhibition) and thus the 

regulation of cell-cycle progression. GRK2 can directly interact with PI3K (Naga 

Prasad et al., 2002b), which mediates scaffolding for sustained Akt activation and 

GSK3 phosphorylation in a GRK2-PI3K-Akt-GSK3 dependent manner. PI3K, 

phosphoinositide 3-kinase; PIP2, phosphatidylinositol 4,5-bisphosphate; PIP3, 

phosphatidylinositol-3,4,5-trisphosphate lipid; PDK1, 3’ phosphoinositide dependent-

kinase 1;  GSK3, glycogen synthase kinase 3. 
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7. Concluding discussion and future directions 

7.1. Discussion 

Pathological VSMC proliferation is a major contributor to arterial wall thickening 

and hypertensive vascular remodelling (De Mey, 1995; Nemenoff et al., 2011). The 

process of VSMC proliferation is regulated by a complex network of cellular signalling 

mechanisms (Wang et al., 2018a). Among the network of receptors and signalling 

molecules regulating vascular tone in hypertension, GPCRs function to modulate cell 

proliferation by transducing a wide range of signals that participate in VSMC growth 

processes and thus arterial wall remodelling (Hirata et al., 1989; Hahn et al., 1993; Qin et 

al., 2004; Lacolley et al., 2009). The currently available pharmacological options for 

prevention and treatment of hypertensive vascular remodelling include blockade of 

RAAS, which has been shown to provide some protection from hypertension-induced 

vascular remodelling and end-organ damage (Weir, 2007; Cohn and Goldman, 2008). 

However, pathological VSMC proliferation contributes to other cardiovascular diseases 

including the progression of atherosclerosis and development of restenosis after surgical 

intervention (Wang et al., 2018a). Therefore, prevention and treatment of pathological 

VSMC proliferation remains a significant clinical problem. 

In VSMC GRK2 acts as a key GPCR signalling regulator, terminating G protein-

dependent signalling, and initiating other G protein-independent signalling pathways 

(Reiter and Lefkowitz, 2006; Brinks and Eckhart, 2010). Indeed, mounting evidence 

highlights GRK2 as the key regulator of a number of vasoconstrictor GPCRs, including 

the α1D-adrenoceptor, ETA, AT1 and P2Y2 receptors (Mayor et al., 1998; Olivares-Reyes 

et al., 2001; Morris et al., 2010; Morris et al., 2011). Apart from the classical mechanism 

of modulating GPCR signalling, GRK2 has multiple functions independent of the 

classical GPCR desensitization process (Penela et al., 2010b). Accumulating evidence 

strongly suggests that GRK2 is able to interact with a diversity of cellular proteins 

implicated in signal transduction in a non-classical GPCR signalling manner (Penela et 

al., 2010b; Shenoy and Lefkowitz, 2011). In particular, these could be involved in 

sustained GPCR signalling. Of particular importance, enhanced GRK2 expression and 

altered functionality have been found in hypertension where abnormal GRK2 expression 

or activity appears to contribute to disease progression through various molecular 
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mechanisms (Cohn et al., 2008; Cohn et al., 2009; Willets et al., 2015). In this context, 

investigation of GRK2 function beyond GPCR desensitization could provide new insights 

in understanding its mechanisms in the pathophysiology of hypertensive vascular 

remodelling. In this chapter, I will discuss the main findings of this project and their 

implications as therapeutic strategies for the management of uncontrolled VSMC 

proliferation in patients with hypertension or complications of hypertension. 

The main goal of the current research was to define GRK2 functions in VSMC 

growth and proliferation. In other terms, to what degree does GRK2 expression and/or its 

kinase activity affect with vasoconstrictor-induced VSMC proliferation? Research 

presented in this thesis has identified that depletion of GRK2 expression, or inhibition of 

its catalytic activity effectively attenuates vasoconstrictor-mediated VSMC proliferation 

in a GPCR-specific manner (as shown in Chapter 4). This indicates the potential 

connectivity of GRK2 with hypertension induced changes in vascular wall thickness. 

Furthermore, the increased GRK2 expression and activity in hypertension (Gros Robert, 

1997; Eckhart et al., 2002; Cohn et al., 2009; Willets et al., 2015) may help to drive the 

enhanced VSMC proliferation and increased wall thickening seen in vascular 

remodelling.  

The second aim of this study was to investigate the effects of GRK2 on two different 

independent proliferation signalling pathways [MAPK/ERK and PI3K/Akt] during the 

VSMC proliferation process, and determine how GRK2 differentially regulates 

vasoconstrictor GPCRs signalling pathways. Starting with the MAPK/ERK cascade, the 

data show that both GRK2 expression and catalytic activity are required for transient and 

sustained ERK activation induced by AngII and ET1 in VSMC. Furthermore, modulation 

of GRK2 function differentially alters vasoconstrictor-induced downstream signalling. 

Although activation of AT1, ETA and P2Y2 receptors recruits GRK2 (Kim et al., 

2009; Morris et al., 2010; Morris et al., 2011), GRK2 expression and activity are required 

for AngII and ET1 (proliferative vasoconstrictor)-induced ERK activation, but not for 

UTP-induced ERK signalling (as shown in Chapter 5). Moreover, since the data indicate 

a proportional relationship between GRK2 expression and ERK signal activation in SHR, 

increased GRK2 expression seen in hypertension could be an underlying factor for long-

term MAPK/ERK signalling cascade activation and subsequently, contribute to VSMC 

proliferation, vascular wall thickening, and ultimately hypertensive vascular remodelling.  

Another significant finding was that GRK2 could regulate the PI3K/Akt signalling 

pathway. Current research findings demonstrated that GRK2 expression regulates 
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vasoconstrictor-mediated Akt and GSK3 phosphorylation in VSMC, whereas GRK2 

catalytic activity had no effect on vasoconstrictor-stimulated Akt phosphorylation in 

VSMC. Hence, as GRK2 interacts directly with PI3K (Naga Prasad et al., 

2002a; Robinson and Pitcher, 2013), GRK2 is likely acting as a scaffold for PI3K to 

enable AngII/AT1 and ET1/ETA mediated PI3K/Akt/GSK3 signalling activation (as 

shown in Chapter 6). Thus we suggest that AngII and ET1 stimulate VSMC proliferation 

via GRK2-PI3K-Akt-GSK3 signalling pathway. Consequently, enhanced GRK2 

expression observed in hypertension (Willets et al., 2015) likely promotes VSMC 

proliferation, vascular wall thickening and eventually hypertensive vascular remodelling 

via PI3K-Akt-GSK3 activation.  

In light of these results, GRK2 represents a crucial intracellular signalling molecule 

which drives multiple mechanisms in the VSMC proliferation process. The fact that 

GRK2 plays a role in VSMC growth makes it an attractive target for prevention or 

treatment of pathological VSMC proliferation. Thus, targeting GRK2 expression or 

inhibition of its catalytic activity with siRNA or a specific inhibitor respectively could be 

utilized to expand the therapeutic strategies that aim to prevent or treat hypertensive 

vascular remodelling. One of the potential therapeutic approaches might be targeting 

GRK2 expression by using gene therapy. The concept of gene therapy is based on using 

designer vectors to transfer genes of interest into a specific cell type in the cardiovascular 

system (Kieserman et al., 2019). These vectors can be non-pathogenic viral such as 

lentiviral or adenoviral vectors, or can be non-viral such as circular plasmid DNA vectors 

(Kieserman et al., 2019). In this context, inhibition of GRK2 using the βARKct gene has 

been used in an animal model of heart failure. Adeno-associated virus serotype 6 vectors 

(AAV6.βARKct) were used to deliver the βARKct gene to the heart, resulting in 

overexpression of βARKct peptide. Overexpressed βARKct showed beneficial effects on 

cardiac function and left ventricular remodelling (Raake et al., 2013). It can, therefore, be 

assumed that the using of gene therapy to carry a particular GRK2 domain (such as 

βARKct) to the smooth muscle cells in the blood vessels is applicable. However, some 

issues could arise from inhibiting GRK2 activity in blood vessels such as enhanced 

receptor activation which could affect vascular tone. As GRK2 regulates a number of 

GPCRs and due to the heterogeneity of GRK2 structures (multi-domain) (Pitcher et al., 

1998), investigation of the roles of each domain of GRK2 and their related downstream 

signalling may enable the development of potent drugs that inhibit some signalling 
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pathways without affecting others. Furthermore, in order to avoid the unwanted effects 

of transferred GRK2 gene into other tissue or organs, virus-mediated GRK2 gene delivery 

could be prepared in a tissue-specific manner by using specific promoters for VSMC. 

Alternatively, using this technique it may be possible to target GRK2 in a specific 

(limited) area such as sites of atherosclerosis or injured vessels by using advanced drug 

delivery systems such as a drug-eluting balloon or drug-eluting stent.  

Another therapeutic approach that could be applied is chemical inhibition of GRK2 

catalytic activity. Aptamers, an RNA-based molecule, which inhibit GRK2 catalytic 

activity with a high degree of selectively by stabilizing an inactive conformation of GRK2 

have been identified, such as the C13 molecule (Mayer et al., 2008; Tesmer et al., 

2012; Thal et al., 2012). However, these types of molecules have limited systemic 

bioavailability and stability, also their ability to cross cell membranes is limited, which 

could restrict their therapeutic implications (Murga et al., 2019). A more promising route 

might be to use small molecule inhibitors. At present a number of small molecule 

inhibitors of GRK2 with varying degrees of potency, have been identified. These include 

the natural product balanol (IC50: 50 nM), CCG215022 (IC50: 2.95 µM) and CCG224063 

(IC50: 46 nM) (Thal et al., 2011; Waldschmidt et al., 2016; Rainbow et al., 2018). The 

Takeda Pharmaceutical Company characterized several compounds that inhibit GRK2 

activity including CMPD101 (IC50: 35 nM) and CMPD103A (IC50: 0.05 µM) (Thal et al., 

2011). Furthermore, the highly selective GRK2 inhibitor, 12n [CCG-224406] has an IC50 

of 130 nM and >700 fold selectivity over other GRK family members (Waldschmidt et 

al., 2016). Rainbow et al. (2018) illustrated the effectiveness of Takeda’s CMPD101 and 

the Tesmer compounds CCG215022 and CCG224063 as GRK2 inhibitors in smooth 

muscle cells. These compounds attenuated AT1 and P2Y2 receptor desensitization of 

AngII or UTP mediated contractile responses in mesenteric arterial rings, as well as 

attenuating P2Y2 and H1 histamine receptor desensitization of UTP or histamine 

mediated PLC-β signalling respectively in mesenteric arterial smooth muscle cells and 

human ULTR myometrial cells (Rainbow et al., 2018). However, the concern about these 

molecules is that although they are functional in vitro, to date there are no published data 

on their efficacy in vivo. In addition, their stability, systemic bioavailability, as well as 

their effects on cellular signalling, cross-reactivity with other kinases and possible side 

effects are still unknown, which limits their therapeutic potential and clinical application. 

Alternatively, paroxetine is an FDA-approved SSRI for treatment of depression (Tomita 
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et al., 2014), which displays GRK2 inhibitory effects (Thal et al., 2011) with an IC50 of 1 

µM (Rainbow et al., 2018). Data in this thesis demonstrate that paroxetine has anti-

proliferative potential in VSMC through inhibition of GRK2 kinase activity (see Chapter 

4). Thus, paroxetine could be used as a therapeutic approach for targeting GRK2 catalytic 

activity. In this study, 5 μM paroxetine inhibited GRK2 catalytic activity in VSMC. 

However, this concentration is greater than that of the therapeutic concentration of 

paroxetine. The therapeutic plasma concentration range of paroxetine is 20-60 ng/mL for 

patients with major depression (Tomita et al., 2014), which is much lower than the 

required concentration to inhibit GRK2 and would not, therefore, be expected to inhibit 

GRK2 catalytic activity. Even so, Rainbow et al. (2018) revealed that a lower 

concentration of paroxetine (500 nM) induced inhibition of GRK2 catalytic activity in 

isolated cells (Rainbow et al., 2018). Moreover, paroxetine exerts a prolonged inhibitory 

effect on GRK2 activity, i.e. paroxetine triggered extended inhibition of P2Y2 receptor 

desensitization and sustainably inhibits the loss of arterial responsiveness to UTP-

mediated mesenteric arterial contractions (Rainbow et al., 2018). Clinically, the steady-

state paroxetine plasma concentration is normally achieved within 14 days of initiation 

therapy (Tulloch and Johnson, 1992), indicating that patients with depression should use 

paroxetine chronically for a long period of time (could last for  one year) to obtain full 

effectiveness (Ballesteros-Zebadua et al., 2013). Also, its plasma protein binding is ~95% 

at therapeutically relevant concentrations, with only 1% remaining free in the systemic 

circulation (Bourin et al., 2001), indicating that paroxetine accumulates in the tissues. 

Additionally, paroxetine is widely distributed throughout the body, and as a lipophilic 

compound, is likely to accumulate in tissues (Bourin et al., 2001). These findings suggest 

that paroxetine is probably accumulated in tissues where the concentrations could be 

higher than plasma level. Therefore, long-term exposure to a low dose of paroxetine could 

inhibit GRK2 catalytic activity in vivo and potentially provide a protective role against 

the development of vascular remodelling. Further study is required to identify the effect 

of low dose paroxetine therapy for extended periods on GRK2 catalytic activity. 

Otherwise, in the case of atherosclerosis, an advanced drug delivery system could be used, 

such as drug-eluting stents (DES), which is a controlled way to release anti-proliferative 

drugs into a particular area in the arterial wall (Bozsak et al., 2015). Indeed this 

therapeutic approach using sirolimus-eluting or paclitaxel-eluting stents, has considerably 

decreased the rate of VSMC proliferation and restenosis (Stone et al., 2007). A DES with 

the required paroxetine concentration could be applied locally for the narrowed areas of 
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the vessel to decrease VSMC proliferation at that particular site and to avoid restenosis 

after surgical intervention.  

A further potential therapeutic approach that could be investigated is targeting 

GRK2-mediated signalling. Theoretically, identification of GRK2 sites responsible for 

the binding of PI3K, MEK or ERK enable the search for small molecules that can bind to 

that specific site and selectively inhibit such interactions. For example, PI3K has been 

shown to interact with GRK2 at amino acid 197 in the PIK domain, resulting in GRK2-

mediated recruitment of PI3K to the cell membrane (Naga Prasad et al., 2001). Targeting 

the GRK2-PI3K interaction could attenuate GRK2-mediated scaffolded signalling. This 

possibility needs to be explored. 

The implications of the present findings could be expanded to other pathological 

conditions that are associated with increased GRK2 expression, such as breast cancer 

(Nogues et al., 2016). Elevated GRK2 expression in breast cancer plays a major role in 

tumour cell proliferation and survival (Nogues et al., 2016). Since our results show that 

GRK2 is fundamental for cell proliferation and plays an important role in the proliferative 

signalling pathways [PI3K/Akt and MAPK/ERK], which are the main pathways targeted 

by cancer chemotherapeutic agents (Roberts and Der, 2007; Almstedt and Schmidt, 

2015), GRK2 could be also be targeted in such diseases. These implications reflect those 

of Cho et al. (2019) who recently found that paroxetine has anticancer potential in human 

breast cancer cells (Cho et al., 2019). Although they show that paroxetine mediates 

anticancer effects through ROS (Cho et al., 2019), the findings of the current study 

suggest that paroxetine could exert anti-proliferative effects via inhibition of GRK2 

catalytic activity (see Chapter 4). Thus, targeting GRK2 could contribute to the 

development of future therapeutic strategies for cancer therapy. 

In conclusion, the current study provides novel evidence to explain the pathological 

mechanisms by which vasoconstrictors can induce VSMC proliferation. Demonstrating 

that GRK2, which is better known as a negative regulator of vasoconstrictor GPCRs, acts 

as a mediator of this mechanism implicates a pathogenic role in hypertensive vascular 

remodelling. The current project findings indicate that GRK2 expression and activity are 

implicated in vasoconstrictor-induced cell proliferation. Moreover, this study provides 

novel insights into two major GRK2-dependent mechanisms by which vasoconstrictors 

induce VSMC proliferation (Figure 1.7). This knowledge highlights the pharmacological 
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basis for targeting GRK2 for controlling VSMC growth. Therefore, selective regulation 

of GRK2 appears promising as a therapeutic approach. Many different approaches could 

be applied, including small molecule inhibitors, gene therapy and the use of advanced 

drug delivery systems to potentially improve the treatment of pathological VSMC 

proliferation. Collectively, pharmacological intervention of GRK2 provides a novel 

concept in the treatment of uncontrolled cell growth and a possible future target for 

vascular disease therapies. 
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Figure 7.1 Summary showing for GRK2 effects on VSMC proliferation and 

vasoconstrictor GPCR signalling. 

GRK2 expression and kinase activity mediate AngII, ET1 and NA stimulated VSMC 

proliferation. Although AT1, ETA and P2Y2 receptor-mediated PLC signalling is 

negatively regulated by GRK2, modulation of GRK2 protein expression or its catalytic 

activity differentially change downstream signalling. GRK2 expression and its catalytic 

activity are essential to enable prolonged AngII and ET1-stimulated MAPK/ERK 

signalling. GRK2 expression, not catalytic activity, is required for AngII and ET1-

stimulated PI3K/Akt signalling. However, neither GRK2 expression nor activity are 

required for UTP mediated MAPK/ERK or PI3K/Akt signalling. 
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7.2. Future investigations 

Since work in this thesis has revealed that GRK2 plays a central role in mediating 

vasoconstrictor-stimulated VSMC proliferation and potentially, therefore, a role in 

hypertensive vascular remodelling, it is critical that to find a suitable way to target GRK2 

in vivo. A further study could assess the long-term effects of low concentrations of 

paroxetine on GRK2 catalytic activity in VSMC and the functions consequence of this. 

Additionally, clinical trials could be applied to investigate the incidence of hypertension-

induced cardiovascular complication in patients who already use paroxetine for extended 

periods of time. Confirming the ability of paroxetine to inhibit GRK2 in vivo could 

provide a new indication for paroxetine as a protective drug against the development of 

vascular remodelling. 

Impetus Important future investigation for the development of new molecules 

targeting GRK2-mediated downstream signalling could arise from the study of the direct 

interaction mechanisms between GRK2 and ERK as well as GRK2 and PI3K interactions 

in VSMC. Identification of the specific GRK2 domains responsible for these interactions 

could help to design a molecule in order to specifically target interfaces of GRK2 with 

specific downstream signalling proteins relevant to VSMC proliferation. It would also be 

worth determining whether GRK2 overexpression enhances PI3K/Akt signalling 

including GSK3 isoform phosphorylation. This would further confirm the suggestion that 

GRK2 acts as a scaffold for PI3K-Akt-GSK3 signal activation with subsequent effects on 

VSMC proliferation in hypertension. It will also be important to further understand the 

effect of GRK2 on growth factor-promoted VSMC proliferation such as PDGF and IGF-

I that mediate their effect via RTKs, as seen in atherosclerosis (Singh et al., 2002; Zhao 

et al., 2011). This is of particular relevance since GRK2 has been reported to regulate 

RTKs (Hildreth et al., 2004) and mediate the cross-talk between GPCRs and RTKs (Chen 

et al., 2008; Guo et al., 2009). Future studies could be directed toward understanding how 

GRK2 mediates the balance and cross-talk between these two distinct receptor mediated 

signalling pathways and how these influence VSMC growth. This knowledge could help 

to design a molecule targeting GRK2 in a way that modulates VSMC proliferation 

promoted by two different receptors classes. 

Current research findings, together with published research, reveal a strong 

relationship between GRK2 and cell cycle progression (Penela et al., 2010a; Wei et al., 

2013). Additional studies will be needed to investigate GRK2 localization in the nucleus. 

In addition, examining the effect of GRK2 protein expression and catalytic activity on 
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each phase of cell cycle progression, cell-cycle checkpoints, cell cycle regulating 

genes and cyclin-dependent kinases will add considerably to our understanding. A better 

knowledge of the GRK2 function in each stage of cell cycle progression may help to 

develop approaches that particularly target nuclear GRK2 without affecting up-stream 

signalling and receptor activation/desensitization mechanisms. Furthermore, GRK2 has 

been reported to be phosphorylated by CDK2 at serine 670, promoting degradation of 

GRK2 and allowing cells to progress from G2 to M phase of division (Penela et al., 

2010a). This potential interaction could be tested in RASM cells, by assessing GRK2 

phosphorylation (S670) status and how this affects GRK2 expression during the stages of 

the cell cycle. Understanding of such mechanisms may help to identify small molecules 

that modulate such phosphorylation and thus control GRK2-mediated pathological cell 

proliferation. These lines of research will help to develop a fuller picture of the effects of 

GRK2 on cell cycle progression and would ultimately enable a better understanding of 

GRK2 effects on cell proliferation.
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